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ARTICLE INFO ABSTRACT
Keywords: The machine learning (ML) methods have been applied to numerical solutions to partial
Machine learning differential equations (PDEs) in recent years and achieved great success in PDEs with smooth so-

Extreme learning machine lutions and in high dimensional PDEs. However, it is still challenging to develop high-precision

;raCkl " ML solvers for PDEs with non-smooth solutions. The linear elastic fracture mechanics equation
;:Cfiii; y is a typical non-smooth problem, where the solution is discontinuous along with the crack face

and has the radial singularity around the crack front. The general ML methods for the linear
elastic fracture mechanics can achieve a relative error for displacements, about 10~>. To improve
the accuracy, we analyze and extract the singular factors from the asymptotic expansions
of solutions of the crack problem, such that the solution can be expressed by the singular
factor multiplied by other smooth components. Then the general ML methods are enriched
(multiplied) by the singular factor and used in a physics-informed neural network formulation.
The new method is referred to as the extended physics-informed ML method, which improves
the approximation significantly. We consider two typical ML methods, fully connected neural
networks and extreme learning machine, where the extended physics-informed ML based on
the extreme learning machine (XPIELM) achieves the relative errors about 10~'2. We also study
the stress intensity factor based on the XPIELM, and significantly improve the approximation
of the stress intensity factor. The proposed XPIELM is applied to a two-dimensional Poisson
crack problem, a two-dimensional elasticity problem, and a fully three-dimensional edge-crack
elasticity problem in the numerical tests that exhibit various features of the method.

1. Introduction

The linear elastic fracture mechanics (LEFM) has been widely used in fracture analysis of brittle materials. It plays a critical role
in studying crack propagation, stress concentration, fatigue, impact test, delamination of composites, and so on. The LEFM applies
the theory of elasticity to crack-front fields to evaluate features of crack growth. The crack modeling involves two types of non-
smooth features — the discontinuity at the crack surface and the singularity at the crack front. Conventional numerical techniques
for the crack problem, e.g., the finite element method (FEM), need mesh matching or refinement. This increases computational costs
substantially. There have also been many unfitted mesh methods and meshfree methods developed for the crack problem to improve
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computational efficiency, such as the Generalized/eXtended FEM [1-8], enriched element-free Galerkin or particle methods [9-
13], and isogeometric analysis [14]. Nevertheless, it remains a challenge to develop efficient and accurate numerical simulation
techniques for the analysis of the crack problem.

This paper studies applications of machine learning (ML) for the numerical solution to the crack problem, with a focus on
neural networks (NNs). The ML techniques [15] have achieved great success in image recognition, speech recognition, and natural
language processing [15,16]. In recent years the ML has been extensively applied to the numerical solution to PDEs. The ML
solvers enjoy many advantages. For instance, (a) the ML solver is meshfree and dimensionless, (b) it is flexible to approximate
nonlinear terms and complex geometries, and (c) it is coding-friendly and computationally efficient because of the availability of
automatic differentiation mechanics, optimization solvers, powerful architectures (e.g., TensorFlow and PyTorch [17]). According
to different formulation principles (e.g., strong, weak and mixed forms), the typical ML techniques include the physics-informed
neural network (PINN), physics informed augmentation of neural networks, and DGM [18-20], energy methods [21,22], the weak
adversarial neural network [23], the mixed residual method [24], Nitsche based methods [25], radial basis neural network [26,27],
and many others [28-34]. The applications of ML to engineering computations can be found in [22,26,35-39]. The ML has also
been used to solve high-dimensional PDEs [23,24,40-44]. Most of the afore-mentioned studies are concentrated on the numerical
solution to the PDEs without using measured data. The ML techniques based on measured data were developed in [45,46], where
the high-fidelity locally measured data are incorporated into certain physical models to derive global predictions.

Despite the success of ML methods in the smooth and high-dimensional problems, their application to the non-smooth problem
is not straightforward, as fewer studies are devoted to the non-smooth problem. A PDE is called non-smooth if its solution involves
non-smooth features [7], such as (weak) discontinuities, kinks, singularities, cracks, multi-scale properties, boundary layers, sharp
gradients, high waves. In general, the ML methods produce poor approximation for the non-smooth problem in comparison with the
smooth problem. This is partly because the commonly-used NN functions are smooth due to the smooth activation functions (except
for the ReLU function). Recently, NN methods have been applied to the non-smooth problems including interface problems [47-51],
sharp gradients [52], multi-scale problems [27], corner singularities [53], singularly-perturbed problems [54], waves [26,55], and
porous media [56]. The crack problem is a typical non-smooth problem, which involves both the discontinuity and the crack front
singularity. We refer to [39,57,58] for the applications of NNs to the crack modeling in brittle and quasi-brittle materials. This paper
will report the implementation of a fully connected NN (using a piecewise version because of the discontinuity) for a crack problem,
where the relative error of displacements is about 10~3, showing the challenge to approximate non-smooth problems.

To improve the precision, we incorporate the singular information of crack solutions into the construction of the NN structure. By
analyzing the singular factor based on asymptotic expansions of the crack solution [59-64], we extract the singular factor and express
the solution as the singular factor multiplied by other smooth components. Then the general NNs are enriched (multiplied) by the
singular factor and used in a PINN scheme [18,20]. The new method is referred to as extended physics-informed ML (XPIML). The
idea is motivated by the extended FEM (XFEM) [1-8], where the standard FEM is enriched with the branch functions to improve the
precision. The XPIMLs improve the approximation precision significantly. We consider two typical ML methods, the fully connected
NN (FCNN) [15] and the extreme learning machine (ELM) [65] in this study. The ELM is a shallow NN. Unlike the conventional NNs,
the weights and bias coefficients in hidden layers of the ELM are initialized with random values, which are fixed during training
process. The ELM has been applied to the numerical solutions to PDEs. See [50,52,66-68] for instance. We shall show that the
XPIML based on the ELM (XPIELM) achieves the high precision. The relative errors in the displacement are about 10~'2 (compared
with about 103 for the conventional FCNN). The stress intensity factor (SIF) is crucial to quantify the severity of a crack front
stress. We also compute the SIF using the J—integral method [69,70] based on the XPIELM solution. The high precision in the SIF is
achieved thanks to the good approximation by the XPIELM. The proposed XPIELMs are applied to a two dimensional (2D) Poisson
crack problem [64,71], a 2D elasticity problem [5,6,72], and a fully 3D edge-crack elasticity problem [63,73,74] in a unified way,
where its computational advantages are demonstrated.

