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Abstract: This paper presents a novel approach to using supervised learning with a shallow neural network to increase the efficiency of the finite element analysis of holes under biaxial load. With this approach, the number of elements in the finite element analysis can be reduced while maintaining good accuracy. The neural network will be used to predict the maximum stress for holes of different configurations such as holes in a finite-width plate (2D), multiple holes (2D), staggered holes (2D), and holes in an infinite plate (3D). The predictions are based on their respective coarse mesh with only 2 elements along the whole quarter perimeter. The result shows the prediction errors are under 5% for all the listed hole configurations. In contrast, the conventional FEM with the respective coarse mesh has errors above 20%. To achieve similar accuracy, the conventional FEM would require finer mesh with at least 6 elements along the perimeter. Furthermore, this setup is also effective in predicting the maximum stress for the 3D problem. With the aid of supervised learning, the FEM analysis of a coarse mesh with only 2 elements along the quarter perimeter can attain prediction errors of less than 2%. For the same coarse mesh, the conventional FEM has errors above 35%. To achieve similar accuracy for the 3D problem, the conventional FEM would require finer mesh with more than 8 elements along the perimeter. This result shows that supervised learning has great potential to enhance the efficiency of finite element analysis with fewer elements while attaining satisfactory results.
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1  Introduction

The use of finite element analysis (FEA) to solve problems of engineering is popular in many engineering industries due to its ability to represent complex geometry and capture local stress concentration effects. Furthermore, due to the increasing computational power available and the decreasing costs of FEA software, the use of FEA has grown significantly over the years. Yet, modeling a large segment of a component can still require high computational costs. To keep the computational costs practical, coarser mesh and linear elements are often used. As a result, the accuracy of the model is poor, and it is insufficient for fatigue analysis to be carried out. To achieve the accuracy needed, the sub-modeling of the FEA model is performed in high-stress areas. Sub-modeling is the process of creating a solid model of the local geometry at the region of interest within the global model. Subsequently, the local solid model must undergo mesh refinement together with a transfer of boundary conditions from the global model. Unfortunately, sub-modeling is usually performed manually. Therefore, sub-modeling often is a labor-intensive process especially when the part has many features that require many sub-models. As a result, performing these complex 3-D design iterations with local geometry changes or topology optimizations often requires significant time and resources. Moreover, even with sub-modeling, the choice of 3D elements is often linear due to computational limitations. Hence, a huge amount of effort and resources can be saved if machine learning techniques could be applied to increase the accuracy of the finite element analysis of coarse 3D mesh and reduce the need for sub-modeling.

Machine learning is the usage of models to learn from data and make assessments without being explicitly programmed. The goal is to create a trained neural network model based on the pattern of the training data and be able to make predictions involving different sets of data with similar patterns. Improvement in machine learning techniques over the years has made it an effective tool to be used across many different industries such as finance, social research, and medicine. Improvements can be categorized into two areas, software and hardware. For instance, the algorithm using the Scaled Conjugate Gradient (SCG) is a more robust variant of the original conjugate gradient method (CG). It is less computationally complex and faster. SCG is used as a backpropagation algorithm to minimize errors in the neural network. Moller [1] demonstrated that SCG can converge to a minimum point where the CG cannot due to the Hessian matrix for global error function not being positive definite. In addition, SCG does not include any user-dependent parameters that are crucial for the success of the algorithm, unlike CG. Furthermore, he showed that the calculation complexity of one iteration of SCG can be more than 3 times less than that of the CG method. Meanwhile, the Levenberg-Marquardt method (LM) is developed to solve non-linear least squares problems. Gavin et al. [2–4] demonstrated that LM is more robust than the Gauss-Newton algorithm in minimization tasks where it can converge to the solution even when the starting point is very far off from the minimum. At the same time, it also converges to the minimum point faster than the gradient descent method. Finally, regularization techniques have been developed to curb the problem of overfitting the neural network (NN) to training data sets. One such method is the Bayesian Regularization (BR). Kayri [5] demonstrated that the BR algorithm with tangent sigmoid transfer function in the framework of a single hidden layer feed-forward neural network is effective in predicting nonlinear relations and non-continuous data such as social data. He also showed that using 2 neurons in such a framework has the highest reliability and robustness.

As for hardware advancements, neural processing units (NPU) are increasingly adopted for machine learning tasks which are traditionally performed by the central processing unit (CPU) or graphics processing units (GPU). NPUs are dedicated processing units optimized for power and area efficiency for matrix math. For instance, the 700 MHz NPU used by Google, known as a Tensor Processing Unit (TPU) has a matrix multiplication unit with over 65,000 arithmetic logic units and can process 92 trillion 8-bit operations per second [6]. In addition, Norman et al. [6] expected that rapid improvements will be made in NPU due to its design simplicity. Hence, with the rapid advancement in machine learning algorithms and NPU hardware, there seems to be a huge potential in integrating machine learning with finite element analysis.

Hashash et al. [7] utilized neural network to define the non-linear material constitutive models in the FEA analysis. Manevitz et al. [8] used neural network time series methodology to determine the location for finite element mesh refinement at optimum interval. Chow [9] demonstrated that by using supervised learning algorithms, the errors of coarse mesh can be significantly reduced for holes on a finite-width plate under a uniaxial load. However, more study is required to evaluate if supervised learning can be effectively applied to a more diverse set of problems.

The main objective of this paper is to provide the optimal approach to effectively utilize supervised learning to optimize the FEA of holes under biaxial load in a diverse set of problems. This study also evaluates the extent of reduction in errors by using supervised learning. In this paper, SCG, LM, and BR algorithms were used to train the NN. In addition, pure linear and tangent sigmoid transfer functions will be evaluated. The displacement nodal solutions of the nearest 6 nodes to the quarter-hole’s edge were used as the training parameters. The input data set used to train the NN will consist of a small set of 20 different course mesh of a hole in an infinite-width plate. There will only be 2 elements along the quarter-hole perimeter in the coarse mesh. An analytical solution of a hole under biaxial load will be used as the output target data. Subsequently, the NN will be used to predict the maximum stress of holes under a more diverse range of problems such as holes on a finite-width plate, multiple holes, staggered holes, and holes on the 3D plate.

