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This paper focuses on the formulation and implementation of explicit predictor—
multicorrector Time Discontinuous Galerkin methods for linear structural dynamics. The
formulation of the schemes is based on piecewise linear functions in time that approximate
displacements and momenta. Both the predictors and correctors are designed to inherit
third order accuracy from the exact parent implicit Time Discontinuous Galerkin method.
Moreover, they are endowed with large stability limits and controllable numerical
dissipation by means of an algorithmic parameter. Thereby, the resulting algorithms appear
to be competitive with standard explicit algorithms for structural dynamics. Representative
numerical simulations are presented illustrating the performance of the proposed numerical
schemes and confirming the analytical results.
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1. INTRODUCTION

The common approach towards the numerical solution of structural dynamic problems is,
first, to discretize the spatial domain, which results in a system of coupled second order
ordinary differential equations with time as an independent variable. In order to solve this
initial value problem, implicit and explicit time integration procedures based on finite
difference methods are widely used. Implicit methods need factorization of the effective
stiffness (or effective mass) matrix and, thereby, a certain computational effort is required.
Since they can be unconditionally stable, large time steps can be employed. Conversely,
explicit algorithms typically avoid matrix factorization when a diagonal mass matrix is
used, thus requiring much less storage and computational effort per time step. However,
their conditional stability imposes a time-step size restriction to ensure numerical stability.
For this reason, they are used in wave propagation problems, where the time-step size
needed for accuracy is of the same order of the stability limit step size [1].

Although several explicit algorithms with high-accuracy order have been proposed (such
as Katona and Zienkiewicz [2] and Hoff and Taylor’s methods [3]), the second order
Central Difference method (CD) is still the most popular explicit scheme [1, p. 495]. As
a matter of fact, higher order explicit methods need higher derivative terms and thereby,
more computational effort and additional storage is required.
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The numerical time integration of a semidiscrete problem may present non-physical
oscillations, which are related to spurious high-frequency modes introduced by the spatial
discretization [ 1, p. 498]. As the CD method does not introduce any algorithmic damping, it
may exhibit unwanted behaviour owing to the accurate integration of spurious modes. In
order to avoid these effects, algorithmic dissipation in the high-frequency modes should be
introduced. As a result, explicit finite-difference-based methods designed to attenuate
high-frequency oscillation modes were conceived (see reference [4] and references therein).

A recent alternative approach to the numerical time integration of structural systems is
based on Galerkin formulations in the time domain [5-8]. Whilst the space is discretized
using conventional finite elements, the time interval is partitioned in a number of
subintervals, where the response is approximated by means of trial functions in the time
variable. The use of discontinuous displacement and momentum fields leads to the class of
implicit schemes named Time Discontinuous Galerkin (TDG) methods. Higher order
unconditionally stable algorithms are obtained, by which any undesirable high-frequency
mode can be damped out without introducing excessive algorithmic damping in the
low-frequency response. However, these methods require the factorization of a matrix
larger than the one exploited in standard implicit schemes owing to the unknown extra
displacement and momentum fields. Thereby, added computational effort is required. In
order to obviate this problem, Li and Wiberg [9] implemented a predictor-multicorrector
solution algorithm in the TDG method. More specifically, the algorithm requires
a factorization of a reduced matrix for each fixed time-step size and few iterations for
solving the resulting system of coupled equations in the unknown velocities. Based on
a similar strategy, the same authors proposed TDG methods based on an explicit time
integration [10, 11]. The resulting explicit scheme was third order accurate and endowed
with a stability limit higher than that of the CD method. Nonetheless, aspects related to the
control of the algorithmic dissipation were not investigated.

In this paper, a new class of explicit predictor-multicorrector step-by-step integration
algorithms is presented, based on the implicit TDG scheme with linear trial and weighting
functions in time. The resulting algorithms are third order accurate and their stability limit
is higher than the one exhibited by the CD method. Moreover, in contrast with the
aforementioned explicit TDG-based schemes, the proposed algorithms are endowed with
a user-controllable algorithmic dissipation. In contrast to traditional dissipative finite difference
methods, these schemes do not reduce in accuracy when stronger dissipation is required and do
not need the computation of the time derivative of the acceleration. As a result, they are
competitive when medium-term high-quality numerical computations are performed.