The paper is organized as follows. The LEFM model problem is described in Section 2, including a 2D Poisson crack problem,
2D and 3D elasticity crack problems, and the asymptotic expansions of solutions. Various existing ML methods are described in
Sections 3, and the piecewise NNs are presented to show the precision of conventional NNs used in the crack problem. The extended
physics-informed NNs based on the FCNN and ELM are proposed in Section 4. The numerical experiments and concluding remarks
are presented in Sections 5 and 6, respectively.

2. Model problem

Let £ be a bounded and cracked domain in RY,d = 2,3 with the crack surface Iy, where O is the crack front, see Fig. 1. Q
is the closure of 2, and I' = 0@ is the boundary of Q. We use characters in bold, e.g., X, to represent points in R¢, and denote
X = (xq,...,x4). For simplicity, we also denote x = (x,y) and x = (x,y,z) in 2D and 3D problems, respectively. Likewise, We use
characters in bold, e.g., u, to represent vector-valued functions in H'(£2;R?), and denote u = [uy, u,, ..., u,]”. Except for the elasticity
crack problem, we also consider a Poisson crack problem in this paper. In this case the solution is scalar-valued function, and for
convenience of presentation, we also use the bold u to represent the scalar-valued function with an understanding u = u € H'(2; R).

Consider a linear elastic fracture mechanics model in €:

-V .o =f, inQ, 2.1)
u=g onl,

oc(wiy =0, on Iy, (2.2)
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Fig. 1. The 2D (left) and the 3D (right) cracked domain £ with the crack surface I', and the crack front O. (x,y),(x,y,z) are the Cartesian coordinate systems
in 2D and 3D, respectively, and (r,0), (r,0, z) are the associated polar coordinates and the cylindrical polar coordinates, respectively.

where o(u) is the stress tensor, f is the body force, and g represents the essential boundary condition. We assume that f and g are
smooth to simplify description of the main algorithm. The Eq. (2.2) is called the traction free condition on the crack I'y, and 7, is
the unit outward normal vector to I,. In this paper we study a Poisson crack problem, a 2D elasticity crack problem, and a fully
3D edge-crack elasticity problem. We describe these models below.

» The 2D Poisson crack problem:
Ju Ju

o(u) :=Vu= [a,a—y] .

» The 2D elasticity crack problem:
o(u) :=[ % ]

Gy Oy

with the constitutive model given by

Oy E(1-v) v 1-v €x E v €x

- =————| ; 1 0 € or 1 0 e, |,
7 (1+v)(1-2v) (_)V 0 1-2 7 1—2 0 Il 7

Oxy 2(1-v) Vxy 2 Txy

where the former is the plane strain, while the latter is the plane stress, E is Young’s modulus, and v is Poisson’s ratio, x—
and y- directions are shown in Fig. 1 (left), and e,, €, 7,, are the components of strain tensor defined by

! duy Lodw | 0w
[ 1€x 37xy ] _ [ ) ox ) 2 dxa+ dy)
) - Leduy | 0w ouy
ZY"Y €y 2( ox + dy ) dy
+ The fully 3D edge-crack elasticity problem:
Ox Oxy Ozx
o) = oy, o, oy
Ozx Oyz oy
with the constitutive model given by
1 . X 0 0 0
O v x
- 1 - 0 0 0
Gy 1;\/ v 1-v ey
o, E(1-v) = - ! 1 02 0 0 .
= —-—e—e—e— —zV 5
Oxy 1 +v)(1-2v) 0 0 0 2(1=v) : 02 0 Vxy
—2v
Oy 0 0 0 0 W) 1 02 Vyz
9 v Y
zx i 0 0 0 0 0 o) zx
where the components of the strain tensor are defined by
1 1 uy Lodw  uy  Ledus | duy
€x 3Vxy  37zx L dx 5 2( r)xa+ dy ) %(a()x + a()z )
— 1 1 — Uy u) iy u3 L7}
S I ol e S AP
I 1 Tduy o oowy 1 oduy 0wy %
2Vex 3lyz €z AT az) 2% 9y + az) 0z

For the 2D problem, we assume that I';, is a straight line with a tip O, and (r,6) is the polar coordinate with the crack tip O
serving as the pole and the opposite direction of crack line as the polar line (see Fig. 1 (left)). For the 3D elasticity problem, we
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assume that @ is a plate of thickness 2t given by 2 = w x [t,], where w is a region in R?. The crack front O is a straight line that
is parallel to the z-axis. For convenience of presentation, we use the cylindrical polar coordinates (r, 6, z) (see Fig. 1 (right)), where

- z- the direction along the crack front O,

- r- the radial direction out from the crack front O,

- 0- the tangential direction around the z-direction (counterclockwise when viewed from the positive direction of z), and
0 € (—xn,nx].

The representations of solutions to these crack problems have been studied theoretically, and we describe them below.

» The 2D Poisson crack problem [64].

<]

2=
u(r,0) = Z cr 2 sm(

i=1

6‘) + 2 d;r' " cos(if) + Ugps (2.3)

where ¢;, d; are the constants, u,, is a smooth part in Q.

The 2D elasticity crack problem.
The solution u of the crack problem (2.1) can be decomposed into [61]

u=S+u,, S=I[s,s], 2.4)

where u,, is a smooth part in 2, and S corresponds to the singular component given by

s, = Z{ e [(rc+ + (- 1))005——%cos g _24)9] (2.5)
—a,zrzi [(K+——( 1))91n5—ésin(i_24)9],
< i/2 i T - B (S 1)

5y = Za“rz_ﬂ [(rc—é—(—l)’)sm% +%s1n U 5 ) ] (2.6)

i/ ; i —
+a,22 [(K——+( 1))co€—€+é %],

where a;,, q;, are the constants, u is a Lamé constant, « is the Kolosov constant that is 3 — 4v for the plane strain and ?_T: for

1
the plane stress. It is known that the terms in (2.5) and (2.6) with the factor r2 expressed by

9 inz(xk+2
R o fl (SRR B veaatond |
are referred to as the I and II opening modes (see [1,4,72]), where M;, M, are the coefficients associated with the stress
intensity factors (SIFs).

The fully 3D edge-crack elasticity problem.