2  Neural Networks

An artificial neural network consists of neurons, weights, and biases. Using an iterative minimization procedure based on the different back-propagation techniques, the weights are adjusted to reduce the error [10,11]. In addition to weights, biases are included in a neural network to introduce flexibility and better generalization to the neural network. Bias is an extra input to neurons that may allow the neuron to be activated even when inputs are 0. The inclusion of biases is essential in neural networks to prevent overfitting to the training data set [12,13].

Many studies have been done to optimize the weight initializations to curb problems of vanishing gradients and exploding gradients [14,15]. These problems could cause weight updates that are overly small or large which stops the backpropagation from working effectively. However, they are only prevalent in multi-layered neural networks or recurrent neural networks with gradient-based propagation methods. Fortunately, this study uses only one hidden layer in a feed-forward neural network. Hence weight initialization will not be focused on mitigating these problems.

Weight initialization will instead be focused on reducing training time. The Nguyen-Widrow algorithm will be used to initialize the weights and biases for all 3 backpropagation methods. This eliminates most of the weight adjustments, hence only small adjustments are needed to be made during training. The Nguyen-Widrow algorithm has been demonstrated to be able to accelerate the training process and testing accuracy [16–19]. Since the Nguyen-Widrow method requires the layer’s transfer function to have a finite input range, it will only be used when the layer has a tangent sigmoid transfer function. For layers with a pure linear transfer function, weights and biases will be initialized randomly with values between −1 and 1.

The following three sections present the three different back-propagation algorithms used in the study. These three backpropagation methods were chosen as they are the most common methods used in MATLAB machine learning.

2.1 Scaled Conjugate Gradient (SCG)

The Conjugate Gradient (CG) method is implemented as an iterative algorithm in the minimization problem. It can be regarded as being between the gradient descent algorithm and Newton’s method. The gradient descent algorithm requires the calculation of first order derivative which is the gradient to find the minimum of the cost function. It has a slow convergence rate where subsequent steps often contradict previous steps. On the other hand, Newton’s method requires the calculation of second order derivative which has high computational cost. CG method accelerates the convergence rate of the steepest descent by performing the search along conjugate directions such that subsequent steps never contradict previous steps. It also has lower computational costs compared to Newton’s method. The Scaled Conjugate Gradient (SCG) method which is faster and more robust will be used [1].

Consider a quadratic function:


f(x)=12xTAx−xTb(1)

where A is a symmetric positive-definite matrix. Eq. (1) can model the cost function at a given point expressed by Taylor expression, where x will be the weight vector. The minimization is an iterative process in which a local minimum in the neighborhood of the initial point x0 is found through subsequent steps of step size ak and step direction pk. The residual rk is the negative gradient of f(x) at point xk. The iteration only stops when the corresponding residual is sufficiently small, signifying the minimum point where the gradient is 0.

The algorithm is started by choosing the initial weight vector x0, then setting the initial residual r0=b−Ax0 and initial step direction p0= r0. The step size at kth iteration ak is computed as follows:


ak=(rk−1Trk−1pk−1TApk−1)(2)

The weight vector and residual are then updated:


xk+1=xk+akpk(3)


rk+1=b−Axk+1=b−A(xk+akpk)=rk−akApk(4)

The direction vector of the next step, pk+1 is determined by the residual rk+1, then subtracting away any vector that would counter-act the previous direction:


pk+1=rk+1−rk+1TApkpkTApkpk(5)

such that pk+1 is conjugated to pk. Subsequently, the weight vector for the next iteration can be obtained like in Eq. (3).

CG method will fail and converge to nonstationary point if matrix A is not positive definite. This problem can be resolved by introducing a scalar λk in CG. This is known as SCG method where the term A⋅pk is estimated as shown in the following equation:


A⋅pk=f ″(xk)⋅pk≈f ′(xk+σkpk)−f ′(xk)σk+λkpk(6)

where σk and λk are adjusted at each iteration under the condition that 0<σk≤10−4 and 0≤λk≤10−6. The initial value λ0 is 0 and is adjusted at each iteration looking at the sign of Apk. This ensures that matrix A is always positive definite such that a unique minimizer exists. As the scaling factor, λk is raised to keep pkTApk positive, the step size ak decreases. Lundén et al. [20] demonstrated that this technique reduces the error significantly in a minimization problem.

2.2 Levenberg-Marquardt (LM)

Similar to SCG, the Levenberg-Marquardt (LM) method is an iterative process such that the final weight is obtained through iterations with step δ. LM method uses a damping factor λ to decide the step size, with large values of λ resulting in a more robust update like the gradient descent method in the first iterations and small values of λ result in a fast update like the Gauss-Newton algorithm in later stages. This avoids the drawbacks of both the Gauss-Newton algorithm and gradient descent method whereby it can converge from any initial state, and thereafter rapid convergence near the vicinity of the minimum error. Many variants of the LM method have been developed [21–23].

