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Abstract This study develops a stabilized Galerkin mixed formulation within a one-point integrated frame-
work to model nearly incompressible materials. The variational multiscale formulation addresses the hourglass
modes and Ladyzhenskaya—Babusska—Brezzi (LBB) instability in conventional Galerkin mixed formulation.
The multiscale decomposition of the variational equation results in a residual-based stabilized Galerkin frame-
work. The derived fine-scaled terms act as a stabilization that alleviates hourglass instability and pressure
oscillations. The strain smoothing method is employed in coarse-scale terms to satisfy the integration con-
straint. A smoothed divergence is applied to the fine-scale terms to relax using a higher-order basis function.
The proposed method is applied to the reproducing kernel particle method and the smoothed finite element
method to demonstrate its efficacy in general meshfree and mesh-based methods. The effectiveness of the
formulation is verified by solving a series of elasticity problems under the incompressible limit. The proposed
method outperforms the other two classical stabilization approaches, which are also derived in this study.

1 Introduction

Robust modeling of incompressible media is a challenging task within the conventional displacement-based
Galerkin paradigm, as over-constrained displacements, known as volumetric locking, are often encountered
at the incompressibility limit of the material. Techniques such as the incompatible modes element [1] or
enhanced/assumed strain method [2, 3] are used to alleviate locking. They involve enhancing the displacement
approximation spaces. In addition, techniques such as selective reduced integration [4], B-bar [4] or F-bar [5,
6], and the pressure projection method [7-9] are popular within finite element method (FEM) and meshfree
method. Although these methods have effectively addressed the locking issue, they have not yet been extended
to truly incompressible media. In addition, the solution accuracy usually degenerates under the compressible
regime.

Mixed formulation [10] is an alternative way to alleviate locking while retaining solution accuracy under dif-
ferent compressibility. By decoupling the volumetric stress from the displacement-based framework, a displace-
ment—pressure Galerkin formulation is constructed. The pressure acts as the Lagrange multiplier to impose the
volumetric constraint (incompressibility constraint). However, even though the mixed formulation is locking-
free, it is well-known that such an approach suffers from the inherited Ladyzhenskaya—Babusska—Brezzi (LBB)
instability [11, 12], where the pressure field becomes oscillatory under a careless selection of function spaces.
In addition to the LBB instability, the quadrature rule also plays an essential role in the Galerkin mixed for-
mulation. Conventionally, the Gauss quadrature is cumbersome and inaccurate [13, 14] for meshfree methods
as well as meshfree-like mesh-based approach including smoothed FEM (S-FEM) [15], which will be elab-
orated later. It is also not suitable for large deformation problems [16, 17]. Consequently, nodal or reduced
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one-point integration methods are preferable as they reduce the number of stress evaluation points and can
be inherently applied to large deformations. Hence, the investigation and development of a robust one-point
integration scheme for the Galerkin mixed formulation lie within the scope of this study. Here, we will use the
terminology “one-point integration method” to represent nodal integration and generally reduced integration
schemes in meshfree and mesh-based formulation [18].

The application of the mixed formulations for FEM and meshfree methods has been an area of active
research for many years in the field of elasticity [19-21], inelasticity [22—25], and plasticity [26-29]. Malkus
and Hughes [4, 30] proved that the mixed formulation is equivalent to a displacement-based formulation with
a selective reduced integration. Chen et al. [31] and Kadapa et al. [32] proposed a perturbed Lagrangian
approach for mixed finite element formulation and mixed isogeometric analysis (IGA [33]), respectively. In
this approach, the perturbed Lagrange multiplier relaxes the incompressibility constraint and yields an accurate
solution. However, the accuracy deteriorates for problems experiencing significant tension in the compressible
regime. In addition, a penalty function is needed for the perturbed Lagrange multiplier method. Schroder et al.
[34] proposed a novel consistent mixed formulation independent of the penalty parameters by generalizing
the classical perturbed Lagrangian approach with different penalty functions in the incompressibility limit.
However, such an approach is difficult to apply to the compressible case. To obtain a consistent solution
under both compressible and incompressible regimes, variational multiscale formulation [35] (VMS) can be
adopted, where the term “multiscale” is viewed as the computational scales in the solution to the Galerkin
formulation. It was shown in earlier works by Hughes and Franca [36], Hughes et al. [37], and Franca et al.
[38] that the VMS method for Stoke’s problem leads to a Galerkin least-squares term with a tunable parameter
that stabilizes spurious node-to-node pressure oscillations. Here this early version was termed the Hughes
variational multiscale (HVM) formulation. In the years that followed, different variants of HVM were proposed.
Masud et al. [19, 22] employed the concept of HVM for elasticity and inelasticity, where the fine-scale
variables are approximated with the bubble enrichment function such that the formulation is parameter-free.
However, this approach is computationally inefficient due to additional degrees of freedom (DOFs) caused by
the enrichment. In addition, the construction of the bubble function is complicated for meshfree methods [39].
Chiumenti et al. [29, 40, 41] tackled the mixed formulation by using the orthogonal subscale method, which is a
variant of VMS introduced by Hughes et al. [37] and Codina [42]. This approach also required additional DOFs
to be solved for the progress projection variables. Recently, Scovazzi et al. [24, 43] developed the dynamic
version of HVM, called D-VMS, for dynamically incompressible inelastic materials. Such approaches enhance
the robustness of HVM in dynamic problems. Although HVM and related works have achieved huge success
for incompressible media and nonlinear mechanics, all these approaches focused on Gauss integration in
the Galerkin framework instead of one-point integration techniques. This is inconvenient and inaccurate for
meshfree approaches. Furthermore, higher-order gradients in the HVM formulation limit the employment of
conventional FEM. These issues shall be investigated and addressed later.