A solution u of the 3D edge-crack problem (2.1) that incorporates the singular information was derived in [62,63], which is
expressed explicitly in the Cartesian Coordinates as follows:

: (9, —1)cos§—cos§0 \ 0
u=A@r:| (Q +sing—sini0 |- A'@@r? ., 0 3
0 2cos 5 — £(Q; + 1)cos 56
A”(Z) 3 (Q Q3 - QQ]_-:-I - Q4) 0 % eos §0 + (Q4 Q3)COS5§9
5 (@ + 03— = 4+ Qy)sin 5 +sin 3 2040, - Q3)sin20 |, (2.8)
0
where
0, = 24461 L= 3h—p = 45)% + 1384u +61;42, L= —1522 + 24u + 4942 29
A+p 6(4+ p) 90(4 + )2 90(A + 1)
and
Ev E

TU+vi-2v T 20+ w
are the Lamé constants. If A(z) is taken as 1 + z or 1 + z + z> for example, we have the fully 3D edge-crack problem (neither

3
plane strain nor plane stress), which involves the factors r2 and/or r2. The term with A(z)r2 in (2.8) is referred to as the
major singular function of u. We note that there is an essential difference between the 2D and 3D crack problems; in the 2D
major singular function (2.7) is much simpler (without A(z)).

Remark 2.1. It is obvious that the aforementioned solutions, u, involve two typical non-smooth features: the singularity
characterized by the factor ﬁ and the discontinuity across the crack front I',. This poses a difficulty for the development of
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Input layer k — 1 layer k layer Output layer Input layer Hidden layer Output layer

Fig. 2. Basic structure of the FCNN network (left) and the ELM network (right), where the dashed lines indicate the multilayer structure.

high-precision numerical methods. Below, we will propose the extended NN method, which depends on the expansion of solutions,
(2.3), (2.4), and (2.8). O

3. Conventional neural networks and loss functions

The ML techniques are powerful in high-dimensional and nonlinear approximations, and have been widely applied to the
numerical solutions of PDE. The conventional ML techniques of solving PDE involve the key gradients: (a) neural network structures,
(b) loss functions for training process, and (c) optimization algorithms to optimize the loss function. We describe their formulations
when applied to the crack problem.

We start with two typical ML methods, the fully connected NN (FCNN) and the extreme learning machine (ELM). Let z¥ € R4
be a vector of dimension d,, and z! = (x|, ..., x,)". Let W¥ € Ré%+1%% be a d,,, X d;, matrix and b¥ € R%+ be a vector of dimension
diy1, and dp . is the same as the dimension of u, which is 1, 2, 3 for the Poisson problem, 2D elasticity problem, 3D elasticity
problem, respectively. Denote the activation function by ¢, and ¢(z*) is defined by (¢ (zi‘), ¢ (z’d‘k))T. A FCNN function of L-layer
is defined by

Ny :=WEN;_jo-oN,oN (") + b, N (z5) := ¢(WKek +b%), k=1,2,...,L -1,

where § = {Wk, b* },f= , are referred to as parameter set. A FCNN is exhibited in Fig. 2 (left). The improved versions of FCNN for the
numerical solution to PDE, e.g., ResNet [16,21,42], can be found in the literature. We do not present their results in this study for
simplicity, and they can be used in the proposed method directly in the same way as the FCNN. The parameters 9 are determined
by solving certain minimization problems, which are updated using stochastic gradient descent (SGD) methods [15].

The second ML method is the extreme learning machine (ELM) [65]. The ELM is a shallow NN with randomly selected weights
and bias. Let x¢ = (x‘l’, x¢, ... ’Xfi) € Q be a relative center of £, and r, be a positive scaled parameter. The functions of ELM are the

following:

K
X — x¢ T
R8=ijg(r— Wi +b,>,
=1 ¢

where W f and b iJ =1,2,...,K are random numbers uniformly distributed on [~ Rm, Rm]; Rm is a hyper parameter. It is noted that
the parameters W;, b; are generated in advance and fixed in the training process. See Fig. 2 (right) for an illustration of ELM. The
optimization process of ELM can be executed by solving certain least square problems. The ELM has been applied to solve the PDE,
see [52,66-68] for instance.

In this paper we use the tanh activation function [15], and thus both the FCNN and ELM functions are C® continuous. We
mention that commonly-used activation functions are continuous, such as ReLU, sigmoid, sin/cos, and thus the NN functions are
generally continuous. This causes a difficulty in solving the crack problems because the crack solution is discontinuous across the
crack surfaces. Therefore, the usual NNs with the continuous activation functions cannot be used directly for the crack problem,
and some operations have to be developed, such as, piecewise NNs [48]. We present a piecewise NN below.

The parameters of FCNN or ELM need to be identified by optimizing particular loss functions, whose optimizers are the
approximate solutions of equations. A natural loss function is based on energy functional:

L@ = 3 Bww - F@) +alu-gl, .. G1)

where « is a regularization parameter, and
B(u,w) = / o) : e(w)dV, F(w)= / f-wdV, Vu we H(Q). (3.2)
Q Q

A NN method based on (3.1) was referred to as the deep Ritz method (DRM) [21,22]. The DRM uses the energy formulation to
establish the loss function. However, the energy formulation may not be available in many PDEs. To avoid this difficulty, a so-called
weak adversarial network (WAN, [23]) utilizes the weak forms of PDEs to construct the loss function as follows:

_ (B,w) = F(w))®

2
L2(©)

. ol
L(u,w) : il +aflu gllem, (3.3)
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Fig. 3. The domain is divided into two sub-domains, £, and «,, with the cracked part I', and the non-crack part I';.

and the associated optimization problem is

minmax L(u, w).
u w

Above, u, w are approximated using the primal and adversarial NNs, respectively. (3.3) is based on the weak form, which is easy to
attain for general PDEs using standard integration by part (or Green formulae). To optimize the parameters, a gradient descent and
ascent approach is employed.

Compared with DRM and WAN, more convenient loss functions are based on the strong form of equation, (2.1), in the following:

L ==V - o) =1}, , +alu =gl ., +Allo@iio = Ol . 34

where a and g are the penalty parameters. The physics-informed neural network [18,20] was based on the strong form of equation.
We also refer to (3.4) as PINN. Derivatives of higher orders are needed in the PINN. However, this is not a problem thanks to
automatic differentiation mechanism for the NNs.

