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ARTICLE INFO ABSTRACT

Keywords: In this work, a space-time virtual element method is presented for the discretization of the
Virtual element method two-dimensional elastodynamics in a space-time cylinder. The basic idea of the space-time
Dynamics scheme is to treat time as an additional dimension. This approach has been extensively
Space time

applied to numerous initial value problems based on the finite element method and virtual
element method. However, there has been no report on the application of the space-time
virtual element method in elastodynamics. The variational formulation and space-time bilinear
format are derived based on Hamilton’s principle to achieve this. The discretization space is
obtained by the virtual element method in space and the upwind finite element method in
time. The space-time mesh is obtained as a tensor product of space and time meshes, then
the element stiffness matrix for the elastodynamic problem can be obtained based on the
Kronecker product directly. Some two-dimensional examples solved by the developed space-
time virtual element method are given to demonstrate the accuracy and stabilization. MATLAB
codes for the space-time virtual element and finite element methods can be downloaded from
https://github.com/Qinxiaoye/VEM-spcae-time-dynamic.

1. Introduction

The virtual element method (VEM) [1,2] is an extension of the finite element method (FEM) to general polygonal or polyhedral
elements. Different from the finite element method and some other polygonal finite element methods, the virtual element method
avoids the explicit calculation of shape functions in polygonal elements by defining a projection from the virtual element space
to the polynomial space. Given the flexibility of the virtual element method in terms of element shape and degree of freedom
definition, the method has been applied in a variety of different applications. Current applications include linear elastic mechanical
problems [3-8], plate and shell problems [9-11], hyperelastic materials at finite deformations [12-15], elastoplastic mechanics
problems [16], contact problems [17-20] and finite elastoplastic deformations [21-23]. For details, see the latest books of VEM in
engineering [24].

The virtual element method is also developed for initial-boundary value problems where the governing equation is parabolic
or hyperbolic. For example, transient heat conduction problems, wave problems [25], and dynamics problems [26-29]. In the
above-mentioned VEM literature, the time-dependent problems are solved by a virtual element discretization in space with a
time-stepping scheme in time (explicit time difference, Newmark method, etc.). With suitable parameter choices, the Newmark
method is unconditionally stable. However, it is not a strictly symplectic method, which can result in phase delay during long-term
dynamic simulations. For nonlinear problems, iterations are required at each time step of the Newmark method, resulting in low
computational efficiency.
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Taking Hamilton’s principle of stationary of action as a starting point for the solution of dynamic problem has a long history. First
formulations can be found in Argyris et al. [30]. Due to the limited computational power at that time, many different incremental
solution scheme like finite difference and the Newmark method were developed. Nowadays with powerful computers aid parallel
computation technique, the use of Hamilton’s principle has gained a revival in order to construct a method for solving time-
dependent problems in a space-time scheme. The basic idea of the space-time format is to discretize time as a dimension with
the time being an additional space variable. Due to the advantages of the space-time scheme, including energy conservation,
ease of parallel computing, and adaptive meshing, this method has seen significant development over the past three decades [31-
33]. Several numerical approaches are available for discretizing the space-time scheme, with the finite element method (FEM)
being the most common. Up to now, the space-time finite element methods have been applied to dynamic problems [34-36],
acoustic wave problems [37], elastic wave problems [38], fluid dynamics problems [39,40], etc. Recent work based on Hamilton’s
principle, thermo-mechanically coupled models can be obtained by evaluating of the stationarity conditions for all thermodynamic
state variables. It is also possible to apply the space-time format for elastic wave propagation, visco-elasticity, and elastoplastic
problems using FEM [41,42]. In addition to the finite element method, the isogeometric method has advantages for specific
applications [43,44].

Since the virtual element method can use arbitrary polygonal meshes (which is conducive for adaptive techniques), different
formats of space-time VEM have been used for the transient heat conduction equation [45,46], the dissipative wave equation [47],
and the elastic wave equation [48]. However, up to now, there has been no report on the application of space-time VEM in elasto-
dynamics problems. This paper designs and analyzes a space-time virtual element method for solving the 2D dynamic problem. In the
virtual element method, since the projection operator is calculated based on the bilinear format, a “structured” numerical approach
can be used to avoid the definition of additional degrees of freedom in time direction. In the “structured” numerical approach,
the space-time mesh is obtained as a tensor product of space and time meshes. For this 2 + 1 dimensional problem, the VEM for
“space” discretization and FEM for “time” discretization are selected. The advantage of this technique is that the computational
methods used to construct the projection operator in VEM for static problems can be directly applied. Furthermore, integration is
performed on the two-dimensional polygonal mesh and the one-dimensional time mesh, enabling the final stiffness matrix to be
obtained directly through the Kronecker product. To ensure stability of the space-time VEM, a time-upwind scheme is introduced.