Consider the cost function:


f(β)=1n∑i=1n[yi−g(xi,β)]2(7)

where n is the number of datum pairs (yi,xi); g(xi,β) is the hypothesis curve; β is the weight vector. The objective is to minimize f(β). The weight vector of each successive step is given by:


βk=βk−1+δk(8)

where δk is the step at kth iteration; βk is the corresponding weight vector. To derive δ, an approximation of the value of the hypothesis function at the next step is made by linearization:


g(xi,β+δ)≈g(xi,β)+Jiδ(9)

where J is the gradient of g(x,β) with respect to β. The cost function at the point β+δ can then be approximated as follows:


f(β+δ)=1n∑i=1n[yi−g(xi,β)−Jiδ]2(10)

The minimum point of the cost function has a gradient of 0. By taking the derivative of f(β+δ) and setting the results to zero, δ can be obtained as follows:


δ=JT[y−g(x,β)](JTJ)(11)

Eq. (11) is known as Gauss-Newton update. By introducing a damping factor λ into the denominator, the damped version of this step is now as follows [24,25]:


δ=JT[y−g(x,β)](JTJ+λI)(12)

where I is an identity matrix. The damping factor λ is adjusted at each iteration such that step size can be controlled. When any iteration results in the worst approximation (f(β+δ)>f(β)), then λ is increased. Otherwise, as the approximation improves, λ is decreased. Eq. (12) shows that when λ is 0, the update follows a Gauss-Newton update. When λ is infinite, JTJ loses its importance and the update follows a gradient descent update. The iteration stops when the value of either the step δk or the cost function f(β) reduces to below a predefined value.

2.3 Bayesian Regularization (BR)

To reduce overfitting, this method uses regularization parameters α and β to regulate between reducing errors and weight size. Mackay [26] presented an extensive work on the BR method. He showed that the objective function to be minimized is a linear combination of the sum of squares of errors ED and the sum of squares of network weights Ew. The objective function is as follows:


f(w)=βED+αEw(13)

When α≪β, the training emphasizes on reducing errors. Alternatively, when β≪α, the training will emphasize on reducing weight size. The goal of B the R method is to have a changing f(w) after every iteration depending on the regularizing parameters, such that at the end of the training, the resulting network has good generalization qualities. Foresee et al. [27] presented the detailed derivation of α and β. They contributed to the BR algorithm by applying Gauss-Newton approximation to the Hessian matrix of f(w) which is required to calculate α and β. This step reduces the calculation complexity of the BR algorithm.

The application of Bayesian Regularization (BR) within the framework of the LM algorithm will be used [27]. At each iteration, one step of the LM algorithm will be used to minimize f(w). Thereafter, the regularization parameters α and β can be calculated and compared. As α and β change for each successive iteration, f(w) changes, and the minimum point will move. The iteration will stop when f(w) does not significantly change in subsequent iterations resulting in the convergence of the minimum point.

3  Methods

This section will first present the analytical stresses and displacement of a hole in an infinite-width plate under uniaxial load. Next, it will introduce the approach to how the analytical solution can be integrated with supervised learning for both uniaxial load and biaxial load.

3.1 Stress and Displacement around a Hole under Uniaxial Load

In Fig. 1, a hole in an infinite-width plate is subjected to uniaxial tensile load where the tensile load only exists in one primary axis. The stress field solution under uniaxial load [28] can be integrated to obtain the displacement field as follows:


ur=σr2E((1+ν)cos2θ+(1−ν))−σa22r3E((a2(1+ν)−4r2)cos2θ−(1+ν)r2)(14)


uθ=−σsin2θ2r3E((a2+r2)2+ν(a2−r2)2)(15)

where σ is the applied stress, a is the radius of the hole, r and θ are the polar coordinates of a point in the element.
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Figure 1: Figure of a hole in an infinite plate under uniaxial tensile load

3.2 Approach to Apply Supervised Training for Uniaxial Load

The input data set used to train the NN will consist of a set of 20 course mesh of a hole in an infinite-width plate. An analytical solution of a hole under biaxial load will be used as the output target data. A coarse mesh of the quarter-hole is shown in Fig. 2. The infinite-width effect is approximated using half width = 20 × hole radius. Ansys 2D linear element, Plane 182 [29], is used. There are only 2 elements along the perimeter of the quarter-hole in the coarse mesh. The displacement nodal solution of the nearest 6 nodes to the quarter-hole’s edge is used as the training parameters. The 6 nodes are shown in Fig. 2. The transfer function of the first layer will be either tangent sigmoid or pure linear, while the transfer function of the output layer will be set to pure linear.

[image: images]

Figure 2: Coarse mesh of a quarter-hole with 2 elements along the perimeter

The material property is based on Aluminum, where E=10×106psi and ν=0.3. The variations of parameters are shown in Table 1. The mesh is subjected to unit stress load, σy=1 psi and σx=0. There is a total of 20 mesh variations. Fig. 3 shows a few samples of the different coarse mesh variations. To train the model to be sensitive to the magnitude change in displacement, the training is done using a simple linear scale of 70% and 150% on the training parameters which are the displacements of the 6 nodes.


utrain¯=[0.7uj(i)¯1.5uj(i)¯](16)

where i is node = 1 to 6 and j=xory.
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Figure 3: Samples of mesh variations

The neural network consists of a single hidden layer as shown in Fig. 4. The effectiveness of the neural network in predicting the maximum stress of a single hole in a finite-width plate will be investigated using different combinations of training parameters based on the displacements of the 6 nodes shown in Fig. 2. Two approaches to conduct supervised training will be used, one for uniaxial and the other for biaxial load.
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Figure 4: Neural network with 1 output

10 neurons will be used for the SCG and LM method, while 2 neurons will be used for the BR method as the BR method requires fewer neurons to perform effectively as demonstrated by Kayri [5]. Numerical experimental was conducted and the result shows the accuracy improvement starts to taper off as the number of neurons for SCG and LM methods approaches 10. This could be because there are only 10 input parameters from the 6 nodes (2 DOF × 6 nodes with 2 less due to symmetric boundary conditions). The target consists of the analytical solution of only uy of node 3 obtained by Eq. (14). For the supervised training, both the input and target data are normalized to a magnitude near 1. As a result, the displacement on the 6 nodes is normalized with the uy of node 3 obtained from coarse mesh.


uj(i)¯=uj(i)/uy(3)(17)

where i is node = 1 to 6 and j=xory. A normalized displacement, u∗¯ will be predicted by the neural network. Considering the stress concentration factor of 3 (Kt of a hole in an infinite-width plate), the predicted maximum stress, σ∗ can be obtained from the predicted normalized displacement as follows:


σ∗=3u∗¯uy(3)ur(3)(18)

where ur(3) is the analytical radial displacement at r=a,θ=0.