The remainder of the paper is organized as follows. In section 2 the formulation of the
implicit TDG method is presented. In section 3, the new class of explicit schemes is derived.
Section 4 presents the accuracy and stability analysis of the methods. Section 5 describes
numerical experiments which demonstrate the properties of the schemes predicted from
theoretical analyses. In addition, some comparisons with numerical results obtained by
other commonly used time integrators are presented whilst conclusions are drawn in
section 6. Finally, some details concerning an alternative implementation of the proposed
methods are discussed in Appendix A.

2. FORMULATION OF THE IMPLICIT TDG METHOD

Since the main focus of the paper is the study of certain time-step algorithms, the
semidiscrete initial value problem is considered. It reads as

Mq(t) + Cq(t) + Kq(t) = f(r), tel=(0,T),



EXPLICIT TIME DISCONTINUOUS GALERKIN METHODS 627
q(0) = qo, (1)

q(()) = vOa

where q(¢) is the vector of displacement parameters arising from a spatial discretization.
M is the symmetric positive-definite mass matrix, C the viscous damping matrix, K the
stiffness matrix, f(t) the vector of applied forces and I defines the time domain. The
superposed dots indicate differentiation with respect to time ¢. Equations (1) are obtained by
means of standard finite element procedures (for example, see reference [1]).

Initial value problem (1) can be rewritten in the first order form

pt) + CM~'p(t) + Kq(t) = (1), tel =(0,T),
M~ 'p(t) —q(t)=0, tel=(0,T),
q(0) = qo;
P(0) = po = My, 2

where p(t) are the momenta. The TDG methods are derived from a weighted residual
formulation of equations (2), with the initial conditions enforced in a weak manner.

In this paper, the formulation with piecewise linear time interpolants of displacements
and momenta is adopted. The corresponding time-step method will be referred to as TDG1
method. Consider a partition of the time domain

Iiz(ti7ti+1): i=09~->Ny (3)

where 0 =ty <ty < --- <ty=T and At =t;;, — t; is the time-step size. The following
notation is convenient hereafter

t; =lim,,-t,
ti" =lim,, t. 4

Let (qo, po) denote the vectors of displacements and momenta, respectively, at ¢; , which are
known from either the previous step calculation or the initial data (g, and po) if i = 0.
Moreover, let (q;, p;) and (q, p,) denote the displacements and momenta at t;" and t;; ,,
respectively. These quantities are illustrated schematically in Figure 1. The displacements
and momenta at time t € I; are represented as follows:

q(t) = t1(t)qy + t2(1)q2,

p(t) = t1(t)py + t2(1)p2, (5)
where
livg —1
tl(t) - A[ )
A — (©)
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Figure 1. Time-finite elements with linear trial functions.

The corresponding weighting functions are
wq(t) = tl(t)wa + IZ(I)qua
w,(t) =t (O)w,, + t2(t)w,,. 7)

From this notation, the TDG1 method is obtained by enforcing the weighted residual form
of equations (2): find q, q,, p; and p, such that

Jwg(p+CM-1p+Kq—f)dt+Jw§(M—1p—q)dt
I I

— Wy (t)@(t") — qo) + Wy () (P(1") — o) =0, )

for all w,,, w,,, W, , W,,. Substituting equations (5) and the weighting functions into equation
(8), the following algebraic system is obtained:

At 1 1 At 1 At
a) 3K<Q1 +3 (I2> + <I +CM—1>P1 + <I +CM_1>P2 =po+ Fy,

2 2 3 2 6
At (1 1. A oA
b) ?K<§q1+qz>+<—§I+FCM >p1+<§l+?CM )pz—Fz,
1 A 1 ©
t.
] E(ql‘f‘qz)—?M 1<P1 +2P2>:‘I0a

1 At - (1
d) E(‘h—‘h)‘F?M 1<§P1 +P2>:0,
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where

F, - fﬁltl(t)f<t) a,

t+1
F, = J t,(t) () dt. (10)
ti

The TDG1 algorithm is third order accurate and L-stable, i.e., the high-frequency modes
are nearly damped out in a single time step [6]. However, a drawback of the TDG1 method
is related to the size of system (9), which is equal to 4-np,r, Where np,r is the number of
degrees of freedom of the spatial discretization. This system is 4 times larger than those
arising from conventional time discretizations of equation (1). Moreover, the coefficient
matrix is non-symmetrical. Thereby, the development of suitable solution algorithms for
equations (9) is a critical issue in the practical application of the method.