This paper is divided into the following parts. The variational formulation of the dynamic problems based on Hamilton’s
principle is reviewed in Section 2. Besides in this section, the space-time bilinear format and time-upwind stabilization are also
expanded. Then, the space-time virtual element method for elasto-dynamics is discussed in Section 3. The projection operator,
stabilization term and the formation of residual and stiffness matrix are discussed. For comparison, the finite element method
for space-time dynamics is summarized in Section 4. Numerical examples for two-dimensional elastodynamics are presented in
Section 5. The conclusion and discussion will be provided in Section 6. The code, developed in this work can be downloaded from
https://github.com/Qinxiaoye/VEM-spcae-time-dynamic.

2. Variational formulation
2.1. Variational formulation based on Hamilton’s principle
In this work, the linear elasto-dynamic problem is considered with the space-time technique. Given a Lipschitz-bounded domain
Q € R", where n = 1,2,3 and the space-time cylinder
0 :=0xI @

where time interval I = (0,T), with ¢+ € I, Hamilton’s action functional is then formulated as integration of the momentum vector
p := pV,u along the path [uy, us], i.e.,

ur T
H :=// p- dudV:// pV,u~V,udth=//p||Vru||2dth=/21Cdt, (2)
2 Ju, 2Jo 1Je I

where the definition of the temporal derivative % =: V, is used. The kinetic energy is introduced as

1
1<:=/ Ep||v,u||2<zn/. 3)
Q
Making use of the balance of energy (1st law of thermodynamics) yields

/ICdt+/gdt=O, (©))]
I I

with the total potential G defined as

g:=/qde—/f~udV—/i-udQ, &)
0 Q T,

c

where f is the volume force and 7 is the external pressure on the Neumann boundary I,. Besides,

‘l’;:%(tr(e))2+ﬂe:£=%e:ﬂ]>:e (©)

is the free energy density with the elasticity tensor I € R4*dxdxd

Dyjjp = A6;j6y + 1 (5ik5jl + 5115jk) , @
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where A and u are the Lame constant and shear modulus. The strain tensor is defined as
£= % (Vu + VuT) =: VY = g(u). 8)
Then Hamilton’s action function is reformulated as

H:/(/C—g) dr. 9
I

Let us introduce a mixed formulation by introducing the vector of velocity v which is treated as independent variable. For such a
mixed formulation, the kinetic energy is reformulated as

K= / oo V- LollolP de, (10)
Q 2

following [42]. It is obvious that this formulation reduces to the original kinetic energy as soon as v = V,u.
Then, Hamilton’s principle of stationary action requires

H=H [v,u,V¥™u,V,u| > stat & 6H = 5,1 +5,H =0 Vov,su. a1
vu

Due to the independence of év and 6u, the stationarity condition can lead to

s,H=0 Yov
(12)
5, H=0 You
with
5vH=//p(V,u—v) -svdVdr=0 Vév
e
(13)

5MH=//pv~V,6udth—/</ (6 :e(u)—f-bu) dV—/
1JQ2 1 Q I

o

t-éudf) dt=0 Vou

where the stress ¢ = %
stationarity conditions to

//—pv-évdth+//pV,u~5vdth:0 Vév
1Ja 1Ja

//pV,v-rSudth+//0':5Vsymudth=/ /f-&udV+/
1Ja 1Ja 1\Je r,

o

= D : € is applied. Employing integration by parts in time for the first term in (13), transforms the

14)
t-6u dr) dt

where the property éul, = du|; = 0 is utilized. Note that the initial condition (position, velocity) can be applied directly without
any further modification.