As mentioned above, the NN functions are continuous, which cannot be applied to the crack problem directly. The piecewise
NNs are natural choices to simulate the discontinuous solutions. To this end, we extend the crack surface to the boundary of Q and
divide @ into two parts, 2, and 2,, and the non-cracked part of 2, n @, is denoted by I';, see Fig. 3. Two NNs are set in £, and
£, to approximate u, respectively,

uy (X), X € Q)
u(x) ~ uy(x) = 0
“19[(X)» X € O,

where 9 = 9, if x € 2,1 =0,1, and 9, are the parameters of FCNN or ELM. This means that uy and u,, are different NNs, which
are set in £, and £, respectively. uy is called piecewise NNs. The PINN based on the strong form, (2.1), and using the piecewise
NNs, u(x; 9), is presented below:

L(ug) 1= [| =V - ouy) ~fI3, , +alluy —gll},
+ollo (g, )iip = Ol .+ Brllotug, Vio = Oll7, - | (3.5)

2 = = 0
+rollug, —uy, ”L2<r0’> + 71l Vug, - g = Vuy, - nO”LZ(rg)'

The second line of (3.5) represents the traction free conditions (2.2) for each of piecewise NNs. It is noteworthy that the third line of
(3.5) is to enforce continuous conditions along with I'; because I'; is the non-cracked surface, and the solution u and its derivatives
are continuous at I';. The enforcement of continuity of piecewise NNs can be also seen in [68].

No Ny

In the training process, the loss function (3.5) needs to be discretized by sampling points. Let {xfzo}i=l, {xf21 Yo {xj.’}

Ny
N =r
N _ -

{xlfo }k:flo’ {X,CO }mi? be the sampling points in &, 2,, I', I'p, I'5, respectively, and Ny, Ny, N, Nr,» Nfé be the numbers of associated
sampling points. These points can be sampled randomly or uniformly. Based on these sampling points we discretize (3.5) to get a

loss function for training the NNs, uy:

1 Ny o o \2 | N, ; Lo
L(uy) := A Z,([—V - o(ug)](x;) — f(x; 0)) + N ;([—V ol - £(x! 1)> 56
Ny 5 Nro , N,—O
a ﬁ o ﬂ o ;
+Fb Z(us(xf) - g(X?)> + Nﬁ Z (a(ugo)(xko)no - 0) + N; Z (6(“01)(Xk0)"0 _ 0)
N o K= 0 k=1
Nrp Nr-
0 ) 0 o\, N 2 LN Iy = \?
+Nro Z‘l(ul«)o(xm ) = ug, Xy )) +N_r0 ;(Vuso(xm ) - fig — Vug (X, )'"o) .

The training process is to minimize the following optimization problem:

min L(uy) = g(r]n&r} L(uay). (3.7)
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Fig. 4. First row: the crack domain Q (left) and the exact solution (right) for the tested 2D Poisson crack problem; Second row: the absolute errors of PIFNN
method (left) and PIELM method (right).

The minimizers of (3.7) based on the FCNN and ELM are referred to as physics-informed FCNN (PIFNN) and physics-informed ELM
(PIELM) for the crack problem, respectively. The idea of piecewise NNs can also be applied to the energy and weak form situations,
(3.1) and (3.3), in a similar approach. However, we do not present them because these loss functions do not exhibit accuracy merits
over the PINN loss (3.5) in many PDEs including the crack equation investigated in this study.

Finally, we state the optimization algorithms of (3.7). For the PIFNN, the parameters 9 are updated using stochastic gradient
descent (SGD) methods [15]. The optimization process of PIELM can be executed by solving certain least square problems,
see [52,66-68] for instance.

As seen in the aforementioned crack models, the solutions involve factors like r%, i.e., these solutions are singular. It is known that
the NNs used to approximate singular functions generally cause poor precision [53]. This is essentially different from the situation
of smooth problems. To demonstrate it, we solve a Poisson crack problem using the PIFNN and PIELM.

We consider a 2D Poisson crack problem (2.1)—-(2.2) on a domain 2 = [-0.5,0.5]% with the crack line I'p={-05<x<0,y=0}
and the crack tip O at the origin, see Fig. 4 (left-up). We use a manufactured solution u(r, §) = r% sin( %0), see Fig. 4 (right-up). This
crack problem is solved by the PIFNN and PIELM based on (3.7). We define the relative L? error of an approximation solution, u,,

lu—ugll . .
%2"2(“). The relative L? errors of the PIFNN and the PIELM methods are 3.078 x 10~2 and 7.177 x 1072, respectively. The errors
L2(2)

are much bigger than those of NNs for the smooth problem. The Fig. 4 (left-below and right-below) draw the absolute errors of two
methods, which show that the two methods produce notable errors around the crack tip.

as

4. Proposed extended PINNs

The objective of this study is to enhance the approximation precision of NNs for the crack problem. The idea is to incorporate
the singular information of crack solutions into the NNs. To this end, we analyze the expansions of solutions and extract the major
singularity. Then the solutions can be written as the major singularity multiplied by smooth parts. The NNs enriched with the
major singularity are employed to solve the crack equations using the PINN scheme. We start with the 2D Poisson crack problem
to illustrate the idea.

We rewrite the solution expansion, (2.3), as

[se] (s (o]
1 ) 1 ) )
u = r2sin g ; c,~r’_1 cos((i — 1)0) +r2 cos g ; ¢ 1 sin(i6) + ; d;r' cos(if) + ug,,
= mH,(r,0) + G, (r, 0) + n K, (r, ), 4.1)
where
.0 1 0
[11, 125 M) = [r2 sin 5,"2 cos o, 1], (4.2)
and
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0 ©

[se]
H,(r,0) = Z '~ cos((i — 1)), G,(r,0) = Z ¢ sin(if), K, (r,0) = Z d;r cos(if) + ug,.
i=1 i=1 i=0

We note that H,, G,,, K, are analytic and uniformly convergent. Most importantly, these functions do not have the discontinuity and
singularity caused by the crack surface and tip, in other words, they are smooth in Q. Therefore, H,,G,, K, can be approximated
by the NNs with high precision. We mention that in (4.1) the bold characters represent the scalar-valued functions for the Poisson
problem, as remarked at the beginning of Section 2. We write this to describe the NN algorithms for the Poisson and elasticity crack
problems using a unified way. Motivated from (4.1) we propose an extended NN for the Poisson crack problem as follows:

Uy = Uy, 9,9, = MUy, + Mmuy, +nguyg,, (4.3)

where uy 1= 0,1,2, are the general NN functions with the parameters, 9,,/ =0, 1,2, respectively, such as the FCNN, the ELM. It is
clear that

u-—Uy =n(uy —H)+mny, —G,)+mnuy, —K)),

which shows that uy,/ =0, 1,2, are set to approximate the smooth functions H,, G, K, respectively. Therefore, the high precision
is predicted in this way.