3. THE EXPLICIT PREDICTOR-MULTICORRECTOR METHOD

3.1. FORMULATION

In this section, an explicit method which inherits the third order accuracy and the
dissipative properties of the implicit TDG method is proposed. In order to avoid an
expensive explicit formulation, firstly, the computational effort related to the solution of
system (9) has to be reduced. Therefore, an iterative predictor-multicorrector procedure is
proposed [5, 11], where the number of correctors is limited to one or two. Moreover, the
multicorrector phase relies on a solution in terms of displacements by means of a reduced
iteration matrix. For simplicity, no damping is considered in equations (9). The extension to
the damped case will be performed in section 3.3.

In order to reduce the computational effort related to the solution of equation (9), the
unknown momenta p; and p, are eliminated from equation (9¢c,d), thus obtaining

1
—M(@3q; + q, — 4q0)

At
xpz[pl]z 1 . (11)
P2 M= 341 + 42 + 2q0)

Substituting relations (11) in equation (9a) and (9b) and multiplying equation (9b) by — 3,
the following system is obtained:

B+D)x,—Py=0 (12)
for the undamped case, where
AzK AtK
B 1170 M D - 3 6
S AtM 0 [ B At A ’
18 9
—M F
aQ Po + TRt + Iy
X, = , P, = 1 { . (13)
12 Mg, F,
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Let xg‘) denote the kth trial value of the unknown displacements in a typical time step
[t;, t;+1]. In order to advance from ¢; to t;, the following steps are performed.

3.1.1. Predictor

The predictor is designed to achieve the best accuracy and therefore it is expressed in
terms of free parameters. It is based on the Taylor series expansion of the solution of the
implicit parent algorithm

A2 N
q1=%—76 M~ "po + O(4r°),
-1 i — 3
q, =qo + AtM™ ' poy + > M™'py + O(4¢°) (14)

and on the discontinuity in time depicted in Figure 1 [10]. In equation (14), p, defines the
time derivative of momenta evaluated at t; , obtained from the equilibrium equation (2),
namely

Po = f(to) — Kqo. (15)

In order to generalize equation (14) and setting k = 0 to initialize the unknowns, the
following predictor is utilized:

q” = qo + a APM™ ",
QY =qo + AtM " 'py + b A*M ™ 1p, (16)

where a and b are two free parameters. The vector p,, defined in equation (15) could be also
evaluated as derivative of momenta. However, this approach leads to unfavourable stability
properties which are discussed at length in Appendix A.

3.1.2. Corrector

In order to solve system (12), an iterative scheme relying on displacement increments is
used. If suffices to define a residual

¥ =B+ D)x{’ — P, (17)
and a displacement increment
AxE = —[K*¥] 1%, (18)
where K* is
K* =B (19)

and [K*] ™! exhibits the simple form

K¥]"'=B ! =4t 0 M- 20
(K] = —[Mlo]. (20)
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The exact solution of system (12) would require K* = 0r/0X,/y» = B + D. As a result, the
proposed scheme neglects the stiffness contribution in equati:)n (19). Hereafter, the new
class of integration schemes is denoted as E methods. Three features of these algorithms
contribute to the reduction of the computational effort: (i) the algorithms become explicit if
a lumped mass matrix M is exploited in equation (20); (ii) the iteration matrix K* is formed
and factorized only once; and (iii) a maximum number of iterations k,,,, is prescribed. More
specifically, E-1C defines the scheme which requires one corrector pass (k,,,. = 1) whilst the
acronym E-2C stands for the method exploiting two corrector passes (kyax = 2).

3.2. IMPLEMENTATION

The solution procedure of the E schemes applied to linear structural dynamic problems
follows.

1. Initial computations
(a) Form both the diagonal mass matrix M and the stiffness matrix K.
(b) Initialize qo, po and f(zo).
(c) Select the number of correctors k., (1 or 2), the value of parameters a and b as well as
the time-step size At.
2. For each time step (i =0,1,...,N — 1)
(a) Compute the momenta time derivative at time ¢;

p: = f(z) — Kq;.