2.2. Space-time bilinear format and time-upwind stabilization

Due to the introduction of the velocity v as independent variable, Eq. (14) is a two-field weak-form equation. The above
formulation can be discretized by the finite element method [35,36] or virtual element method. Based on Eq. (14) the bilinear
form can be obtained as

<A””(5v, v) + A% (5, u)> < 0 >
A(v,u, 6v,6u) = = (15)
A (Su,v) + A™ (Su, u) 1(5u)

where

T
A% (6v,v) =/ / —pév - vdQRdt,
0o Jao

T
A (6v,u) = / / pov -V, (u)dQde,
o Jae

T ae)
A" (Su,v) = / / péu - V,wdQdr,
0o Ja
T
A" (Su,u) =/ / e(6u) : D : e(u)dRdr,
0o Ja
and
T
l(6u)=/ (/}~5ud9+/ t~6udF> dr. 17
0 Q r,

Using the formulation based on Eq. (15) results for some applications to an unstable response. Thus, to ensure stability of the
numerical solution, the time-upwind scheme introduced in [36] should be applied. This scheme replace the test functions su and
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Sv by su+0hV,(6u), 5v+6hV,(6v), where 6 is a positive constant and # is the element length in time direction. The discrete scheme
in Eq. (15) is now reformulated as

T
A””(év,v)=/ /—p(§v+0hV,(5v))~dedI,
0 Q

T
A"“(Sv,u):/ /p(6v+0hV,(5v))~V,(u)d.th,
0 Q

T (18)
A""(&u,v)=/ /p(5u+9hV,(6u))-V,vd.th,
0 Q
T
A" (5u, u) =/ /e (6u+06hV, (5w) : D : £(u)dQdt,
0 Q
and
T
1(5u) =/ (/ J - (Bu+0hV,(5u)) dQ+/ t- (8u+ 0hV,(5u)) dF> dr. 19
0 Q I,

The selection of the parameter 6 will be discussed in Section 5.

The virtual element method is used for discretization in the spatial dimension and the Lagrange interpolation (the interpolation
function in the finite element method) is selected in the time dimension. Of course, the finite element method can also be used for
the discretization in the spatial dimension as Section 4. The basic principle of the virtual element method will be introduced in the
next.

3. Virtual element method for space-time dynamics

In this work, two-dimensional (d = 2) elastodynamic problems under small strain assumption is considered. Compared with the
finite element method, very arbitrary mesh division in the space domain is acceptable in VEM. Besides, since its shape function is
projected into the polynomial space, only a single point integration (for k = 1) in the space domain is required. These characteristics
lead to great advantages in solving this space-time dynamics using VEM. Next, the basic analysis process in detail for Eqgs. (14),
(15) and (18) is given.

3.1. Mesh assumptions

In this work, the tensor-product-in-time set {Th} is selected for the space-time cylinder. As shown in Fig. 1, the space domain
£ is divided into a lot of non-overlapping polygons {Th"} A polygonal element is defined by the parameters area |E|, barycenter
xp = (xg,yp)', and diameter hj. The time interval [0, 7] is divided into Ny subintervals K, = (t,,t,.) with knots 0 =1, <] <
-+ <ty, =T. Each element K in {7}, } can be written as K, X K,, where K, is the two-dimensional mesh in {7,%}.

3.2. Projection operators

The discrete form of the space domain £ is focused firstly. To simplify and avoid misunderstanding, E is selected instead of K,
for any 2D element in {Thx}

For the use of the virtual element method in the space domain £, the definition of different projection operators in the virtual
element method should be introduced firs. For the displacement vector u and velocity v used in Eq. (18), the components of the vector
separately (similar to the finite element method) can be approximated, so the following ' projection operator IT Z PRy 'S PU(E)
will be introduced as

af (w— HZEw,qk> =0 g €P(E) (20)

where k is the order of VEM (in this work the order is selected as k = 1), w is any scalar, af : H' x H'! — R is the local counterpart
of the bilinear form a(s, ), a£(p,q) = [, £ Vp-VqdQ, Vp.q € H'. To solve the above projection operator, additional conditions should
be added to fix the constant in the definition (20)

Np
1 v
WZHk'Ew—w:O, for k=1,
E i=1

21
ﬁ (MY pw-w)de=0, for k>1,
where N g is the number of vertices. Then, the actual definition of the virtual element space can be given by
VE = {u e H' : wlyp € BOE), dw € (Py_y(E))’ } 22)
where B(JE) is the boundary element space
B(IE) := {w € C°(OE) : wy € Pp,VF €0E}. (23)

The degrees of freedom (DOFs) for the function space are selected as
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L2

Fig. 1. First-order virtual element tensor-product-in-time meshes.