3.3 Stress and Displacement around a Hole under Biaxial Load

Since deformation is small, assuming that the response is linear, the principle of superposition can be applied to the uniaxial load solution [28]. In Fig. 5, the analytical stress for hole under applied biaxial stress, σy and σx, with no applied shear stress will thus be as follows:


σrr=12σy(1−a2r2)+12σy(1−4a2r2+3a4r4)cos2θ1+12σx(1−a2r2)+12σx(1−4a2r2+3a4r4)cos2θ2(19)


σθθ=12σy(1+a2r2)−12σy(1+3a4r4)cos2θ1+12σx(1+a2r2)−12σx(1+3a4r4)cos2θ2(20)


τrθ=−12σy(1+2a2r2−3a4r4)sin2θ1−12σx(1+2a2r2−3a4r4)sin2θ2(21)

where θ2=θ1+π2
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Figure 5: Figure of a hole in an infinite plate under biaxial tensile load

By applying superposition on plane stress displacements under uniaxial load given by Eqs. (14) and (15), the radial and tangential displacement of the hole under biaxial load and plane stress conditions are as follows:


ur=σyr2E((1+ν)cos2θ1+(1−ν))−σya22r3E((a2(1+ν)−4r2)cos2θ1−(1+ν)r2)+σxr2E((1+ν)cos2θ2+(1−ν))−σxa22r3E((a2(1+ν)−4r2)cos2θ2−(1+ν)r2)(22)


uθ=−σysin2θ12r3E((a2+r2)2+ν(a2−r2)2)−σxsin2θ22r3E((a2+r2)2+ν(a2−r2)2)(23)

where θ2=θ1+π2

Aside from plane stress conditions, this paper also evaluates the effectiveness of a 2D coarse mesh training data set generated under general plane strain conditions. Under general plane strain conditions, the strain in the z-direction εz is not zero. Under Hooke’s law with general plane strain condition, the polar strains are defined as a function of εz as follows:


εrr=1+νE[(1−ν)σrr−νσθθ−E(v1+v)εz](24)


εθθ=1+νE[(1−ν)σθθ−νσrr−E(v1+v)εz](25)

Using Eqs. (19) and (20) to convert the polar stresses in Eqs. (24) and (25) to applied stresses in the cartesian coordinate system, then by integrating the strains, the displacements in terms of applied stresses σy and σx are derived:


ur=12Er3(r2a2((σx+σy+vσx+vσy)+4cos⁡2θ(σy−σx+v2σx−v2σy))+a4cos⁡2θ(σx−σy+vσx−vσy) −r2E(σxcos2θ−σycos2θ−σy−σx+vσx+vσy+2v2σx+2v2σy+vσxcos2θ−vσycos2θ+2Evεz)(26)


uθ=12Er3(sin2θ(σx−σy)(v+1)(a4+r4+2a2r2−4a2r2v))(27)

Notice that Eq. (26) is a function of the z-component strain εz. Hence, successful prediction of 3the D mesh by a neural network trained using a 2D coarse mesh data set (under general plane strain condition) depends on the user input parameter εz.

To obtain εz, an average will be taken from the z-component strain of the 3 nodes from a coarse 3D mesh as shown in Fig. 6. The resulting value will be used to generate the 2D coarse mesh under general plane strain conditions from APDL [29], as well as to obtain the analytical solution. With the 2D coarse mesh and the analytical solution, the neural network can then be trained to predict stresses for the case of a 3D model.

[image: images]

Figure 6: εz from a 3D coarse mesh

3.4 Approach to Apply Supervised Training for Biaxial Load

The neural network is trained with the same set of 2D coarse mesh used in the uniaxial load case. Fig. 7 shows the neural network models used for the analysis. In Fig. 2, σy is fixed while σx is varied such that σx/σy ranges from −1 to 1. Different intervals of σx/σy are computed to investigate the minimum sampling size required to obtain a reasonably good prediction. Table 2 shows the variation of parameters for each sampling size.
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Figure 7: Neural network with 2 outputs
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The target data consists of analytical solutions of uy of node 3 and ux of node 1 obtained by Eqs. (22) and (23) for plane stress condition or Eqs. (26) and (27) for general plane strain condition. This is indicated by the 2 outputs shown in 7. The input and target data are normalized as follows:


uj(i)¯=uj(i)/(uy(3))2+(ux(1))2(28)

where i is node = 1 to 6 and j=xory. The following part shows the computation of predicted stress from predicted displacements. The displacements under uniaxial load, uy and ux is related to the displacements under biaxial load, uye and uxe by the following:


[uyuxuxuy]{σxσy}={uxeuye}(29)

When substituting uye and uxe in Eq. (29) for the predicted displacements, the stresses, σy and σx will be the predicted equivalent applied stresses for a hole in an infinite-width plate. uy and ux are the analytical displacements under uniaxial load. Subsequently, by applying Cramer’s rule, the predicted applied stresses are:


σx=|uxeuxuyeuy||uyuxuxuy|(30)


σy=|uyuxeuxuye||uyuxuxuy|(31)

Finally, by using Eq. (20), the predicted maximum stress which is the tangential stress at node 1 can be obtained.