Numerical quadrature plays an important role in the variational framework of meshfree and mesh-based
methods. It is still considered the main bottleneck in many computational frameworks. Extensive development
of one-point integration in recent years is explained in [16]. Simple one-point integration such as direct nodal
integration (DNI) or reduced integration in FEM has been proven to be unstable due to rank deficiency. To
address this issue, Chen et al. [44, 45] developed the well-known stabilization conforming nodal integration
(SCNI) method by introducing a smoothed strain in satisfying the integration constraint in the Galerkin frame-
work and successfully alleviated the rank deficiency. SCNI has been successfully applied to various solid
mechanics problems for meshfree methods [16, 44, 45], including incompressible and nearly incompress-
ible materials [14, 46, 47]. The idea of strain smoothing in SCNI was introduced to FEM by Liu et al. [48,
49], resulting in a class of S-FEMs and different methods of constructing the smoothing domains, such as
the node-based S-FEM (NS-FEM) [50], cell-based S-FEM (CS-FEM) [51], edge-based S-FEM (ES-FEM)
[52], and many other variants (see [17] for more details). They were also successfully applied to many solid
mechanics problems [17, 53, 54] and incompressible materials [55-57]. Although it is successful in real-world
applications, one-point integration with simple strain smoothing displays hourglass modes for both meshfree
methods [58] and S-FEM [15, 59]. It may also suffer from temporal instability, as expressed in [17, 60]. As
a result, enhancement on SCNI has been developed. A straightforward approach is to introduce additional
strain smoothing on subdivided quadrature cells. This approach is called modified stabilized conforming nodal
integration (MSCNI) in meshfree methods [21, 61, 62]. The subdomain smoothing approach was also adopted
in S-FEM [15, 59]. However, the formulation is computationally expensive owing to extensive subdomain
division. In addition, the formulation depends on a tunable parameter [62] or the optimal number of smoothing
cells (e.g., in CS-FEM [48], four smoothing cells for Q4 element gave optimal accuracy). Unlike the subdomain



A stabilized one-point integrated mixed formulation for finite element and meshfree methods 1149

smoothing approach, the gradient stabilization method was developed in the meshfree method by Hillman and
Chen [63] and was called naturally stabilized nodal integration (NSNI). A similar approach, namely strain
gradient stabilization (SGS), was developed by Wu et al. [64]. In this approach, the stabilization was introduced
via higher gradient strain terms in the Galerkin formulation and is nodally integrated without any subdomain
divisions. Therefore, this approach still lies within the one-point integration class and is more efficient than
MSCNI-type stabilization [26, 65]. NSNI was also recently introduced to the mixed geo-mechanical formu-
lation [26]. For S-FEM, this gradient type of approach has also been introduced by Yang et al. [66], Chen
et al. [67], and Feng et al. [68]. In these methods, the higher-order derivatives caused by gradient expansion
are computed using a smoothing approach. Recently, Moutsanidis et al. [18] generalized the gradient-type
approach for one-point integration for FEM, IGA, and immersed methods on incompressible materials, where
the gradient correction is applied only to the deviatoric part of the internal energy. Progress has also been
made for stabilization methods in one-point integration. Research on proper integration techniques for mixed
formulations is rare and therefore deserves investigation.

In this study, we revisit the variational multiscale stabilization method and HVM and develop a stabilized
Galerkin mixed formulation within a one-point integration technique. The method employs variational mul-
tiscale formalism [35] to decouple the weak form into coarse-scale and fine-scale problems, and multiscale
analysis leads to residual-based stabilization within the Galerkin mixed formulation. The one-point integration
with strain and the divergence smoothing method [69, 70] are employed to retain the higher-order terms in
the formulation and satisfy the integration constraint in the Galerkin equation. The method was applied to
reproducing kernel particle method (RKPM) [71] and CS-FEM in linear elasticity. We also extend the classical
MSCNI and NSNI schemes in displacement-based formulation to the mixed formulation and then investigate
their performance with the proposed VMS method. The proposed method alleviates the pressure oscillation and
hourglass instability in the one-point integrated mixed formulation and still retains the locking-free property.

This paper is organized as follows. In Sect. 2, a brief review of the basic mixed formulation in elasticity
and the strain smoothing technique in nodal integration is introduced. In Sect. 3, classical nodal stabilization
techniques for mixed formulation are derived and discussed. In Sect. 4, the derivation for the variational
multiscale method for the mixed formulation is provided, and a smoothed divergence operator is introduced.
Benchmark problems are presented in Sect. 5 to investigate the performance of the proposed methods. Finally,
conclusions are presented in Sect. 6.

2 Basic equations
2.1 Mixed formulation for linear elasticity

For a boundary value problem (BVP) of linear elasticity in a close domain Q = Q U 8%,, the strong form of
the problem reads

Uij,j"'b:O in 2, (1)
ojjn;j — I =0 ondQRy, 2)
u, — g = 0 on SQD (3)

where b is the body load, o;; is the Cauchy stress tensor, #; is the out-boundary normal, #; and g; are prescribed
traction and essential boundary conditions on Neumann boundary d$2) and Dirichlet boundary 92p. The
domain €2 admits the decomposition dQ2p U9dQy = 92 and dQ2p N 92y = @. The infinitesimal strain tensor
is defined as

1
gij = E(ui,j+uj,,~). 4

In the case of linear isotropic elasticity, the Cauchy stress tensor o;; and strain tensor ¢;; have the following
constitutive model:

Oij = 2u&ij + ek dij 5
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where 1 and X are the shear modulus and first Lamé parameter that can be computed from Young’s modulus E
and Poisson’s ratio v. When the material approaches the incompressibility limit, the Poisson’s ratio v — 0.5.
In the mixed formulation, the hydrostatic pressure p is defined as

D = A&ji = Auj, (6)

and the weak form of the mixed formulation is required to find (u;, p) € S* x S? such that V(éu;, ép) €
Vi x VP

2/Lf8,’j(5u)8,'j(u)d§2+/5u,’,l’de = f8u5b5d§2+ / Su;t;dl, 7
Q Q Q QN
14
/81)(14@,- - x)dQ ~0 ()
Q

where S, S, V*, and VP are kinematically admissible function spaces for trial functions u;, p, and test
functions du; and ép, respectively. The function spaces are defined as follows:

S” = {u;lu; € H'(Q), u; = gi on 32p},

S? = {plp € L2()},

VY = uilu; € H'(Q), u; = 00n 3Qp},

VP = {plp € L2(Q)}. )

Next, the Galerkin equation of the weak form (7) and (8) reads as follows: find (uf’, ph) e 8" x SP" such
that V(8u’, 3p") € V' x VP’

2M/38fief’jdsz+/3ef’iphdsz = /8uf-’bl-d9+ / Sul't;dT, (10
Q Q Q QN

ph
/aph (41,. - T)dQ ~0 (an
Q

where S¥" ¢ 8% and V*" C V* for & = u, p. Here, the notation sf‘j = g;j(u") and 885‘]. = &;(sum)
is employed. In this study, the finite element (FE) approximation and the meshfree reproducing kernel (RK)
approximation are used. An equal order approximation is adopted here such that the displacements and pressure

are approximated via the same sets of shape function as follows:

wi(x) ~uf(x) = Y Wrous, (12)
1eGy

px)~p'x) =Y W x)ps (13)
1eGy

where x represents the spatial coordinates, W is the /-th nodal shape function for displacement and pres-
sure, respectively. uy; and p; are nodal coefficients for displacements and pressure, respectively. G, =
{I|®,(x —x) # 0} is the support for a given evaluation point x. The construction of the RK shape function
can be found in the “Appendix”.

Then, by introducing the approximation shown in Eqgs. (12) and (13) while invoking the arbitrariness of
the test functions, the unknown displacements and pressure coefficients can be determined by solving the
following matrix equation:

K Kup u FY
[KPM KPP]|:I,:|:|: 0 i| (14)

where the matrices and vectors in Eq. (14) are expressed as follows:
Ku4 = 2M/ BT (x)B;(x)d, (15)

Q
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K= K‘;lf = /B,T(x)l\IJJ(x)dQ, (16)
Q
KPP = —%fllfl(x)\lfj(x)dQ, (17)
Q
F’;_/NT(x)b(x)dQ+ / NT (x)t(x)dr (18)
QN

with By, Ny, and 1 defined, respectively, as

W, 0
B;=| 0 v, |, (19)
Wi Wy
w0
N,—[O q,l], 20)
1=[110]". Q1)

To solve Eq. (14), a stable and accurate quadrature rule is required, which is introduced in the next Section.

2.2 Strain smoothing in one-point integration for mixed formulation

As discussed in the Introduction, Gauss integration is not suitable for a meshfree approach, and direct one-
point integration for the Galerkin equation will result in spurious zero-energy modes. Such instability can be
removed by the strain smoothing technique analogous to SCNI in [44], where strain smoothing within the
meshfree nodal integration preserves the linear exactness in the Galerkin formulation and therefore precludes
instability in pure one-point integration.

In SCNI, the smoothed strain is interpreted as follows:

h h
:—/ UdQ—m ul-nj+ujn,-dF (22)
0

where 7 is the quadrature cell domain, V; = meas(€2) is the volume of the cell (or area for two-dimensional
case), and n; is the cell boundary outward normal as shown in Fig. 1. In the CS-FEM [51] approach, the element
serves as the quadrature cell as shown in Fig. 1a. For meshfree methods such as RKPM, such quadrature cells
can be constructed via a Voronoi tessellation as shown in Fig. 1b.

Then, by employing the strain smoothing method with one-point integration, the stiffness matrices in Egs.
(15)—(18) can be computed as follows:

- ~T -
K?.L;%K?L}:zMZB] (xL)By(xL)We, (23)
LeS
- T
K ~ KD = KD =3 By e, (o) Wi, 24)
LeS
KPP~ W] (ep) Wy (ep)We, 25)
LeS
Fi~) Winbxn)We+ ) ¥iGota)We (26)
LeS LeSy

where S and Sy are, respectively, the node sets containing all quadrature points in the domain and on the
Neumann boundary, and x; and Wy, are the quadrature point and associated quadrature weight, respectively.
The quadrature points defined for CS-FEM and RKPM are also expressed in Fig. 1. B; is the smoothed strain
gradient matrix, and for the two-dimensional case, it can be expressed as
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Integration cell (FE Element)

Integration point

n,

™S FE Node
(a) Integration cell for CS-FEM (Q4 element)

Integration cell (Smoothing cell)
n,

RK Node (Integration Point)

(b) Integration cell for RKPM (Voronoi cell)
Fig. 1 Two-dimensional example of quadrature cell for a CS-FEM and b meshfree RKPM

(a) CS-FEM (b) SCNI-RKPM

Fig. 2 Hourglass instability for pure strain smoothing in the one-point integration method for mixed formulation. The meshfree
result is plotted using triangular discretization for visualization

5 Prixr) 0
Bi(xp)=| 0 Wra(xr) 27
Wro(xr) Wri(xr)

where U 1.i (x1) is the smoothed gradient matrix computed as

- 1 1
Wy i(xp) = v / Wy i(x)dQ = v / W (x)n;(x)dl’ (28)
LQL LBQL

and a one-point Gauss integration is employed for Eq. (28). By design, the employment of the strain smoothing
in one-point integration passes the linear patch test and avoids the rank deficiency [44]. This approach still
suffers from hourglass instability as mentioned in the introduction and is shown in our numerical investigation
(cf. Figure 2). Therefore, additional stabilization will be introduced and derived in the following Sections.
In addition, the pressure oscillation problem caused by the mixed formulation should be addressed with the
derived stabilization method.