We next present the extended NN for the 2D elasticity crack problem. Using the similar arguments, we rewrite the solution
expansion, u in (2.4), (2.5), and (2.6), as

u = y/rsin gﬂeo, 0) + \/r cos gGe(r, 0)
+1/rsin g cos 0K, (r,0) + \/;cos g cos OL,(r,0) + M,(r, 6),
with

. - ;
H = Zr'*( 1 sin(l — )0 + | 12| cos(/ — 1)6

I
+ [ 13] sin(/ — 2)8sin 6 +

1
01,4] cos(l — 2)0sin 9) ,
dl

<] rio I
G, =y < 1] sint — DO + | 32| cost - 1O
=1 -d2]- _d22
! !
+ [22,3] sin(/ — 2)0'sin 6 + ;%4] cos(l — 2)0 sin 9) ,
23 2
(o) —cl 1 ,Cl -
K, =) < | sint =10 + | 32 cos - 1)0),
=1 L7314 L%32
) I /
L, = Zr/—l <[(cﬁl] sin(/ — 1@ + [2:}2] cos(l — 1)9>’
I=1 41 42

=
|
Ms

cl cl
=Y/ ([d5,1] sin /6 + [d5,2] cosl@)
=1 51 52

oo ! 1
+ 22 (5] A2 sing — 20 + | 3| FP cost ~ 20 ) +u,,,
d d
i=1 53 54
where ¢!, d;j are the constants obtained from a;;, g;, in (2.5) and (2.6). Here, H,, G,, K,,L,,M, are analytic and uniformly convergent,

and they are smooth in Q. Let

(1> 125 113> s Mig) = [\/r sin g \/rcos g \/rsin g cos @, \/rcos g cos @, 1], (4.4)

and the extended NN for 2D elasticity crack problem is proposed as follows:
Uy = Uy, 9,.0,.0,.9, = MUy, T MUy, + N30y, +nauy, + nglly (4.5)

where u'g,,l = 0,1,...,4, are the general NN functions with the parameters, 9,,/ = 0,1,...,4, respectively, such as FCNN, ELM.
We note that #;,,/ = 1,2,3,4 in (4.4) are the standard branch functions used to develop the so-called GFEM/XFEM for the crack
problem [1,4,72].

Finally, we present the extended NN for the 3D crack problem. Since we consider a fully 3D fully edge-crack problem, the solution
has the expression (2.8) [62,63,74]. It was proven in [74] that a stable GFEM enriched by the branch functions (4.4) for 2D crack
problem can achieve the optimal convergence in the fully 3D edge-crack problem. Therefore, we also use (4.4) to construct the
extended NN for the 3D planar fully edge-crack elasticity problem, i.e.,

Uy = Uy, 9,.0,.0,.9, = MUy, T MUy, + N30y, + 14Uy, + fglly (4.6

but remember that these functions are three-dimensional.
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Fig. 5. The structure of the XPIELM model of the Poisson crack problem (left) and the elasticity crack problem (right). n = 2 for the Poisson crack problem
and n =4 for the elasticity crack problem. Each pink block is a ELM model for the component u, , and each green block is for u,, in (4.3) and (4.5). The only
parameters to be trained are the output weights of each ELM model m;‘i,l =0,...,n,j=0,....d,k=1,...,K.

Based on the sampling points used (3.6) we establish a loss function for training the extended NNs (a unified way for the Poisson,
2D and 3D crack problems), Uy:

=1 5 Q o), «a < b b \2
LU = gy & (17 oo 1)+ 5 3, (o) ) “7)
N, N,
ﬂ 9 Iheo 2 ﬂ o} B e 5
’ fb ;; (o0 ~0) + N;O ,;("(U@)(xkomo—o) :

where {x2} = (x} U (x'},

i

e .
Ug(x) = y_)}(ly;ne 2 Uy(y), Uy(x) = ye)lxl,)r}éﬁl Uy(y), Vx €Ty.

In comparison with (3.6), we use the full NNs instead of the piecewise NNs, and thus the NN functions are continuous, and the

terms associated with the sampling on I'; (the non-cracked part, see Fig. 3) are not included.
The training process is to minimize the following optimization problem:

L(Uy), for the 2D Poisson crack problem,

L(Uy), for the 2D and 3D elasticity crack problems. (4.8)

min ]L(U,g) — { m%n81u92,30

9 ming, o, 9:.9,.9,
The minimizers of (4.8) based on the extended FCNN and ELM, (4.3) and (4.6), are referred to as the extended physics-informed
FCNN (XPIFNN) and the extended physics-informed ELM (XPIELM) for the crack problem, respectively. It will be shown below that
the precision of XPIFNN and XPIELM is improved essentially compared with their preliminary versions, PIFNN and PIELM (based
on (3.6) and (3.7)). In computation, the precision of XPIELM is much higher than that of XPIFNN. Therefore, the XPIELM is mainly
suggested in this study. The result of XPIFNN is also presented for comparison with both the PIFNN (based on (3.6) and (3.7)) and
the XPIELM.

For the XPIFNN, the parameters 9 in the minimization problem (4.8) are updated using the stochastic gradient descent (SGD)
methods [15]. The optimization process of XPIELM based on (4.8) can be executed by solving a least square problem, see [52,66-68]
for instance. We specify the algorithm of XPIELM below.

For simplicity of description, we denote the singular functions in (4.2) and (4.4) by #y,...,n,, which are (4.2) with n = 2 for
the 2D Poisson crack problem and (4.4) with n = 4 for the 2D and 3D elasticity crack problems, respectively. For the XPIELM, we
express each of the ugl,l =0,...,n in (4.5) using the components of output neurons of ELM, they are:

uy, =ug e + .- +u8,d - e,

where uy  is the output of the ELM as well as the jth component of the uy, , and the e; is the d-dimensional standard unit column
vector, where the jth component is 1 and the others are 0. For the Poisson crack problem, we have uy, =ug, and d = 1 because it
is the scalar-valued problem. Therefore, we create (n+ 1)d ELM models for the XPIELM method. For each ug,, ELM model, we have

K K
uy, = kz{ ) = ; my £ - (Wi + b)), (4.9)

where mf‘j, k=1,2,...,K, are the output weights of the ELM model, ¢ is the tanh activation function, W;‘j and b;‘., k=1,...,K are

random numbers sampled in advance that are not updated in the training process. The structure of the XPIELM is shown in Fig. 5.
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Feeding the sampling points into the pipeline of the XPIELM, we have the residual terms (4.7). Denote the trained parameters mf‘j
by
1", m; = [mg,om,], myk)=mt, j=1,...d, [=0,...,n, k=1,....,K.