« the values of w,, at all Ng vertices of the polygon element E;
« for k > 1, the values of u,, at k — 1 Gauss-Lobatto quadrature points on each edge e € JE;
« for k > 1, the moments up to order k — 2

1
E/Ewhqa dQ, Vq, € Pi_,(E).

Expanding the variable v, and its projection in different spaces, yields
wy =@ wy, M pwy =m I oy, = ¢TI i, (24

where ¢ and m, are the basic functions for VEM space VhE and polynomial space P, respectively; I, g, is the matrix formulation
of the Ritz projection operator, [] represents the nodal value. Substituting Eq. (24) into Eq. (21) and considering the degrees of
freedom mentioned above, the 7! projection operator can be computed lastly.

By observing the first three formulas of Eq. (18), another projection named L? orthogonal projection operator is also needed.
The projection H,?‘ ’E L*(E) — P, is defined by

(w- 110 pw.ar), =0, Va e PE). (25)
The same degrees of freedom (DOFs) in Vf can be selected. Considering the enhanced VE space in [49], the L? orthogonal projection

operators can be calculated. It can be checked that HkV £ = H,? 5 for k < 2. In this paper, the case k = 1 is considered, so it is not
necessary to calculate the L? orthogonal projection operators additionally.

3.3. Discrete bilinear forms in space domain

Since the tensor-product-in-time meshes K = K, x K, (virtual element in the space domain £ and Lagrange interpolation in
the time domain) is adopted, the bilinear format a(pj,, q),) of the elements in the space domain £ can be calculated firstly, and
then integrate over time to calculate the last bilinear format Af(p,, q,). In this part, the integral calculation in the space domain is
considered.

First, for the general form of the scalar field equation, the approximations af, mf are computable based on the projections
defined above

ay, (pp-ap) = aE(IT,ZEph, HZth) +S°F ((I - HZg)i’h, (I - HZE) Qh) , (26)
my (pys ap) = mE(H,?,Eph,H,?,thHRE ((I— HZ,E)IA’h’ (I - H2’E> ‘7h> , (27)

5
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where S and RY are the stabilization bilinear forms, I is the identity matrix. It is easy to see that our bilinear format requires
additional stabilization terms. Based on the above definition, the following useful integrations can be calculated as:

af(p,q)=/)c (VY emn) - (V1Y pan) d@+SE ((1-117 ) b (1= 11 ) @)

= b}, [(HZ,E*)T/)C Vm,Vm! dQIY . + (I_HZE>T (I—HZE>] . o8

mf(lhq) = /‘C (H,?’Ellh> (Hk E‘Ih) d@ + RF ((I_H([i_g)ph’ (1 —H2,5>‘A1h>

A T T X (29)
=T |:(H2,E*) /‘C mml AQIT ., +|E| (1-119 ) (I—II%E)] an
= by (Ki+ K5) ay = b Kody
where
c 0 r s 0 r 0 c s
Kg = (m,,) /}C meml 4@ . Ky =) (1-110,) (1-10,). Ko:=K5+K;, (30)
c v T v s v T v ¢ s
K = (1) /1C VmVm' dQIY . Ky = (1-17,) (1-1Y,). Kyi=K§+Ky (31)

Next, the bilinear form for vector field u and v is considered. For example, the displacement can be written as the following
form

u=[u,u)", ou=I[su,ou]", (32)

then the following bilinear form for velocity v can be calculated as
K [ K
mf (8v,v) = / Sv-vdQ = [5:91 505] 0 | =s0"K%, K°:=|" . (33)
Ky K, f’y K,