(b) Compute the vectors P; ; and P; , (equation (13b)) on the basis of initial conditions
and the external force

1 t,+ At

Pii=pi+ oT Mg; + f t (O f(t; + 1) dt,
t;

1 1

Pi :_Mi__
2T T

t+ At
J t,(t) f(t; + 1) dt.
t;

(c) Set k=0.
(d) Compute the predictor displacements (equation (16)) at time ¢;” and ;7

¢ = q+ 42 aM "',
q¥) = q; + AtM ™ 'p; + AP bM ™ ;.
(e) Multicorrector

i. Compute the residual vectors (equation (17))

At 1 At
=3 Ke + <AIM + 6K> q% — Piy,

1 At At
O —[—M—-=K|qg¥ ——Kq¥ — P, ,.
2 <At 18 >q1 9 6 b2
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ii. Compute the displacement increments (equation (18))
k = k
AqP =AM~ Y,
k - k
AQY =AM~ P,
iii. Compute the displacement vectors
a0 =g+ 4P,
05" =q + AqY.

iv. k=k+ 1.
v. If k < k., go to .
(f) Compute the displacement vector at time t;,; = t; + At

_ k)
qi+1 =43

(g) Compute the momentum vector (equation (11)) at time t;,, = t; + At

1
—M(— 3¢ + q¥ + 2q)).

Pi+r1 :At

(hyi=i+1
(1) Ifi < N go to (a).

The parameters a and b are chosen to obtain third order accuracy and controllable
dissipative properties. These issues are discussed at length in section 4.

3.3. THE TDG EXPLICIT METHOD FOR DAMPED SYSTEMS

The formulation presented so far can be extended easily to systems with physical
damping. In these conditions, equation (12) reads

B+V+D)x,—P;=0, (21)
where
lC LC
Vo [ ¢ 0 J 22
—3C ;C

In several explicit algorithms, the damping can be dealt with either implicitly or explicitly
[4]. Both choices are available for the proposed schemes for which residual (17) reads

=B +V +D)x{ —P,. (23)
In the former case, K* = B + V in equation (18). If C is a non-diagonal matrix, the

methods become implicit [4, 12]. In the latter case, K* is still defined through relation (19)
and thereby, purely explicit schemes can be obtained.
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4. ACCURACY AND STABILITY ANALYSIS

In this section, consistency and stability properties of the proposed predictor-multicorrector
algorithms are examined. Since a multiple-degrees-of-freedom coupled system can be
decomposed into np,r uncoupled scalar equations in the linear regime, it suffices to perform
the analysis of an algorithm on a single-degree-of-freedom model equation [1, p. 492]. In
these conditions, the matrices in equation (1) becomes scalar and the vector x, in equation
(13c) collects only two components.

Introducing the natural frequency

0= [— (24)
equation (1) for an undamped system can be written as
. (1)
i) = () =", 29

Thereby, the predictor defined in equation (16) becomes

¢ = qo + 470,
m

40 = qo + 22 + 4r2p 2, (26)
m m
where
Po = £(0) — mar’qo. (27)

4.1. ITERATION MATRIX
Combining equation (17) with equations (18) and (19), gives
x{V =—B 'Dx{’ + B"'P, (28)

which can be expressed in the compact form

x¢ Y = Apx + g (29)
where A;r = —B ™D is the so-called iteration matrix and g = B~ !P,. Thus
1 1
— Q2 —- Q2
18 9
AIT = 1 1 P
__QZ __QZ
BE 6
1 A4t
do — 512
2m
= 30
g As L (30)
do +—po+—F;
i m m
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where
Q = wAt (31)

is the non-dimensional frequency. In this case, A;r has complex conjugate eigenvalues.
Given an arbitrary initial vector x”, a necessary and sufficient condition for the process
defined in equation (29) to converge to the exact solution of the algebraic problem (12) is

p(Arr) <1, (32)

where p(A;7) denotes the spectral radius of the matrix A;y [13, p. 7]. As a result, the
convergence condition is

pAr) =40*<1=0<. /6 (33)

which can be considered as a stability condition of the explicit scheme. Thus, at
convergence, the stability limit of the method is higher than the one exhibited by the CD
method. It should be recalled that only one or two iterations are performed in the proposed
schemes leading to approximate solutions provided by equation (29). As a result, the
stability limits can be different from that provided by equation (33).

The explicit method proposed by Wiberg and Li [10] entails the same iteration matrix
A;r as that defined in equation (30a); nonetheless, their algorithm has been formulated in
terms of velocities.