m=[m,....my o

Then the optimization problem (4.8) is equivalent to solving the least square problem in what follows:

min [|Hm - S|12, (4.10)
m
where the matrix
H? H?
0] nj
H? .. H?
0j nj .
H=[H,...H,|, H; = g .. gl [ i=bld
WU
H'O H'O
0j nj
and the column vector
F
s=| 6 [. (4.11)
0
Here, for [ =0,...,n,j=1,...,d, we have
—Va(mcf,l,(X‘?) -€;) —Vo(mé,zj(X]Q) -€;) —Va(mé,’j(Xf) -€;)
H? = 1 —Va(mcf,lj(xg)) -€;) —Vo(mé,zj(x;o) -€;) —Va(mé,’j(Xf) -€;)
7\ No+ N, : : : : ’
—Vo(méllj(X,’iMNl)f,) —Vﬂ(mé,zj(xjfiowl)-e/) —Vv(nlél’j(X§5o+N1)~e,)
me D) e G gk e
W= [ mELg) e mEeg) e ) e |
S I » kT
_mC,j(XNb)~er, me;(Xy,) € ;116,/.(be)1, .
o(n,*é,lj(xlo)-e,-)ﬁo o(nfc,zj(xlo)~e,)~ﬁo ool el 9) ) g
I - I - I -
qo - | P | otfgi) e o o Ex0) ) lg ol (x)0) ) o
Y Nr, F; J i
I cr(nféfj(xNoro)-e,-)ﬁo a(nfcf,(xN"ro)~ej)~ﬁo U(nfél’j(xN"ro)fj)-ﬁo |
_ I - _ I - _ I - T
oy §ix%)e) fig ol LX) e g ol KX 0)-e)) - iig
— _ I, - _ I, - _ I, >
o _ A o §(x,%) ) iip ol C,zj(xz")~ej)-no ool gfx)0) ) g
Y Nr, : : :
— T - _ y > _ T >
| oty C,E(XN"FO)-e,-)‘no o(n; C,zj(xNoro)‘e,-)%o = oln C,’j(xN”ra)~e,-)-no |

Where
+ i _ In ..
n, x) = v Xl,y“l Om(y), m (x) = x{y‘“ ln,(y), vx €lp

In the column vector, S(4.11), we have

f(x?) g(x])

o |1 f(?ff) R g(rfzr)
Ny + N, : Nfb :

fx o n,) g(xy,)

and the zero column vector 0 with 4N dimensions. We note that for the Poisson crack problem, H=H; and m = mlT.

The solution of (4.10) is m = H'S, where H' is the pseudo inverse of H. The least square problem, (4.10), can be solved by
available algorithms, such as, torch.linalg.lstsq in the PyTorch library [17]. PyTorch is a common machine learning library focusing
on both usability and speed, and is consistent with other popular scientific computing libraries. The XPIELM algorithm for the crack
problem (2.1)-(2.2) is summarized in Algorithm 1 below.

The stress intensity factor (SIF) is crucial to quantify the severity of a crack tip stress. In our computations, the XPIELM yields
very high-precision approximation solution, uy. Therefore, the SIF computed based on this solution is predicted to produce high-
precision approximation to the SIF. This is verified in the numerical experiments below. To compute the SIF, we adopt the equivalent
integration method [69,70] to calculate the J-integral J. For the 2D crack problem, let the strain energy density factor

W= %o-eT, o= [ax,axy,ay], €= [ex,exy,ey],

10



B. Zhu et al. Computer Methods in Applied Mechanics and Engineering 435 (2025) 117655

Algorithm 1: XPIELM algorithm for solving the LEFM (2.1)-(2.2).

b

No+N S N,
EQ},-zol ' on the interior of @, {x'}."

1: Generating a set of random sampling points in £, consisting of {x on the boundary I,

. Nr.
and {x;?}_° on the crack surface I';.

2: Selecting (n + 1)d ELM models for the XPIELM and randomly initializing weights and biases of each ELM hidden layer, which
are fixed in the hidden layers.

3: Computing the hidden layers output matrix H and the vector S in (4.10).

4: Computing the output weights m using from (4.10).

and J-integral
oug | dug, dq ouy Uy, dq
J:/A [(UXXW+TXyW_m)$+(TXyF+nyW)EJ dav, (412)

A is a ring integration domain (see Fig. 11 for example) with inner and outer boundaries denoted by I, and I, respectively, ¢ is
a reference function that is 1 on I7,, 0 on I',,,. ¢ is not sensitive for the computation of J [69]. Then the SIF, K, f, is given by:

in>

Kgir =V EJ, (4.13)

where E = E for the plan stress, E = % for the plan strain.
5. Numerical experiments

We consider three LEFM models (2.1)—(2.2) with the cracked domain £2, including the 2D Poisson crack problem, the 2D elasticity
crack problem, and the 3D elasticity fully edge-crack problem. Their domains and manufactured solutions will be prescribed in the
following sub-sections. For the elasticity problems, we take the Young’s modulus E = 90, the Poisson’s ratio v = 0.28, and the
relevant Lamé constants A = 44.7443 and pu = 35.1563. We test the following methods for comparison:

» PIFNN-the piecewise FCNN based on (3.6) and (3.7),
» PIELM-the piecewise ELM based on (3.6) and (3.7),
« XPIFNN-the extend FCNN based on (4.8),

« XPIELM-the extend ELM based on (4.8) and (4.10).

where the XPIELM that achieves high precision is suggested in this study. For all the crack problems, we compute the approximation
solutions (denoted by u,) using these methods and compare their relative error in L? norm:
[la—wgll ;2 0.r2)
[Ju] L2(Q)
and the relative gradient error in H! seminorm [19]:
IV —ugll;2q)
[IVull L2(Q)

To compute the relative L?> error and H' seminorm error, we randomly generate N,,,, = 5000 points in the £, respectively. To
visualize the results, we generate a uniform set of OxQ grid points (Q = 501) for drawing relevant pictures. For 2D elasticity problem,
we also compute the SIFs based on the XPIELM solution by means of the J-integral method [69,70] to show the performance of the
proposed method.

We employ the deep learning framework PyTorch (version 2.1.1) to develop the code. For all methods, the tanh function serves
as the activation function. The NN structures and associated parameters will be described in the following sub-sections. To train
the various NN methods, we randomly sample N, = N; = 1000 points on the interior of 2, N, = 400d points on the boundary
I' (d = 2,3 in the 2D and 3D problems, respectively), and N ry = 100 points on the crack surface I,. For the PIFNN and PIELM
methods, we generate N ry = 100 points on the non-crack part, I'; (see (3.6)). For FCNNs, we choose the Adam optimizer to train
the parameters, set the learning rate as 2x 1073, and the decay rate is 0.95 with 1000 steps decay interval, meaning that every 1000
steps we decay the learning rate 5%. For ELMs, the linear least squares methods to calculate the parameters are based on routines
torch.linalg.lstsq from the PyTorch library, and Rm = 1. We now present our numerical results in the following sub-sections.