Using the Voigt notation ([7]) for strain

E(u) = Ad(u), (34
where
1 0 0 O ) FRTS
u u
A=lo 0 o 1, d()_[‘)“x Oux - My _y] (35)
7] dy ox dy
0O 1 1 0
then
v ~h v ~h
HV v, = mT Hk Ex ux _ ¢T Hk,E ux
o = 2= N
i Lo ) N R @)
=M"IYa,.
Considering the definition before, the bilinear form for strain can be written as
af (6u,u) = / edu) : D : e(u)dQ2 = / d(su)’ ATDAd(u) dQ2
Ky Ky
. K
=il (HZ)T/ YMATDAVMT denY +4 | ¥ i 37
Ky K3
=i’ (K +yKS)a = sa' K°a,
where y in Eq. (37) is the stabilization parameter which can be selected as y = Ttr(KC) The stabilization term can be chosen

in different ways, see the relevant work for details [4,24]. In general, for linear elastic problems, the choice of parameters in the
stabilization term has little effect on the results. For linear elastic problems, the matrix K can also obtained based on K¢,. In actual
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Fig. 2. First-order virtual element in space-time cylinder.

programming, the matrix can be calculated directly employing the form in Eq. (37). The matrices K, K° K* (Egs. (33)-(37)) can
be used to calculate the stiffness matrix of the space-time dynamic problems.

3.4. Matrix form for the linear space-time elasticity

Since the space domain Q is divided into a set of non-overlapping polygons {Th"}, the integrations of Egs. (33)—(37) can be
calculated based on the Gaussian-Legendre quadrature. For the first-order scheme discussed in this work, a single-point integration
can be performed. The time interval [0, 7] is divided into Ny subintervals K, := (t,,t,,;) withknots 0 =1, <t} < - <ty =T.
Then, the space-time element can be obtained as K = K, x K, (as shown in Fig. 2).

Under the current assumptions, the upper and lower surfaces (IC’; and K! as shown in Fig. 2) of the space-time element have
the same shape, and therefore their shape functions are equal. If assumed a linear interpolation in the time dimension, the shape
function of our space-time element K has the form

¢]cb ¢IC,(1)
b = * ) (38)
¢/c§( ¢1c, (@)
where ¢,.» = ‘I’/c; = Py, is the shape function of our virtual element and b, = [Pr, (1), ¢,C,(2)]T is the basic function of the
one-dimensional line element in time-direction. The shape function is
1-¢ 1+¢
o, (D) = - e, (D)= - (39)
The gradient of the tensor product shape function has the form as
v ¢/cb ¢K,‘,(1) ¢/c” vrd’lC,(l)
Vibe=| """ s Vi = ¥ (40)
Vb be, ) b Vi, @)
The displacement U for the space-time element is given by
b - A
Uy=|% |0,=0.0, (41)
73
where
T ¢Ilé A ~b N3 ~b A1 r
D = ol U, = [ux L7 uy] . (42)
K

The same interpolation function are used for the velocity v.
Our discrete scheme is based on Eq. (18). For each space-time element K, the element stiffness matrix K has the block form as

|:KVU KUM:|
K = 43)
K K

uv uu
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According to the matrix calculated previously, the follow matrices can be obtained as
Tnt1
K, =p" / / (@ +0hV, D) DL dQdt
’n KX

tn
| e b, 4 ® [ e, b, 42
S b, O AU ® [ i, B A2 “
In
+ p7'on /'n h V"/”er’z r® /]Cx ¢KX¢£X de
/;:n+l V,¢1c,¢£, dr® /’Cx ¢,Cx¢£x de

where ® is the Kronecker product defined as A ® B = (a;; B), A = (a;;). The integral term along the space domain in Eq. (44) was
calculated previously as

/}C ¢,Cx¢2x dQ = K§ + K) =: K, (45)

where Kf) and K(S) are defined in Eq. (30).
Since the Lagrange interpolation is selected to represent ¢y, , the integral terms along the time direction can be calculated based
on the Gaussian integration

n

It T hf! T h < . T .
bk, di=3 [ b b di=3 D wddi, g ) =: L, (46)
In - i=1
Tnl 1 2
[ vt =2 [ Vel e =8 T wvige @tk @ = o 7)
t, - i=1
Tntl h 1 h 2
i, Vit 4 = 3 / i, Vid, € = 5 > wi, )V b ) =: R, (48)
1y -1 i=1
Tnyl T h 1 - h 2 r
/ VI¢IC,Vt¢(Y dr = b /1 V1¢IC, V’¢KZ, = 2 Z w(i)vl¢ﬁ,(§i)vr¢[cl(§i) =W, (49)
! - i=1

where 4 is the size of the virtual space-time element in the time direction, and w(i) is the weight of the Gaussian integration.
If define any matrix K“" as a block matrix as follows