Remark 2.2.1 The RK approximation lacks the Kronecker delta property, and therefore, the kinematically
admissible functions defined in Eq. (10) are approximated using Nitsche’s method [72] to weakly impose
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the Dirichlet boundary conditions in Eq. (3). Since the focus of this study is to derive a stabilized one-point
integration scheme for mixed formulation, Nitsche’s terms in the Galerkin equation are not included for clarity,
as this does not affect the derivation of the proposed method.

3 Classical nodally integrated stabilization method

Here, to suppress the hourglass instability in pure one-point integration with strain smoothing, two classical
approaches are employed and derived for the mixed formulation.

3.1 Subdomain smoothing stabilization
The first classical stabilization technique, as introduced in Sect. 1, is a subdomain strain smoothing method
inspired by MSCNI for elasticity in the meshfree method [61, 62, 73] and in S-FEM [15, 59]. Here, subdomain
strain smoothing is introduced into the domain integration for the stiffness matrix as shown below:

Ky ~ K

=3 | 2uB] @ By wis Y 2u (Br () - Broen) (Br (xF) — By o) wh |

LeS KeSp

Stabilization

(29)
K~ R = ko
17~ 81 =58
- - - T
=> | B x)1W; (xp)We+ ) <BI (xf> — B (xL)) 1 (‘PJ (xf) -y (xL)) wi .
LeS KeSy
Stabilization
(30)
K7 ~ K7y

_Z %\IJIT(XL)\IJJ (x ) Wp + Z %(\111 (xf) — Uy (xL))T (\pl (xf) -y (xL)) WLK

LeS KeSy

Stabilization

€1y

From Egs. (29)—(31), the node sets Sz, xf, Wf, and B I (xf ) are the node sets, coordinates, quadrature
weights, and the smoothed gradient matrices for the stabilization points, respectively. The stabilization points
are located at the mass center of each sub-cell in each quadrature cell, as shown in Fig. 3. Different from the
version for the displacement-based formulation in [61, 62, 73], the subdomain smoothing stabilization terms
for the mixed formulation are applied to all coupling terms in Eqns. 29 to (31) in an analogous way. From
Eqns. (29) to (31), it can be observed that the coercivity for the deviatoric and pressure part is enhanced in the
discrete formulation such that low energy hourglass instability can be suppressed. However, such an approach
is inefficient because of the extensive domain subdivisions. Therefore, gradient-type stabilization is proposed
as shown in the following.
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: | I:l Integration Cell
X x - — - Stabilization cell
A X Stabilization Point, x¥
X . X A Integration Point, x;
o ®  FENode
(a) CS-FEM

Q Integration Cell

Stabilization cell

X Stabilization Point, x§

® RK Node (Integration Point), x;,
(b) RKPM
Fig. 3 Subdomain smoothing stabilization for a CS-FEM and b RKPM

3.2 Strain gradient stabilization

The second stabilization method introduced here originates from the method introduced in FEM by Liu et al.
[74], RKPM by Hillman and Chen [63], and S-FEM by Yang et al. [66]. Here, this approach is extended for the
mixed formulation. Following [63], a Taylor expansion is performed on the gradient for the strain and pressure
as follows:

nd

e(x) ~e(xp)+ Y (X —x1)€i(xL), (32)
i=1
nq

px) ~ p(xr)+ Y (xi —xLi)p.i(xL) (33)

i=1

where ny indicates the dimension of the problem. By substituting the gradient-expanded strain and pressure
into the one-point integrated mixed formulation, the stiffness matrix below is obtained:

K% ~ K}, + K™Y, (34)
T
K7 = KM~ K kY = kY kY (35)
v
KW~ K[} +K[} (36)

where K ’;I;, K I;l;, and K f 5’ are stiffness matrices from general strain smoothing in one-point integration as
shown in Egs. (23)—(25), and K uuV gUPY and K; p PV are stabilization terms defined, respectively, as

AR A
Ki¥ =) ZzuB, (L) B () Mir, (37)
LeS i=1
T d
KLI{I;V = K%V = Z Z B (x )1V, (x ) ML, (38)
LeS i=1
ng
1
Kﬁv = _szwl,i(xL)wj,i(xL)MiL (39)
LeS i=1

with B ; the second gradient matrix defined as (for two-dimensional problem):
Wrai(xL) 0
Bji(xp) = 0 Wrai(xL) |. (40)
Wyoi(xr) Wrii(xr)
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(a) No stabilization (b) Subdomain smoothing stabilization

(c) Strain gradient stabilization (d) proposed VMS

Fig. 4 Fourth eigenmodes for one-point integrated CS-FEM with and without stabilization

As general linear approximation vanishes in the computation for the higher-order direct derivative ¥y ;; in
Eq. (40), the strain smoothing in Eq. (28) can be adopted:

~ 1 1
“Ijl,ij = V_L/Q “I}I,ide = V_L / \I/[’,'njdr. (41)
t Q2L

In Eqgs. (37)—(39), the term M, = M;(x1) = fQL (x; — x:)%dS2 is the second moment of inertia in each
integration domain. As can be seen, different from the approach shown in Sect. 3.1, the domain subdivision is
avoided in the formulation and therefore is more efficient.