4.2. AMPLIFICATION MATRIX

Consider the recursive form of the E method

y1 = Ay, + Lo, (34)

Yo = |:q0:|’ )’1|:q2:| (35)
Do P2

according to Figure 1. A defines the amplification matrix and L is the load vector which
depends on the external forces. Consistency and stability of a time-step algorithm can be
analyzed through the spectral approach [ 1, p. 492], where the unforced case (f = 0) can be
considered.

The amplification matrix A can be expressed in terms of the predictor defined in equation
(16), the iteration matrix A;; and the vector g defined in equation (30a, b) respectively. As
the vector g depends on the initial conditions only, it can be written as

where

g = Gy,, (36)
where
1 0
G= s (37)
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Moreover, the predictor defined in equation (26) is employed to initialize the iterative
process (29)

4
XEIO) = |: (0):| = EyO’ (38)
q;

where the matrix

1 — At?aw®* 0
E = (39)

At

1 — At*bw® —

m
depends on the free parameters a and b. The unknown displacements x, are obtained
performing k,,. (1 or 2) correctors. By means of the iteration matrix Ay, it is

straightforward to show that

Koax =

(Kax) — A Kmax~(0)
Xy = Appx + )
i=1

1
Airg +¢

k

= A7 Eyo +

1
Y. AirGy, + Gy,
i=1

1

= Qyo, (40)
where

K —1
Q= [A’;mTaxE + <I + ¥ A‘,T>G} (41)
i=1

13

Once x{ is obtained from equation (40), the momenta at ¢, ; can be evaluated through
equation (11b), i.e.

3 1 2
P2 = ——mqy +—mq, +—mqo

At At At
= Wiyo + Wox, = (W; + W,Q)y,, (42)
where
2 3 1
=|— = ——m —m|. 4
W, [Atm 0} W, [ Atm Atm} 43)

The second row of matrix Q represents the first row of amplification matrix, whilst the row
vector W; + W,Q represents the second row of A. As a result, the amplification matrix can
be obtained as

a0 olw, +w 44
[0 o [T v »
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4.3. CONSISTENCY

The consistency of the new schemes can be determined from the local truncation error

T=Y1 — Yex(41) = (A — Ay) Yo, (45)
where
cos O sin Q2
Aee = e (46)

—mwsinQ cosQ

is the amplification matrix of the exact solution, whilst y,, is the exact solution at time t;. An
algorithm is said to be consistent if two positive constants C, and k exist such that

|T(t)| < CZA[k+1s te [09 T]a (47)

where k is the so-called order of accuracy [1, p. 468].

The local truncation error of the E-1C scheme (k,..= 1) can be evaluated using
equations (38) and (40). As a result, an accuracy of second order is obtained. The coefficient
of At in the Taylor series expansion of the local truncation error in the momenta must
vanish. This constraint provides the condition

— b (48)

W=

a =

Thereby, only one free parameter b is available to control the dissipative properties of the
algorithms.

Besides the local truncation error, other measures of accuracy linked to the amplification
matrix A defined in equation (44) are the algorithmic dispersion, namely the phase error,
and the dissipation, namely the amplitude error. Provided that the eigenvalues of A remain
complex, they can be expressed as

Jy, =eREED (49)

where Q and & are the so-called algorithmic frequency and algorithmic damping ratio
respectively. The relative period error T — T/T = (Q/Q) — 1 is a measure of the phase error
whilst & is a measure of the amplitude error. The Taylor expansions of 7, T — T/T and
&about Q = 0 up to the leading terms are reported in Table 1 where the following notation
is used:

¢, QF L o(QkH1 .é
= |: ! k ( k +1):|5 ——1= CrperW + O(ripe+1)’

c, Q% +0(Q%™) 0
é_ = Caerk"dr + O(Q Kaar + 1). (50)

From, Table 1, it is evident that both the E-1C and the E-2C schemes are third order
accurate. Moreover, the E-2C scheme is endowed with the same truncation error and
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TaBLE 1

Accuracy properties of the TDG1 Explicit method with 1 and 2 corrector passes

Scheme ¢, k, ¢, k, Crpe Ky pe Codr Koar
E-1C > L 4 ! 4 L 1, 4 6b—1
; 7 6 )10 2470 4512 7

E-2C : 4 : 4 L, 13 4 : 3
720 72Pe 187 540 7

algorithmic damping ratio of the implicit parent TDG1 algorithm presented in section 2,
independent for predictor form (26). Conversely, all the remaining properties depend on the
value of the free parameter b.