Kany Kany
LI LI
Ky — [Kany Kany:| , (50)
ILI ILII
the matrix K, can also obtained as
0 0
—1 L®KI,I —1 Q®KI,I
Ky, =p o | telon o | (51)
Le Kn,n o® KII,II
where K° := diag(K, K,) as defined in Eq. (33).
Besides, the other stiffness matrices can be calculated as follows
R K, 1. [wek,
K,, = ’ . | +on : o | (52)
L R® Kn,n_ L we Ku,n
[R®KY, 1 (W ® K|
K,, = : . | +on ’ o | (53)
L R® Ky | L W ®Kyy
K = L® Kil L® Kf,n +0n o® Kil o® Kin] (54)
uu — b
IL® Kfl,l L® Kfl,n_ 2® Kfl,l o® Kﬁ,n

where K° and K¢ are given in Egs. (33) and (37). By assembling all elements and solving the systems of equation, the displacement
u at different times can be obtained directly without any time integration format. Science the tensor-product-in-time meshes is
selected, the calculation of stiffness matrix K is very efficient (only need to compute some integrals {7, h"} of the elements in the
2D computational domain and then compute the overall stiffness matrix via the Kronecker product).

In order to clarify the analysis process, the flow chart is given, as shown in Fig. 3.

4. Finite element method for space-time dynamics

The form of Egs. (51)-(54) provides an unified format, so it can be used to derive a finite element method with the tensor-product-
in-time meshes for the calculation of the space-time dynamics. Similar to the virtual element method, the calculation of matrix K°
and K¢ is needed based on the finite element method for the 2D elements in the computational domain £, then the stiffness matrix
can be calculated based on Egs. (51)-(54). In this work, the first-order quadrilateral element is choosed for discretization in the
space domain. In the time direction, the two-node linear elements are used.
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Given a 2D mesh and time step At

Eq.(21) ----» Calculate the projection operators
Egs.(33) and (37)---- » Calculate K°and K ©for each element < --- Parameters here
Eqs.(46) - (49) ----» Compute the 1nt§:gral.s L.QRW
along the time direction
Get the stiffness matrices K, K,
Egs.(51)-(54) ----» K K K K K=
vy M vy By Koy Kuv Kuu
Fig. 3. Flowchart of solving dynamic problems in space-time format.
Table 1
The total degrees of freedom used by the space-time format for different time steps and different
meshes.
Time step Mesh 1 Mesh 2 Mesh 3
At =0.2 31824 40800 42840
At =0.1 63024 80800 84840

With the shape function ¢ggy, of the finite element method, then the matrix K° and K¢ can be calculated as

T
KO — / $rem $rEm . 55)
Ky $rEm $rEm
K¢ = / B'DBdQ, (56)
KX
where
I)(p;EM YA
ox 0
T
Bo—| or |, 67
ay
l)(p;EM a¢;EM
dy ox

Substituting Egs. (56) and (57) into Egs. (52) to (54), yields the stiffness matrix. Compared with the time integration format in
the traditional finite element method, this format has high computational efficiency and is simple to program. The relevant finite
element code can be found in https://github.com/Qinxiaoye/VEM-spcae-time-dynamic or https://www.vemhub.com/code.

5. Numerical examples
5.1. Transversal beam vibration

The purpose of the first example is to study the effect of the stability parameter 6 on the results in the space-time format. As
shown in Fig. 4, a cantilever beam is considered with the shape as Lx H = 5x 1. The left side is fixed and two different vertical loads
P(r) are applied on the right side (see Fig. 4). The first type is a constant load P = P,. Another one is a half sine load P = P, sin(”g’)
for r < 5. The material parameters are assumed as E = 200000, v = 0.3.

Since the computational domain £ is discretized using the virtual element method, polygonal meshes (including non-convex
meshes) can be used as shown in Fig. 4. In this example, the finite element method is selected for comparison. In addition to using
the space-time approach, the Newmark method is also employed to solve the dynamics problem for comparison. For different time
steps and different meshes, the total degrees of freedom used in the space-time scheme are listed in Table 1.