The use of both methods above appears to stabilize the system from the numerical results of the system
eigenmodes (cf. Figs. 4, 5). However, pressure oscillations due to LBB instability remain in our numerical
investigation (cf. Figs. 17, 19). As a result, the following variational multiscale method is proposed.

4 Variational multiscale stabilization method

As mentioned in Sects. 2 and 3, the current methodology in one-point integration stabilization still suffers
from the LBB instability. As a result, we revisit the variational multiscale method [35] to derive an effective
stabilization that is efficient and locking free. Here, a multiscale decomposition is applied to the displacement
fields:

ull (x) = ul (x) + i (x) (42)

where the notations (-) and (A) indicate the coarse-scale and fine-scale variables, respectively. Here the term
coarse and fine refers to the scale in the computational domain, not to the physical scale. Similarly, the strain
can also be decoupled into two scales:

h

ah
I+d 43)

h _ho= h (A _ =
8ij(u)_eij(u)+8ij(u)_s i

In the proposed formulation, the pressure is assumed to be at a single scale:

) =7p"(x). (44)
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(a) No stabilization (b) Subdomain smoothing stabilization

(c) Strain gradient stabilization (d) proposed VMS

Fig. 5 Fourth eigenmodes for one-point integrated SCNI-RKPM with and without stabilization. The results are plotted on a
triangular mesh for visualization purpose

It is also assumed that the Dirichlet and Neumann boundary conditions are fully controlled by the coarse-scale
variables, resulting in homogeneous fine-scale boundary conditions. By introducing multiscale variables (42)
into the Galerkin Eq. (10) and by decoupling the system based on the scale of the test function, we can obtain
the coarse-scale problem

2u / 82} e, dQ + / SELphdQ = / Sulb;dS2 + / Sul't;dr, (45)
Q Q Q QN
ﬁh
/Sﬁh g?l.—T dQ =0 (46)
Q

and the fine-scale problem

2u/3é?jg§;d9+/aé?iﬁhdsz = /Sﬁl’-’b,-d§2+ / 84" t;dr. (46)
Q Q Q IRy

Then, integration-by-parts is performed on the left hand side of Eq. (46) using coarse- and fine-scale boundary
conditions, yielding Eq. (47):

—Zufaﬁflsf‘j,jdfz—/aﬁf’ﬁﬁdfz = /Sﬁflbidgz. (47)
Q Q Q

Decoupling the scale of the trial functions yields

_ZM/Sﬁf’éf’j’de - faﬁf’(sz’j,ﬁﬁﬁ. +bi>dS2. (48)
Q Q

From Eq. (48), it can be seen that the fine-scale solutions serve as a correction for the residual of the coarse-scale
strong form equation on the right hand side of Eq. (48), such that we can approximate the fine-scale solution
in the following form:

il =~ (2uzl ; + 7+ ) (49)
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where 7 can be approximated by a simple dimensional analysis as T = ch%/2u [24],

h2
T= C‘[ﬂ’ (50)

where £ is the nodal spacing and ¢, € [0, 1] is a stabilization parameter that can be determined by the analysis
of solving the local average of Green’s function [39], and a value of ¢; = 1/12 can be selected for linear
elasticity. For different differential equations, values of ¢, = 0.1 to 1.0 are often chosen [75].

Then, to introduce the fine-scale solution to the coarse-scale system, the coarse-scale Eq. (45) is reformu-
lated using integration-by-parts for the corresponding fine-scale terms, resulting in the following equation:

2M/3§§;§?jd9+/5§gﬁhd9 —/ £); i dQ = /(Sﬁ?bid9+ / 8w} 1;dT (52)
Q Q Q Q Q2N
—h
/aﬁh (g{?i - %)dQ - /5?@&?(19 =0. (53)
Q Q

Then, by imposing the fine-scale solution, we arrive at the following formulation involving only the coarse-scale
terms:

n / 5e el dQ + / 8l pldQ + / 2t usE); &l (AR + / 88 [ PhdQ

Q Q Q Q
:/(Sﬁ?bidsz—/raswb dQ + / Sul't;dr, (54)
Q Q QN
/3# (5’1 — —)d9+/2map, l”dsz+fraﬁ{“iﬁ{“idsz: —/raﬁﬁ.b,-dsz. (55)
Q Q Q Q

Equations (54) and (55) can then be integrated by the one-point integration strain smoothing techniques in
Sect. 2.2:

2u / 55 50 + / SE P + / 2T Fip AR + / TS5 7R

Q Q Q Q
:/Bﬁf-’b,-dgz—/t&e” bidQ + / Sult;dr, (56)
Q Q QN
A ~ P A ~h A ~h=h : ~h
/Sﬁh Gi = dQ+f2r,u8§ ljde+/“55p’l-p’idQ= —/tSp‘ibidQ (57)
Q Q Q Q

where fQ dS indicates the one-point quadrature, andZ,; . and p p are smoothed strain divergence and pressure

ij.j
gradient, respectively. To integrate the second-order gradient terms Ehj ;in Eqs (56) and (57) with linear FE
and RK shape functions, the smoothed divergence method in [69, 70, 75] is introduced, following the same
smoothing procedure given in Eq. (22). The averaged strain divergence for the domain can be converted into
a boundary integral, expressed as