4  Results

In this study, Matlab’s library [30], fitnet, is used for the neural network supervised training with ‘trainscg’ (SCG), ‘trainbr’ (BR), and ‘trainlm’ (LM) as the backpropagation method. For SCG and LM methods, 70% of the training sample size is used for the training of neural networks, 15% for the validation of the neural network model, and the remaining 15% for the testing of the accuracy of the model. For the BR method, which is a self-validating algorithm, 85% of the training sample size is used for training and 15% for testing. At the hidden layer, either tangent sigmoid or pure linear transfer function will be used. Their effectiveness will be evaluated against each other. In addition, uniaxial and biaxial approaches are compared.

For the prediction of 2D mesh, plane stress condition is used to generate the 2D coarse mesh training data set. For the prediction of 3D mesh, the general plane strain condition is used to generate the 2D coarse mesh training data set [9].

4.1 Infinite-Width Hole: Neural Network Option

The accuracy of the test result based on the displacement at all 6 nodes as training parameters is shown in Table 3. BR method with tangent sigmoid transfer function and LM method with pure linear transfer function offer low prediction errors for both approaches.

[image: images]

To further improve the result, the study evaluates the displace field on the element attached to the maximum stress location at Node 1. In this element, Node 2 and Node 5 have non-zero uy. The training result for this option is shown in Table 4. This step is important because using fewer training parameters reduces the tendency for the neural network model to overfit the training model, which might result in lower prediction error when applying the NN model to a separate set of problems. Tables 3 and 4 show that with the BR method, the tangent sigmoid transfer function offers lower errors than the pure linear transfer function. The opposite is true for SCG and LM methods. This is due to the synergy between the BR method and the tangent sigmoid transfer function as demonstrated by Kayri [5]. Fig. 8 demonstrates the verification of obtained neural network models for the biaxial approach. Figs. 8a and 8b show that the training of NN under biaxial load by both cases offers prediction errors that are unbiased and centered at 0, with the maximum absolute errors of less than 4%.
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Figure 8: Error histogram of training using based on biaxial approach using Levenberg-Marquardt method with pure linear transfer function

4.2 Finite-Width Single Hole

The neural network model that is trained based on the hole in an infinite-width plate problem will be used to predict the maximum stresses on a hole in a finite-width plate problem. In the infinite-width model, the side wall is far from the hole such that there is no interaction between the stress concentration of the hole with the free edge on the side. However, with the finite-width geometry, the hole is closer to the free edge on the side. As a result of the interaction between the hole and the free edge, the stress concentration of the hole would increase. The analysis of the finite-width model is to evaluate if supervised learning can be used to support the finite element method to calculate stress accurately with an alternate geometry with coarse mesh size. Tests are conducted for a range of w/a (width to hole radius) of 3, 4, 5, and 6. The mesh for this problem is shown in Fig. 9.

[image: images]

Figure 9: Coarse and fine mesh of a quarter-hole with finite-width of w/a=3

The mesh is constructed by linear elements and only has 2 elements at the quarter-hole perimeter. The result is compared against the Roark’s solution [31] given as follows:


σmax=Ktσnom(32)

where


σnom=P2t(w−r)(33)


Kt=3.00−3.13(rw)+3.66(rw)2−1.53(rw)3(34)

The result in Table 5 shows the prediction errors using the neural network model based on both ux and uy of all 6 nodes are high. In this case, the tangent sigmoid transfer function performs worse than the pure linear transfer function even with the BR method as shown in Table 5. The poor performance of the tangent sigmoid transfer function could be attributed to the fact that the tangent sigmoid transfer function has properties that are more suitable for classification problems than regression problems. This is indicated by the shape of the graph of a sigmoid function where it levels off to an asymptote at both ends. In this study, using the trained neural network to predict maximum stresses for a different set of problems can be regarded as a regression problem. Hence, the pure linear transfer function may perform better as an approximator. However, the prediction errors using the pure linear transfer function are still high. Therefore, the neural network model trained using the infinite hole mesh cannot be applied to the finite hole mesh under this setup.

[image: images]

To evaluate if the trained model can be further improved by focusing the training on just the element with the highest stress, the training is based on uy and ux of Node 2 and Node 5. Table 6 shows that using just uy and ux of Node 2 and Node 5 indeed reduced the prediction error under pure linear transfer function as using fewer parameters reduces the tendency to overfit to training model. With only 20 mesh variations and a sample size of 40, the uniaxial method is unable to provide a satisfactory prediction for the finite hole. On the other hand, with the same 20 mesh variations but with a sample size of 200, the biaxial approach can offer low prediction errors under the LM method and BR method with pure linear transfer function.

[image: images]

In Table 7, the stress concentration, Kt, has a maximum error of 26.2% for the conventional FEA analysis. However, with the aid of the neural network, the maximum error is reduced to just 3.55%. To obtain similar accuracy without supervised learning, a much finer mesh is required. A fine mesh with 6 elements along the perimeter, as shown in 9b, would be necessary.

[image: images]

Both the LM and BR methods offer comparable results. Since the LM method has lower computational costs, the LM method would be the preferred method. The LM method will thus be applied on mesh with very different configurations such as multiple holes and staggered holes on finite-width plates for further tests. The biaxial approach will be used since it offers lower error than the uniaxial approach and has the advantage of being sensitive to biaxial loads.

4.3 Multiple Holes on Finite-Width Plate

The holes are separated by distance, d, from edge to edge of holes as shown in Fig. 10. To evaluate the accuracy of the prediction, the Kt values are obtained from the fine mesh using quadratic element Plane 183 as shown in Fig. 10b [9]. These Kt values are compared to the Kt values predicted by the neural network using displacements from coarse mesh shown in Fig. 10a. The variations in the mesh are shown in Table 8, with a fixed w/a = 5.