Firstly, a constant load P = P, = 100 is assumed. To test the influence of the stabilization parameter 6, the virtual element
method with mesh 1 (given in Fig. 4) is used. The density is chosen as p = 100. The element length in the time direction is selected
as At = 0.2, and the total calculation time is 10s. The reference solution is obtained by the Newmark time integration method with
a time step of Ar = 0.01. For different stabilization parameters 0 € {0,0.01,0.1,0.4,0.8}, the y-direction displacements over time of
the lower right node are given in Fig. 5. Within the given range, the parameter 6 has little effect on the result. Generally speaking,
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Fig. 4. Transversal beam vibration, meshes and applied loads.
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Fig. 5. Displacement over time response at point (5,0).

a larger 6 is more stable, but the solution will be damped, leading to energy lost and a reduced displacement. At the same time, a
smaller 6 yields better results. Therefore, 6 = 0.01 is chosen in the following analysis.

Since Newmark is not a strictly energy-preserving scheme, energy drift may occur in the Newmark integration method for long-
term integration. To test the space-time scheme of the virtual element method, the density of the beam is selected as p = 10. The
element length in the time direction is selected as 4¢ = 0.1, and the total calculation time is 10s. At the same time, the Newmark
method with 47 = 0.1 is used in FEM and VEM to calculate the displacements. The y-direction displacements of the lower right node
are given in Fig. 6. It can be seen that compared to the Newmark method, the space-time scheme is free of phase error when using
the same time step.

In addition to constant loads, the time-varying load condition can also be introduced. As shown in Fig. 4, a half sine load is
assumed as P = P, sin(%’), Py =100 for t <5 (P, = 0 for t > 5). The element length in time direction is selected as Ar = 0.1, and
the total calculation time is 10s. Very small time step (47 = 0.01) is used in finite element method for comparison. The y-direction
displacements of the lower right node are depicted in Fig. 7. It can be seen that under the current circumstances, the space-time
VEM can still obtain sufficiently accurate results, while the results obtained by the Newmark method are more sensitive to the time
step requirements.

Computational efficiency is an important topic of our concern. For the same space-time framework, the VEM and FEM are
selected for comparison. For quadrilateral mesh, when the time step is 4r = 0.2, VEM takes 2.46 s and FEM takes 2.57 s. When the
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Fig. 6. Displacement over time response at point (5,0), constant load.
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Fig. 7. Displacement over time response at point (5,0), time-varying load.

time step is Ar = 0.1, VEM takes 5.33 s and FEM takes 5.76 s. It can be seen that the efficiency of the virtual element method is
slightly faster than that of the finite element method. Since the space-time scheme increases the number of degrees of freedom of
the problem, it accounts for a large proportion of the time spent on solving linear algebraic equations. This can be observed in both
VEM and FEM. When the time step is 4r = 0.1, VEM takes 3.503 s and FEM takes 4.13 s to solve the equation.

The contour plots of displacement u, and velocity v, obtained by space-time VEM with different meshes and different densities
are illustrated in Figs. 8 and 9, respectively.

5.2. Cook membrane problem

In this example, the Cook’s membrane is considered as shown in Fig. 10. The relevant dimensions are L =48, H, = 44, H, = 16.
The left side of the membrane is fixed and a constant vertical load g, = 100 is applied at the right side. In this example, two different
types of meshes including regular meshes and polygonal meshes are used (shown in Fig. 10). The material parameters are assumed
as E = 200000, v=0.3 and p = 10.

To test the convergence of the space-time VEM, a mesh refinement study with the element division of 2V x 2V for N = 2,3,4
is given. For the space-time VEM, the mesh length in the time direction is selected as h = At = 0.2 and h = At = 0.1. Besides, the
Newmark method is also used for comparison. For different time steps and different meshes, the total degrees of freedom used in
the space-time scheme are listed in Table 2.
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Fig. 8. Contour plots of displacement u, obtained by space-time VEM with different meshes, (a) p = 100, (b) p = 10.
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Table 2
The total degrees of freedom used by the space-time format for different time steps and different meshes (poly is for polygon
mesh and quad is for quadrilateral/regular mesh).

Time step N=2 N=3 N =4
Poly Quad Poly Quad Poly Quad
At=0.2 7752 5100 24684 16524 95064 58956
Ar=0.1 15352 10100 48884 32724 188264 116756
—— Reference —— regular mesh, space time polygon mesh, space time = =regular mesh, Newmark — =polygon mesh, Newmark
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Fig. 11. Convergence study of displacement u, for the top right corner over time response for Cook membrane problem, N is the element division.