’Evhzi/‘gh dQ:i/E}.’.nde:L-/‘uh nj+u ;n;dl, (58)
iy, ij,J Vi ij 2V, ij
Qr 02 02,
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and the strain smoothing technique can also be applied to the pressure terms:
~h 1 —h 1 —h
B V—L/p’idQ - / 5'nidr, (59)
Qr 0L
Finally, using the smoothed divergence, the matrix form of Egs. (56) and (57) can be written as
K“+ K" K%+ K" |[u F+ F"
ke R™ KR o] T B (60
where K and F (without ") are the stiffness matrices and force vectors from the SCNI scheme shown in Sect. 2,

Egs. (23)—(26), without the classical stabilization techniques mentioned in Sect. 3.K and F are the stiffness
matrix and force vector that arise from the one-point integrated variational multiscale formulation:

~ ~ T /.
Ky~ ZZTM(V : BI(xL)) (V . BJ(xL)> Wi, (61)
LeS
N ~ pul ~ T .
R =Ky ~ 3o (V Bin) Biaenwe, 62)
LeS
N ~pl ~
KPP~ B BYwy, (63)
LeS
A ~ T
Fzz—Zr(V-BI(xL)) bWy, (64)
LeS
~ -l
Fy=-Y"1B] bW, (65)
LeS

where V - B;(x 1) and B;) are the smoothed strain divergence matrix for displacement and smoothed gradient
matrix for pressure, respectively. They can be expressed as

- 1
V-B(x) = v, / nB;(x)drI, (66)
a0y
= - T
B =¥, ¥;,.] . (67)
ny O r
n=1| 0mny| . (68)
ny ni

Similarly, a one-point Gauss integration is used for boundary integration in Eqgs. (66) and (67). The proposed
variational multiscale formulation leads to a residual-based stabilization and is efficient since no domain
subdivision is needed. It can also be observed that the matrices (61) and (63) serve as stabilization for deviatoric
and volumetric internal energy. In addition, Egs. (56) and (57) show that the system is symmetric and coercive;
therefore, the solution will be unique and bounded.

Remark 4.1. The fine-scale solution from Eq. (48) can be solved by using a bubble function [19, 22]. However,
the construction of the bubble function is complex for a meshfree discretization, and therefore, this approach
is not adopted here.

Remark 4.2. For meshfree RKPM, the higher-order gradient in the stabilization term in Eq. (61) can be
computed by the implicit gradient approach [76], as those in [39, 63]. Using the implicit gradient or smoothed
gradient in the stabilization terms works effectively. The latter one is chosen as the implicit gradient method
and is unavailable for the FE shape function.
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\\ 48

Fig. 6 Cantilever beam problem

Remark 4.3. 1t can be observed that the proposed one-point integrated VMS formulation exhibits some simi-
larity to the strain gradient formulation. However, different from the NSNI formulation, the proposed method
is variationally consistent, and the stabilization term for the pressure in Eq. (63) is led by the coefficient of t
(inverse of shear modulus), while the corresponding term in strain gradient formulation is led by a magnitude
of 1/A.

Remark 4.4. 1f the terms in Egs. (61), (62), and (64) are neglected, the proposed formulation is identical to
HVM by Hughes et al. [37] and extended works (e.g., Scovazzi et al. [24]). However, this study shows that
although HVM resolves the pressure oscillation issue, it is found to be unstable under one-point integration
(c.f. Fig. 20 in the numerical results Section). Hence, Eqs. (61), (62), and (64) are necessary.

Remark 4.5. A single fine-scale field is employed to derive the stabilization for both displacement and pressure
fields, as shown in the numerical examples (c.f. Sect. 5). Although the multiscale decomposition can also be
applied to the pressure field to introduce additional stabilization, such a strategy is not adopted here. The former
approach is sufficient to generate the stabilization terms (61) and (63), respectively, suppressing the instability
due to low energy modes and LBB instability. The multivariable multiscale decomposition is considered in
the future work of this study.

5 Numerical examples

In this Section, a series of benchmark numerical examples are analyzed to examine the performance of the
proposed one-point integrated variational multiscale formulation for the material under compressible and
incompressible limit. For CS-FEM, standard C? bilinear element (Q4) is employed. For the meshfree method,
the RK approximation with linear basis and the cubic B-spline circular kernel (normalized support size 1.5) is
adopted. One-point integration with the strain smoothing method is applied to all numerical schemes, unless
stated otherwise, and the following three stabilization methods are adopted:

e Subdomain smoothing stabilization (Sect. 3.1)
e Strain gradient stabilization (Sect. 3.2)
e Proposed variational multiscale stabilization (Sect. 4).

5.1 Eigenmode analysis of a plate

In the first numerical example, the aim is to analyze the low-energy stability of the proposed methods by
performing the eigenvalue analysis of a two-dimensional unit plate. The domain is uniformly discretized into
15 by 15 nodes (corresponding to 14 by 14 Q4 elements in CS-FEM). Young’s modulus £ = 100, and Poisson’s
ratio v = 0.49999. The numerical results shown in Figs. 5 and 6 indicate that the three stabilization techniques
are required for CS-FEM and RKPM to avoid hourglass instability in the one-point integration method in the
mixed formulation.