5.1. The 2D Poisson crack problem

For the 2D Poisson crack problem, we consider a cracked domain 2 = [-0.5,0.5]%, with the crack line I';, given by I'y, = {-0.5 <
x <0,y =0} and the crack tip O at the origin. We use a manufactured solution u as follows:

1 3 .3 3 .5 .7
u(r,0) =r2 sm(§9)+r2 sm(§9)+r2 sm(zﬁ) +r2 sm(ze), (5.1)

11
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Fig. 6. The cracked domain @ (left) and the exact solution (5.1) (middle and right) of the 2D Poisson crack problem.

Table 1

Relative errors for the 2D Poisson crack problem.
Methods L? norm H' seminorm
PIFNN 3.823 x 1072 1.837 x 107!
PIELM 6.089 x 1072 2.264 x 107!
XPIFNN 3.783x 1073 1.016 x 1072
XPIELM 2922 x 1071 1335%x 10713

PIFNN predict PIELM predict XPIFNN predict XPIELM predict

-04 -02 00 0.2 0.4 ki -02 00 02 0.4 -04 -02 00 0.2 0.4 -02 00 0.2
X X X X

PIFNN error PIELM error XPIFNN error XPIELM error le—

0.48
0.36

0.00 0.00

Fig. 7. The point-wise distributions of the four methods’ predict solution uy, and the absolute error |uy —u| for the 2D Poisson crack problem.

where (r, 0) is the polar coordinate with the pole at the crack tip O and the polar line parallel to the x-axis. f (=0) and the boundary
function g in (2.1)-(2.2) are calculated from u and the equation. The domain and the exact solution (5.1) are shown in Fig. 6.

For the PIFNN and the XPIFNN methods, the structure of two piecewise NNs and the extended NNs is chosen as the FCNN which
have 4 layers and 30 neurons on each layer. To train the FCNNs, we iterate 20 000 steps using the Adam optimizer from PyTorch.
In addition, the penalty parameters of the loss functions (see (3.6) and (4.7)) is set as 1. For the PIELM and the XPIELM methods,
the number of ELM’s hidden layer neurons is K = 200.

The relative L, errors and H' seminorm errors of the four methods are shown in Table 1. It can be seen that the XPIELM and
XPIFNN methods perform much better than the PIFNN and PIELM methods. This means that the extended NN methods essentially
improve the precision compared with their preliminary versions. The errors of XPIELM reaches the highest precision, about 10~14
for the relative L? error and about 10~13 for the relative H' seminorm error. Fig. 7 exhibits point-wise distributions of the predicted
solution, uy, and the absolute error |ug — u|. It can be observed that the errors of the PIFNN and the PIELM methods are very large
around the crack tip O, which means that these methods cannot simulate the singularity around the crack tip O efficiently. The
errors of the XPIFNN and the XPIELM methods are much smaller than the PIFNN and PIELM, and the singular solution can be well
approximated around the crack tip O.

We test the sensitivity of penalty parameters in (4.7), i.e., a, f, ;. To this end, we take different parameter values in (4.7) to
train the approximation solutions and see the error levels. Since f,, §, are all associated with the penalty of the action free condition,
we set fi, = f, = . We take a, § = 0.01,0.1, 1, 10, 100, and the relative L? error of the associated XPIFNN and XPIELM are presented
in Fig. 8. For the XPIFNN method, the penalty parameter « is sensitive, and the greater « is, the smaller the error is. The parameter
p is not so sensitive. On the contrary, for the proposed XPIELM, both a and g are not sensitive to the relative L? errors, which range
between 10~14 and 1012,

12
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XPIFNN relative L? error XPIELM relative L2 error
100 —&— B=0.01 —&— B=0.01
—a B=0.1 —a— (=0.1

5 10! —o— (=1 5 10712 —o- p=1

= B=10 = B=10
N 10 —e— B=100 o ‘\ —e— B=100
g g 10-134 L

< 107 & l\i\'—”

< < —

104 10714 4

Fig. 8. The relative L? errors of the XPIFNN and XPIELM methods with respect to the various penalty parameters in (4.7) for the 2D Poisson crack problem,
and a,# =0.01,0.1,1, 10, 100. For each error line, g is fixed, and «a varies from 0.01 to 100. Left: XPIFNN; right: XPIELM.

Table 2

Relative L? errors with different number of boundary points N, for the 2D Poisson crack problem.
Methods N, =400 N, =800 N, = 1200 N, = 2000 N, = 4000
XPIFNN 3.722x 1073 3.783 x 1073 3.305 % 1073 5.174 x 1073 2.941 x 1073
XPIELM 7.628 x 10714 292210714 42551071 9.137 x 10714 5.265x 10714

We next investigate effect of the number of boundary sampling points, N,, on the accuracy. We use the same parameters and
interior sampling points as in the above computation, and vary the number of boundary sampling points, N,, from 400 to 4000.
The relative L? errors of XPIFNN and XPIELM are listed in Table 2. We find that the number of boundary points N, seems to have
little effect on the relative L? errors, and increasing the number of boundary sampling points does not reduce the errors.

5.2. The 2D elasticity crack problem

For the 2D elasticity crack problem, we consider a domain € = [—1, 1]> with crack line I'p ={-1<x<0,y=0} and the crack
tip O at the origin. We use a manufactured solution in [72]:

K; r cosg 3 cosg <(3}L+7/4)cos2 g —3&—6;4)
u=—4/— 0 (@a+bcosl) + ———r2 0 0 (5.2)
EV2r | sin? 34+3u sin ¢ ((/1+5;4)c052 2 —/1—2,4)
where a =2 + Ai—‘;ﬂ bh=— % c= %, the stress intensity factor (SIF) K; = 1. The two components of the exact solution (5.2)

are shown in Fig. 9. It is clear in Fig. 9 that the second component u, is discontinuous across the crack line I,.

For the NN structure, we use the FCNNs with 4 hidden layers each of which contains 30 neurons and 2 output neurons for the
PIFNN and the XPIFNN methods. We use the ELMs with one hidden layer of K = 120 neurons and 1 output neuron for the PIELM
and the XPIELM. To train the FCNNs, we optimize 10 000 steps for the PIFNN method and 6000 steps for the XPIFNN. We set the
penalty parameters as « = 10°, ) = §; = 4,7, = 7; = 10* for the PIFNN, a = 10%, ) = §; = 4,7, = y; = 10* for the PIELM, and
a =10°, f, = ; = 4 for the XPIFNN, while a = 10°, , = f5; = 4 for the XPIELM.