[image: images]

Figure 10: Coarse and fine mesh of multiple holes with finite-width of w/a=5, d = 2

[image: images]

Table 9 investigates the minimum number of training sampling sizes needed to obtain good predictions for mesh with different configurations using biaxial-trained NN. To allow the NN to fit more loosely to the single hole in an infinite plate problem, uy and ux of Nodes 2 and 5 are used as training parameters such that the NN can effectively predict the stresses for multiple holes on finite plate problems. Table 9 shows that a sampling size of 440 lines offers significant improvement over 200 lines while the sampling size of 840 lines does not offer much improvement. The biaxial approach will be used to illustrate the effects of different training sampling sizes.

[image: images]

To ensure that the NN is also effective in predicting similar problems, the prediction error of a quarter finite plate with 3 holes as shown in Fig. 10 is studied. Table 10 shows that errors are generally higher than those in Table 9. However, the difference is not significant.

[image: images]

A sensitivity study will be conducted for the case of 5 holes since it has higher prediction errors. Table 11 shows that even for 5 holes, to achieve similar accuracy, a fine mesh with 6 elements along the perimeter as shown in Fig. 11 would be necessary. The prediction errors in Table 11 are low and comparable to that of the single hole in finite-width plate problem. This is because of the absence of any stagger of the holes which may introduce additional shear stresses. Therefore, the stress field is still similar to that of a single-hole problem. As a result, the trained NN model will still be able to make satisfactory predictions in this problem. Furthermore, a w/a of 5 is used in this problem. With higher w/a, the prediction error is expected to be low as it has higher similarity with the infinite-width problem that is used to train the NN.

[image: images]

[image: images]

Figure 11: Various fine mesh of 5 holes

4.4 Staggered Holes on Finite-Width Plate

There is a stagger of s = 2 * radius of the hole. From Fig. 12a, only the elements adjacent to the quarter-hole are relevant. The mesh distortions away from the quarter-hole are inconsequential. Like the previous section, the Kt values of fine mesh shown in Fig. 12b are compared to the Kt values predicted by the neural network using displacements from coarse mesh. The variations of the mesh are shown in Table 12 with a fixed w/a = 5.

[image: images]

Figure 12: Coarse and fine mesh of staggered holes with finite-width of w/a=5; d = 1; s/a = 2

[image: images]

Since Node 5 is in the vicinity of the other hole, its stresses may be affected by the stress field of the other hole. This may increase discrepancies from that of a single hole. Table 13 evaluates if prediction error can be reduced by removing Node 5 from the training parameters. Indeed, prediction errors are lowered by using uy and ux of only Node 2. Using fewer training parameters also reduces the tendency for NN to overfit the training setup.

[image: images]

Similar to Table 9 in Section 4.5, Table 14 shows that a sampling size of 440 lines offers a significant improvement over 200 lines while 840 lines offer little improvement.

[image: images]

Table 15 shows that for s/a = 2, to achieve similar accuracy, a fine mesh with 6 elements along the perimeter shown in Fig. 13 would be necessary. The prediction errors are slightly higher than those for holes without stagger (Table 11) but are still satisfactory. This is due to the extra shear effect introduced by the staggered hole.
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Figure 13: Various fine mesh of staggered holes with s/a = 2, w/a = 5

4.5 3D Single Hole in the Infinite Plate Using Biaxial Load Trained NN

The 3D mesh model is a quarter-hole in an infinite plate that is bisected in half along the z-axis. The coarse mesh is constructed with linear element Solid 185. Since this is the problem of predicting the stresses of a single hole in an infinite-width plate using a biaxial load trained NN like in Section 4.3, uy and ux of all 6 nodes of the coarse mesh will be used as training parameters. The predicted stresses are compared to that of the fine mesh shown in Fig. 14 which is constructed with the quadratic element Solid 186 [10]. Table 16 shows the variation of thickness tested.

[image: images]

Figure 14: Coarse and fine mesh of 3D hole in infinite plate (w/a = 20) with thickness, t where t/a = 10

[image: images]

Table 17 shows that to achieve similar accuracy, a much finer mesh with 8 elements along the quarter-hole perimeter is required as shown in Fig. 15. Furthermore, the mesh must be constructed by quadratic element Solid 186.

[image: images]
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Figure 15: Various 3D fine mesh of single hole in infinite-width plate

5  Conclusion

The result shows that with the aid of supervised learning, an error of less than 5% can be obtained even for a coarse mesh with only 2 elements along the whole quarter perimeter. Training is done using the analytical solution for a coarse 2D mesh of a single hole in an infinite-width plate (2D). The prediction is successfully applied to different geometries such as holes in finite-width plates (2D), multiple holes without stagger (2D) and staggered holes (2D). A preliminary study done in this paper also demonstrates that the approach can be applied to 3D models with minor adjustments.

Levenberg-Marquardt method (LM) with pure linear transfer function and Bayesian Regularization (BR) with tangent sigmoid transfer function can achieve low prediction errors for the hole in infinite-width and finite-width problems. However, LM is faster and less calculational complex than BR. Thus, LM is extensively tested in this study. The result shows good prediction accuracy for the different problems.

Nevertheless, various factors can affect the prediction results. Firstly, to train neural networks to be sufficiently sensitive to biaxial loading, the interval of σx/σy must be sufficiently small. An interval of 0.2 for the range of −1 to 1 is necessary. Secondly, using more training parameters increases the tendency for the NN to overfit the training data set. To reduce the prediction error for other problems such as finite-width (2D) and multiple holes (2D), the number of training parameters is reduced. This is done by using only non-zero displacements of the nodes associated with the element with the highest stress. In this case, 8 non-zero displacements from the 6 nodes are reduced to 4 non-zero displacements. Under these conditions, LM with pure linear transfer function offers maximum absolute prediction errors of 1.52% in the infinite-width problem; 3.55% in the finite-width problem; and 3.27% in the multiple holes (without stagger) problem. In contrast, conventional FEM with a coarse mesh of 2 elements at the quarter-hole perimeter has an error of 26.2%. To achieve similar accuracy by FEM without the aid of supervised learning, at least 6 elements at the quarter-hole perimeter would be necessary.