5.2 Cantilever beam problem

In this example, a two-dimensional cantilever beam problem under plane strain condition is considered as
shown in Fig. 6. The exact displacement solution to this problem is as follows:
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1.3
—A—No stab. ' —A No stab.
<}~ Subdomain smoothing stab. -4— Sub‘?omain. smoothing stab.
=57 Strain gradient stab. 12 Strain gradient stab.
—&—Proposed VMS Proposed VMS
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H H o -—-—-—
; ;
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# of nodes on edge # of nodes on edge
(a) CS-FEM (b) RKPM

Fig. 7 Normalized tip deflection versus the edge discretization in the cantilever beam problem. The notation “stab.” is the
abbreviation of “stabilization.”
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Fig. 8 Pressure distribution for CS-FEM in the cantilever beam problem
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Fig. 9 Pressure distribution for RKPM in the cantilever beam problem

2
ueract — %[(@ —3x)x1+(2+V) (x% - WT)]
exact —P Tx2 v le i
g = = 3vx5 (L — x1) + (4 +57) 2 + Q3L — x1)x1]v (69)
- E SV (70)
1 —v2’ I—v

in which Young’s modulus £ = 300, Poisson’s ratio v = 0.49999, and P = 48. The parameters L, W,
and [ are, respectively, the length, width, and second moment of inertia of the cantilever beam. The exact
displacement solution is employed as the Dirichlet boundary condition on the left boundary, and Neumann
boundary condition ¢ imposed on the right boundary is computed on the basis of the exact solution. Regular
discretization is employed for this problem.

In the beginning, the tip deflection normalized by the exact solution is investigated as shown in Fig. 7. It
can be seen that all solutions (both with and without stabilization) converge without the locking issue, for both
CS-FEM and RKPM. However, as the discretization is refined, the solution from the proposed VMS method
converges faster to the exact solution compared to all other tested methods.
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Fig. 10 Convergence study of the proposed VMS stabilized RKPM and CS-FEM in the cantilever beam problem. The value of
the slope indicates the average convergence rate with given discretizations
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Fig. 11 Cook membrane problem: geometry and setting
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Fig. 12 Normalized tip deflection versus edge discretization in Cook’s membrane problem
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Fig. 13 Pressure distribution for CS-FEM in Cook’s membrane problem

The numerical results of the pressure field from CS-FEM and RKPM for the cantilever problem can
be found in Figs. 8 and 9, respectively. In CS-FEM (cf. Fig. 8), the solutions of no stabilization, subdomain
smoothing stabilization, and strain gradient stabilization are all oscillatory. By contrast, in the results of RKPM
(cf. Fig. 9), pure strain smoothing without any stabilization gives a stable solution, which is probably because
of the higher smoothness in the RK approximation, and the solution coincidently satisfies the LBB stability
condition. However, the solution with subdomain smoothing stabilization and strain gradient stabilization
is oscillatory, as the LBB stability is violated by the additional stiffness introduced by the stabilization. By
contrast, the proposed method is still stable for the pressure field result. From both cases of CS-FEM and
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(a) CS-FEM + VMS (b) FEM + Bubble [19] (c) UIPO FEM (Refine)

Fig. 14 Comparison of different stabilized locking-free schemes in Cook’s membrane problem

RKPM, it can be concluded that the proposed VMS stabilization in a one-point integration framework works
for both meshfree and mesh-based methods.

As shown in Fig. 10, the convergence study on the mesh refinement is expressed. From the numerical
results, it can be easily seen that the CS-FEM and RKPM with the proposed VMS method both give optimal
convergence rates in L2 and H1 without any locking issues. Specifically, the convergence rate of RKPM is
better than CS-FEM, and it may be owing to the higher smoothness of the RK approximation.

5.3 Cook’s membrane problem

Following the cantilever beam problem, the classical Cook’s membrane problem [24] is tested. The geometry
and numerical setting of the problem are shown in Fig. 11. The membrane is totally fixed on the left boundary
and subjected to a shear force on the right boundary. Young’s modulus and Poisson’s ratio of the membrane
are selected as E = 250 and v = 0.49999, respectively. The tip shear force is set to be ¢ = [0, 6.25] . Since
there is no analytical solution, the numerical result from a refined selective deviatoric Q4 FEM is selected as
the reference solution.

The convergence study of the normalized tip deflection can be found in Fig. 12. This indicates that the
scheme converges as the discretization is refined, showing no locking issue. Among them, the result from the
proposed VMS stabilization method converges much faster than that from the other two stabilization methods.

Similar to the previous analysis, the pressure field from CS-FEM can be observed in Fig. 13. The solutions
without any stabilization, with subdomain smoothing, and strain gradient stabilization, all exhibit strong pres-
sure oscillation. By contrast, the proposed one-point integrated variational multiscale stabilization successfully
suppresses the instability.

As shown in Fig. 14, the results of the proposed method (CS-FEM + proposed VMS) are compared
with those of commonly used stabilization locking-free schemes in the literature, namely the FEM + Bubble
approach in [19] and the U1P0O Q4 FEM [4] with a much refined mesh. It can be seen that the results of FEM
+ Bubble scheme show minor oscillations near the tip. The solution of CS-FEM + proposed VMS is close to
that of U1PO FEM with a refined mesh, but with a lower computational cost owing to a coarser mesh used.

The results of RKPM in Cook’s membrane problem are shown in Fig. 15. In this case, the solution without
any stabilization exhibits minor instability near the left and right boundaries. However, the numerical results
from the subdomain smoothing and strain gradient stabilization do not control the oscillation but aggravate the
instability. By contrast, the proposed variational multiscale stabilization successfully suppresses the instability,
and the solution is smooth and accurate compared to the reference solution described above.
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Fig. 15 Pressure distribution for RKPM in Cook’s membrane problem

5.4 Punch test

A punch test mimicking the example in [14] is performed to verify the performance of the proposed scheme
under a strong body-constrained condition. The numerical setting of the problem is shown in Fig. 16, where
an elastic plate is totally fixed on the left, right, and bottom surfaces and is subjected to compression on the
top. Young’s modulus and Poisson’s ratio of the plate are selected to be E = 2 x 10° and v = 0.49999,
respectively.
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Fig. 16 Punch test: geometry and numerical setting
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Fig. 17 Pressure distribution for CS-FEM framework in the punch test problem

Next, the numerical results of the pressure field from CS-FEM are shown in Figs. 17 and 18. Similar to the
previous example, the conventional approaches in Fig. 17a—c all demonstrate strong oscillations although the
plate is successfully suppressed. Hourglass instability can be found in the case of no stabilization in Fig. 17a,
near the punch surfaces. The proposed VMS scheme with CS-FEM shows the most stable result.