The associated convergence study of the maximum displacement u,, for the top right corner is given in Fig. 11. It can be observed
that as the mesh size decreases, the results obtained by space-time VEM converge to the reference solution. For N = 4, the
displacements agree very well with the reference solution even for 47 = 0.2.

The contour plots of displacement in the y direction and the von Mises stress for the space-time domain (N = 4, 4r = 0.2) are
given in Fig. 12. For N = 4, the contour plots of the von Mises stress obtained by space-time VEM for different meshes are depicted
in Fig. 13.

5.3. Center oblique crack plate

In this example, a rectangular plate with an arbitrarily oriented central crack is considered as illustrated in Fig. 14. The
geometrical parameters of the plate are 2 x H = 40, 2 x L = 20, and the crack length is 2a = 5. The uniform traction P = 100
is given on the top and the bottom of the plate. The material parameters are assumed as E = 200000, v = 0.3, p = 10. The central
crack can be rotated to an arbitrary angle « and in this work, different angles are selected as « = 0°,20°,40°,60°,80°. This is an
advantage of VEM since the element at interfaces can have arbitrary number of nodes. Thus the rotated inner part of the mesh in
Fig. 14 yields always a continuous discretization.
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Fig. 13. Contour plots of the stresses for different meshes at + =9 (scaling factor is 10), (a) polygonal mesh, (b) regular mesh.

Table 3
The total degrees of freedom used by the space-time format for different meshes (different
angles).
Angle « a=0 a=20 a =40 a =60 a =80
d.o.f. 372096 372912 374136 372504 373320

The space-time scheme is used and the size of the mesh in the time direction is selected as A = 0.02. Again, the Newmark
method with the time step 47 = 0.01 is used for comparison. For different angles, the total number of nodes are different. The total
degrees of freedom for different angles are listed in Table 3. For different angles, the displacements u, over time at the top right
corner are illustrated in Fig. 15. The displacements obtained by the space-time VEM (4t = 0.02) agree well with the displacements
obtained by the Newmark method (47 = 0.01). The contour plots of von Mises stresses and displacements u, are depicted in Figs. 16
and 17 for different angles. The von Mises stresses at ¢t = 0.8 for different « are illustrated in Fig. 18.
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Fig. 14. Geometry and meshes of a rectangular plate with an arbitrarily oriented central crack.
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Fig. 18. Contour plots of von Mises stresses at + = 0.8 for different a.

5.4. Arbitrary geometry considering body force

For the last example, a two-dimensional animal-shaped subjected to volume forces is considered. The geometry and polygonal
VEM mesh are shown in Fig. 19. In this work, downward and rightward body forces g = 10 are considered. The material parameters
are assumed as E = 200000, v = 0.3, p = 50.

The space-time virtual element method is used with the mesh size 7 = 4r = 2 in time direction. The total calculation time is
t = 80. The total degrees of freedom is 222 876. For the space-time domain 2 X I, the von Mises stresses for two different body
forces are given in Fig. 20. Besides, the von Mises stresses for two different body forces at t = 80 are illustrated in Fig. 21.

6. Conclusion

In this work, a space-time virtual element method is presented for the discretization of two-dimensional elastodynamics based on
Hamilton’s principle of stationary action. In our space-time scheme, the virtual element method is used in the space dimension and
the finite element method is used in the time dimension. Compared with other space-time formulation, the “structured” numerical
approach avoids the introduction of additional degrees of freedom in the time direction and simplifies the calculations. Besides,
arbitrary polygonal elements can be used in the space dimension, thus enhancing the flexibility of meshing. The results undering
the advantages of high accuracy and stability for the new space-time formulation. For large-scale problems, the computational
efficiency may be slow, so parallel technology and adaptive mesh are needed. The space-time scheme will be extended to nonlinear
problems in the future. The virtual element method code and finite element method code involved in this work can be found in
https://github.com/Qinxiaoye/VEM-spcae- time-dynamic.
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Fig. 19. Geometry and mesh of the animal shape plates.
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Fig. 21. Contour plots of von Mises stresses for different body force at 7 = 80.
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