For staggered holes (2D), the prediction errors are higher due to the influence of shear stress which the neural network is not trained to model. In this case, the interaction of nearby holes may affect the prediction accuracy. Nodes chosen are encouraged to be further away from the other holes to reduce the influence of the stress field of the other adjacent holes. For example, for the staggered holes problem, removing the nodes that are in proximity of the adjacent hole from the training parameters drastically reduced the prediction errors to 4.61%. In contrast, conventional FEM with a coarse mesh of 2 elements at the quarter-hole perimeter has an error of 20.47%. To achieve similar accuracy by FEM without the aid of supervised learning, at least 6 elements at the quarter-hole perimeter would be necessary.

This paper has also demonstrated that the 3D problem consisting of a hole in an infinite-width 3D plate can be accurately predicted using supervised learning. The neural network training is performed using the 2D coarse mesh training set with generalized plane strain condition. When applied to the 3D plate that has a coarse mesh with just 2 elements at the quarter-hole perimeter, the maximum prediction error is 1.93%. In contrast, using the conventional FEM without any supervised training gives an error of 35.7%. To achieve similar accuracy by conventional FEM without supervised learning, more than 8 elements at the quarter-hole perimeter would be necessary.

Hence, it is demonstrated that supervised learning can be used effectively to aid finite element analysis such that even coarse mesh can offer satisfactory accuracy. As a result of using this approach, when performing complex 3-D design iterations with many holes, the need to perform many sub-modeling analyses (for greater accuracy) is significantly reduced.
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Table 3: Root mean squared error (RMSE) of the test sample using different neural models and transfer
functions. Training is done using u, and u, of all 6 nodes

Model RMSE (%) under Uniaxial approachs RMSE (%) under Biaxial approachs

Tangent sigmoid Pure linear Tangent sigmoid Pure linear
SCG 45.87 34.52 15.54 13.08
BR 2.32 60.98 1.65 19.23
LM 6.26 2.80 2.10 1.52

Note: xBased on 20 mesh variations and 2 load variations, training sample size of 40; «xBased on 20 mesh variations and 10 load
variations, training sample size of 200; Maximum error with 300 trials.
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Table 8: Variations in finite multiple hole mesh

Min Max Interval
d/a 2 4 1
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Table 13: Prediction error (%) using a different set of training parameters for the case of s/a = 2,
wla =5

Prediction error (%) under Biaxial approachsx

dia=1 dia=2 d/a=3
u, and u, of Nodes2and 5 8.12 6.81 4.38
u, and u, of Node 2 4.61 4.07 3.11

Note: *Based on the training sampling size of 440, Levenberg-Marquart algorithm, pure linear function,
maximum absolute error over 300 trials.
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Table 4: Root mean squared error (RMSE) of the test sample using different neural models and transfer
functions. Training is done using u, and u, of Node 2 and Node 5

Model = RMSE (%) under Uniaxial approachx RMSE (%) under Biaxial approachs
Tangent sigmoid Pure linear Tangent sigmoid  Pure linear

SCG 22.56 19.96 14.55 7.93

BR 2.52 51.19 2.16 13.76

LM 9.47 5.42 2.28 2.23

Note: xBased on 20 mesh variations and 2 load variations, training sample size of 40; «xBased on 20 mesh variations and 10 load
variations, training sample size of 200; Maximum error with 300 trials.
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Table 9: Prediction errors (%) using different sampling sizes for the case of 3 holes, w/a = 5

Prediction error (%) under Biaxial approachsx

dia=2 d/a=3 d/ia=4
Sampling size of 200 —13.47 —4.88 -3.02
Sampling size of 440 0.48 3.01 2.07
Sampling size of 840 0.37 2.89 1.97

Note: *Using u,, and u, of Nodes 2 and 5 as training parameters, the Levenberg-Marquart algorithm,
a pure linear function, based on a maximum absolute error with 300 trials.
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Table 7: A sensitivity study on the mesh size where 7 1s the number of elements on the hole perimeter

wla = 3 wla = 4 wla =5 wla =6
n Kt Error Kt Error Kt Error Kt Error
Roark 3.460 3.230 3.135 3.088
Biaxial approach+x 2 3.340 —-347% 3.115 —-3.55% 3.112 —-0.73% 3.031 —0.85%
FEM 2 2552 -=-262% 2420 —-25.1% 2404 -—-233% 2377 -=23.0%
FEM 4 3281 —=52% 3.072  —4.9% 2984 —4.8% 2940 —4.8%
FEM 6 3388 —2.08% 3.188 —1.30% 3.099 —1.15% 3.057 —1.85%

Note: #Using ), and u, of Node 2 and 5 as training parameters, the Levenberg-Marquart algorithm, pure linear function, based on the

maximum error with 300 trials, using the biaxial approach.
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Table 12: Variations in finite multiple-hole mesh

Min Max Interval
d/a 1 3 1
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Table 16: Variations in finite multiple-hole mesh

Min Max Interval
t/a 6 18 4
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Table 11: A sensitivity study on the mesh size for 5 holes where 7 1s the number of elements on the hole

perimeter (based on fine mesh shown in Fig. 10b)

dla=2 dla =3 dla=4

n Kt Error Kt Error Kt Error
FEM (quadratic element, Plane 183) 16 2.512 2.693 2.827
Biaxial approachs (linear element, 2 2493 —0.74%  2.781 3.27% 2.887 2.14%
Plane 182)
FEM (linear element, Plane 182) 21940 -=-22.77% 2.132 =20.85% 2.227 —-21.25%
FEM (linear element, Plane 182) 4 2344 —-6.67% 2.528 —6.15% 2.661 —5.90%
FEM (linear element, Plane 182) 6 2469 —-1.68% 2664 —1.11% 2796 —1.11%