To verify the necessity of introducing proper deviatoric and pressure stabilization as discussed in Sect. 4,
the proposed scheme is compared with HVM [37], FEM + Bubble approach [19], and U1P0 Q4 FEM with
a much refined mesh. As Fig. 18 shows, the results of FEM + Bubble and U1P0 Q4 FEM with refined mesh
show minor instability close to the plate top surface. The solution of the proposed scheme is similar to the
HVM solution, but with a smoother top surface. As the HVM scheme neglects the deviatoric stabilization
when linear approximation is employed, the solution shows very small hourglass instability near the punch
surface, and the severity of such instability increases further in the case of meshfree RKPM.
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Fig. 18 Comparison of different stabilized locking-free schemes in the punch test

The pressure field from RKPM is also tested. As Fig. 19 shows, the pressure solution without any sta-
bilization is oscillatory, and hourglass instability can be found near the punch surface. The introduction of
the subdomain smoothing stabilization and strain gradient stabilization suppresses the hourglass instability
such that the punch face boundary is smooth. However, the pressure fields are still oscillatory. The proposed
VMS method alleviates the instability either from the hourglass modes or pressure oscillations. Continuing
the investigation in Fig. 18, the results under HVM [37] and the proposed scheme are compared as shown
in Fig. 20. It can be seen that the introduction of proper deviatoric stabilization in the proposed formulation,
which has not been done in HVM, will ensure low energy modes and bypass the possible hourglass instability,
where such instability is severer in the case of RKPM than CS-FEM.

6 Summary

In this study, a stabilized one-point integrated Galerkin mixed formulation was proposed for modeling nearly
incompressible materials and applied to general meshfree and mesh-based methods, such as RKPM and FEM.
In the proposed framework, the concept of SCNI was followed to employ a one-point quadrature along with
strain smoothing for the mixed formulation. Then, variational multiscale stabilization was employed to address
two classes of instability: (i) hourglass instability due to pure strain smoothing in the one-point quadrature rule
and (ii) pressure oscillation due to the violation of the LBB condition when the equal order approximation is
adopted. In this framework, the fine-scale displacement serves as a correction to the residual in the coarse-scale
equations via a multiscale analysis on the variational problem. The substitution of the fine-scale solution to
the coarse-scale equation naturally introduces residual-based stabilization. To retain the higher-order gradient
terms in the proposed framework within the one-point quadrature rule, a smoothed divergence method was
applied, which permits the employment of a lower order method such as C° linear FEM.
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Fig. 19 Pressure distribution for RKPM in the punch test
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Fig. 20 Comparison between the HVM stabilization and proposed VMS stabilization in the framework of RKPM in the punch
test

The effectiveness of the proposed one-point integrated variational multiscale framework was validated
by solving several numerical examples and compared with two classical approaches, subdomain smoothing,
and strain gradient smoothing. The proposed method exhibited better accuracy compared to the classical
stabilization. In addition, although the two classical stabilization methods cured the hourglass instability,
they were unstable in pressure fields because the pressure becomes more oscillatory compared to the no
stabilization case. By contrast, the proposed methods suppressed the instability from the hourglass modes and
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pressure oscillations due to a violation of the LBB condition. This computational framework is planned to be
extended to semi-Lagrangian discretization [77] and variationally consistent integration algorithms [78] in the
future, which will enable a practical framework for general numerical approximation.
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Appendix: Meshfree approximation and discretization

In this study, the meshfree reproducing kernel (RK) approximation is selected as a representative meshfree
method owing to its success in modeling the solid mechanical problem as discussed in Sect. 1 [16]. The RK
approximation is constructed using discrete nodes [79], as shown in Fig. 21, where the domain €2 is discretized

with a set of nodes x;—1,..., and x; is the position vector of node /. The RK shape function W, (x) can be
expressed as:

Wi (x)=H O)M ™' (x)H(x — x))®a(x — x1) (71)
where the basis vector H(x — x;) is defined as
H" (x —x;) =[1,x1 —x15,x2 — xa1, (x1 —x1)%, ..., (62 — x21)"] (72)
and M (x) is the so-called moment matrix:

M@x) =) Hax—xnH' (x —x)Pa(x —x1). (73)
1€Gy

In RK approximation, ®,(x — x) is the kernel function centered at x ; with the compact supportsizea; = chy,
where ¢ is the normalized support size, and /& is the nodal spacing associated with the nodal point x;. The
kernel function controls the smoothness of the approximation. The following C? cubic B-spline kernel function
is used for this study:

Shape function at node /

Fig. 21 RK approximation and discretization for a two-dimensional geometry (Courtesy of [65])
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in which z; is defined as z; =

(Da(x —.X‘[)
2/3 —4z2 +4zz for 0 <z; <1/2
=1 4/3—4z;+4z2 —4/3z3  for 1/2<z; <1, (74)
0 for z; > 1,

X—XJ

TR By construction, the RK shape functions satisfy the following n'" order

reproducing conditions in Eq. (75):

Z \IJI(x)x’iIxélxécl = xixéxé‘, O0<i+j+k=<n. (75)
1€Gy
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