Fig. 10 shows the point-wise absolute errors of the two components u; and u, for the 2D elasticity crack problem. Similarly, we
can observe that the two components’ absolute errors of the PIFNN and the PIELM methods are large around the crack tip O or
along the line ©,NQ;, while the XPIFNN and the XPIELM perform much better than the former. Table 3 presents the relative errors
of four methods. We see that the XPIELM reaches about the L2 and H! error order of 10~1°, while the other methods’ errors are
between 10~* ~ 1072, The error of XPIFNN is smaller than that of the PIFNN.

In this sub-section, we calculate the SIF K; according to (4.12) and (4.13) using the XPIELM solution to test its accuracy. To this
end, we take a ring sub-domain A with width 0.1, [-0.5, —0.5]>\ (0.4, —0.4)%, as shown in Fig. 11. To compute the J-integral (4.12),
we portion A into a series of square elements with sides length 0.1 and compute the J-integral on each of them. The function g is
continuous that is 1 on I}, and 0 on I,,,. The integrals in square elements are computed by the standard Gaussian integration rule.
The approximation value of SIF computed using the XPIELM solution is denoted by K;, and we have K, — K, is about 2.20 x 10710,
This shows the high precision because of the high precision of the XPIELM solution. The SIF errors of other methods are large, and
we do not present them here.

5.3. The fully 3D edge-crack elasticity problem

In this sub-section, we consider the fully 3D edge-crack elasticity problem with the crack domain 2 = [0, 1] x [0, 1] X [0, l], the
crack surface I'p ={0<x<1,y=050<z< %} and the crack front O = {x =0,y =0,0<z < %}.
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Fig. 9. The exact solution’s components «; (left column) and u, (right column) (5.2) of the 2D elasticity crack problem.
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Fig. 10. The absolute errors of the components u,,u, with the proposed methods for the 2D elasticity problem.

Table 3

Relative errors of the components u,,u, for the 2D elasticity crack problem.
Methods L? norm H' seminorm

u, error u, error u, error u, error

PIFNN 1.792 x 1073 4418 x 1073 5.048 x 1073 1.226 x 1072
PIELM 2.304 x 1073 1.006 x 103 1.119x 1072 2.812x 1072
XPIFNN 4736 x 107 9.936 x 107 1569 x 1073 2978 x 1073
XPIELM 1.430x 10719 7.882 x 10710 2.065 x 10713 1.676 x 10715

We use the singular function (2.8) with function A(z) =1+ z + z2 in (2.8) as the manufactured solution [63,74]:

(Ql—l)cosg—cosge 0
u=(1+z+22)r% (Q1+1)sin§—sin%9 —(1+2z)r% . 0 3
0 2cos 5 — £(Q; + 1)cos 56
| ©-0s- 2+ — 0,)c0s 4 +cos 20+ (Qy — 03)cos 20
+r2 (0, + 05— % +04) Sin% + sin %9 +(Q, — 03)sin 20 , (5.3)
0

where Q; — O, are defined in (2.9). The corresponding Cartesian coordinates (x, y, z) in domain £ are defined by
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Fig. 11. The ring area A to compute the J-integral (4.12).
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Fig. 12. The crack domain £ (left one) and the exact solution’s components u,,u,,u; in the z = 0 cross section (right three) of the 3D planar elasticity crack
problem.

Table 4

Relative errors of the components u,,u, and u; for the fully 3D edge-crack elasticity problem.
Methods L? norm H' seminorm

u, error u, error us error u, error u, error us error

PIFNN 5.588 x 1072 3.554x 1072 2.135% 1072 3.229% 107! 2.867 x 107! 6.714 x 1072
PIELM 5.593 x 1072 6.222 x 1072 3.617x 1072 3.913x 107! 3.981x 107! 1.689 x 107!
XPIFNN 2.295x 1073 1.060 x 1073 5.324x 1073 1.276 x 1072 7.737x 1073 1.429 x 1072
XPIELM 6.800 x 10713 3.346 x 10713 1.485x 10712 1.215%x 107! 5.892 x 10712 1.100 x 10712

x=rcos@+05, y=rsin0+0.5, z=z+ é

The cracked domain and the components of the exact solution are shown in Fig. 12, where the components are shown in the cross
section of z = 0. From this figure we see that all the components are singular around the crack front O and the u, component is
discontinuous along with the crack surface I',.

In this test, the NN structure consists of 5 hidden layers each of which contains 60 neurons for the PIFNN and 4 hidden layers
each of which contains 30 neurons for the XPIFNN. For the PIELM and the XPIELM 1 hidden layer with 300 neurons is set. To
train FCNNs of the PIFNN and the XPIFNN, we optimize 10 000 steps and 4000 steps respectively. The penalty parameters are set
as a = 10%f, = f; = 4,7y = y, = 10* for the PIFNN, a = 10°, f, = f, = 4,7, = v, = 10* for the PIELM, « = 10%, , = f, = 4 for the
XPIFNN, and « = 10°, §, = §, = 4 for the XPIELM.

Fig. 13 and Table 4 illustrate the errors of the three components of various methods. Similarly with the sub-sections above, they
show that the PIFNN and PIELM cannot approximate the solution efficiently, especially along the line 2, N ©2;, and the relative
errors are between 10~2 ~ 10~!. Among the four methods, the XPIELM reaches the highest precision, about the order of 10~12 for
relative L2 errors and 10711 for relative H' seminorm errors.

6. Conclusion and remarks

In this study we proposed the extended neural networks based on two typical machine learning methods, the fully connected
neural network and extreme learning machine, for the numerical computation of the crack problem. The main idea was to
incorporate the singular information of the crack solution into the neural networks. The precision of the proposed XPIFNN and
XPIELM using the physics-informed neural network scheme was improved significantly. Especially, the relative error of the XPIELM
reaches about 10712, This is a significant improvement in comparison with the conventional neural networks (with the relative
error about 10~3) when used in the crack problem. The stress intensity factor was also studied based on the XPIELM solution, and
the high precision was shown. The proposed XPIELM was applied to the 2D Poisson crack problem, the 2D elasticity problem, and
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PIFNN u; error PIELM u; error XPIFNN u, error XPIELM u; error
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Fig. 13. The absolute error distributions of the components of the four methods for the fully 3D edge-crack elasticity problem. Top row: u; component; middle
row: u, component; bottom row: u; component.

the fully 3D edge-crack elasticity problem in a unified way. The extension of the proposed method to crack propagations is under
investigation.
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