Note: *Using ), and u, of Node 2 and 5 as training parameters, training sampling size of 440, Levenberg-Marquart algorithm, pure linear

function, based on maximum absolute error with 300 trials.
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Table 1: Variation of parameters for uniaxial load

Total sampling sizex Parameters Min Max Interval

40 b/a 1.5 3 0.5
element size/a 0.6 1.4 0.2

Note: «The total sampling size is obtained after applying a linear scale of 70% and 150% as shown
in Eq. (16), resulting in a total of 2 load variations.
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Table 6: Prediction error (%) using different neural models and transfer functions. Training is done
using u, and u, of Node 2 and Node 5

Model Absolute error (%) under Uniaxial approachx  Absolute error (%) under Biaxial approach:x

Tangent sigmoid Pure linear Tangent sigmoid Pure linear
SCG 66.17 27.40 57.70 6.39
BR 55.81 13.96 4.26 3.98
LM 86.82 13.02 325.27 3.55

Note: xBased on 20 mesh variations and 2 load variations, training sample size of 40; x*Based on 20 mesh variations and 10 load
variations, training sample size of 200; Maximum error with 300 trials, conducted for a range of w/a: 3,4, 5 and 6.
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Table 17: A sensitivity study on the mesh size where 7 is the number of elements on the hole perimeter

tla=6 tla =10 tla =14 tla =18

n Kt Error Kt Error Kt Error Kt Error
FEM (quadratic element, 12 3.053 3.038 3.033 3.032
Solid 186)
Biaxial approachx (linear 2 3.112 1.93% 3.091 1.74% 3.082 1.62% 3.079  1.55%
element, Solid 185)
FEM (linear element, Solid 2 1.963  —3570% 1.958  —35.55% 1957 —3548% 1956 —35.49%
185)
FEM (linear element, Solid 4 2.586 —15.30% 2.573 —1531% 2.569 —15.30% 2.568 —15.30%
185)
FEM (linear element, Solid 8 2.844  —6.85% 2.827  —6.95% 2.825 —6.86% 2.824 —6.87%
185)
FEM (quadratic element, 4 2.95 —3.37% 2935 —=3.39% 2.93 —3.40% 293 —3.36%
Solid 186)
FEM (quadratic element, 8 3.043 —0.33% 3.028 —0.33% 3.023  —0.33% 3.022 —-0.33%
Solid 186)

Note: *Using uy, and uy of all 6 Nodes as training parameters, training sampling size of 440, Levenberg-Marquart algorithm, pure linear
function, based on maximum absolute error with 300 trials.
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Table 15: A sensitivity study on the mesh size for s/a = 2 where n 1s the number of elements on the hole
perimeter (compared to fine mesh shown in Fig. 12b)

dla =1 dla=?2 dla =3
n Kt Error Kt Error Kt Error

FEM (quadratic element, Plane 183) 16 3.465 2.988 2.878

Biaxial approachs (linear element, 2 3625 4.61% 3.110 4.07% 2.968 3.11%
Plane 182)

FEM (linear element, Plane 182) 2 2773 —1998% 2386 —20.14% 2.289 —20.47%
FEM (linear element, Plane 182) 4 3394 -206% 2857 —4.40% 27739 —4.84%
FEM (linear element, Plane 182) 6 3512 1.36% 2.988 0.01% 2.864 —0.47%

Note: % Using uy, and u, of Node 2 as training parameters, training sampling size of 440, Levenberg-Marquart algorithm, pure linear
function, based on maximum absolute error with 300 trials.
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Table 2: Variation of parameters and biaxial loads

Total sampling sizex ~ Parameters Min  Max  Interval
b/a 1.5 3 0.5
element sizefa 0.6 1.4 0.2

200 o./o, -1 1 0.5

440 o./o, —1 1 0.2

840 o./o, —1 1 0.1

Note: *The total sampling size is obtained after applying a linear scale of 70% and 150% as
shown in Eq. (16), resulting in the doubling of load variations for each case of o /0y, interval.
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Table 10: Prediction errors (%) for case of 5 holes, wia = 5

Prediction error (%) under Biaxial approachsx
dia=2 d/a=3 d/ia=4
Sampling size of 440 —0.74 3.27 2.14

Note: *Using u) and u, of Nodes 2 and 5 as training parameters, the Levenberg-Marquart
algorithm, a pure linear function, based on a maximum absolute error with 300 trials.
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Table 5: Prediction error (%) using different neural models and transfer functions. Training done using
u, and u, of all 6 nodes

Model Absolute error (%) under Uniaxial approachx  Absolute error (%) under Biaxial approach:x

Tangent sigmoid Pure linear Tangent sigmoid Pure linear
SCG 87.40 717.51 81.51 19.80
BR 34.97 18.39 18.27 13.62
LM 74.79 21.40 112.30 16.45

Note: «Based on 20 mesh variations and 2 load variations, training sample size of 40; x*Based on 20 mesh variations and 10 load
variations, training sample size of 200; Maximum error with 300 trials, conducted for a range of w/a: 3,4, 5 and 6.
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a. Coarse mesh with 2 elements
along the perimeter (Solid 185)

b. Fine mesh with 12 elements
along the perimeter (Solid 186)
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b. Schematic of NN for BR method
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Table 14: Prediction error (%) using different training sampling size for the case of s/a =2, wla =5

Prediction error (%) under Biaxial approachsx

d/ia=1 dia=2 d/a=3
Sampling size of 200 31.95 16.96 5.35
Sampling size of 440 4.61 4.07 3.11
Sampling size of 840 4.55 3.97 2.98

Note: *Using u, and uy of Node 2 as training parameters, Levenberg-Marquart algorithm, pure
linear function, maximum absolute error over 300 trials.