4.4. STABILITY

Considering the undamped case and combining equation (44) with equations (26) and
(48), the following amplification matrices

18 —9Q% + (2 — 3b)Q* g(l Q2>

i 18 m 3 s
B mQ*(— 6 + Q2 . Q|
641 P
1 1 1 5 1 At
1 _lgrytor Loy 2 gep LA y0g 11802 1 04
2 T3 e gt 10§ (108 18027409
A= (52)
L2 =108 + 1807 — 50+ 120% RSP
108 " PR

for the E-1C and for the E-2C schemes respectively, are obtained. The stability properties of
an algorithm depend on the eigenvalues of A which assume the form

Jia = e(Q,b) + /h(Q, b). (53)

The condition
h(€2, b) =0, (54)

corresponds to the bifurcation limit 2,, i.e., 4; , become real and distinct for Q > Q,. Let p,
denote the spectral radius at the bifurcation limit Q,; Figures 2 and 3 plot the relations
provided by condition (54) for the schemes E-1C and E-2C respectively. More specifically,
these plots provide the value of b, which utilized in equations (48) and (26), permits
a user-designed dissipation value p, at the bifurcation limit to be achieved. For clarity, the
aforementioned figures also report the values of b, 2, and Q. corresponding to p, = 0-6.
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limit Q,, for the E-2C scheme: ——, b; - — — - - , Q.

This leads to the values b = 0-302, Q, = 2-085 and Q. = 2-132 for the E-1C scheme; and
b=0322, Q, =2171 and Q¢ = 2-223 for the E-2C scheme. The plots can be fitted by

a third order polynomial in the design parameter p,
b = Csppp + Cappis + C1pp + Cons

Qy = Ci0pi + Ca0pi + Craps + Cog (55)
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TABLE 2

Constants and ranges relevant to equation (55a)

Scheme Cy, C,, Ci Cop P, Tange Q, range Qcr range

E-1C 0-0909 —0-3824 0-8043 —0-0622 [0-34, 1-00] [2-00, 2-20] [2-10, 2-20]
E-2C —0-5624 10679 —1-0313  0-6776  [0-00, 1-00] [1-83, 2-18] [2-08, 2:69]

TABLE 3

Constants and ranges relevant to equation (55b)

Scheme Cio Cyo Cio Coo pp Tange Q, range Q. range

E-1C 00107 —0-064 03722 1-8827 [0-34, 1-00] [2:00, 2-20] [2-10, 2-20]
E-2C 02778 —1-057 1-1186 1-8199 [0-00, 1-00] [1-83, 2-18] [2-08, 2:69]

15
1-0
Q
05 |
0 1 1 1 1 1
0 05 10 1-5 20 2:5 30
Q
Figure 4. Spectral radii for a value at bifurcation p, = 0-6: —, E-1C; —-—-, E-2C; ———, CD; - - - - - )

HCE-o.

providing explicit relations for b and Q, versus p,. The relevant coefficients and ranges are
collected in Tables 2 and 3 respectively. From these tables and Figures 2 and 3, it is evident
that only the algorithm E-2C covers the entire design range [0-00, 1-00] for p,. Conversely,
the algorithm E-1C is unstable for p, < 0-334 (b < ¢).

The spectral radius p, the relative period error T — T/T and the algorithmic damping
ratio & versus the non-dimensional frequency Q are plotted in Figures 4-6 respectively.
Additionally, the condition with p,= 06 is considered. For completeness, the
aforementioned schemes are compared with the HCE-o method [4] that employs the same
pp value and with the CD scheme respectively. Besides the higher values of the stability
limits Q¢ of the proposed methods shown in Figure 4, the favourable accuracy properties
are evident.
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In order to analyze the properties of the proposed schemes as a function of the maximum
number k,,,, of corrector passes, the case k.. = 3, which corresponds to the scheme E-3C
has also been considered. More specifically, Figure 7 reports, among the various
parameters, the spectral radius p, € [0, 0-45]. Moreover, Figures 8 and 9 plot the spectral
radius p and the relative period error T — T/T versus Q, together with those of the schemes
E-1C and E-2C for the condition p, = 0-4. The improved properties of the E-3C scheme
may be seen in Figure 8, which exhibits higher values of Q,( = 2-753) and Qcr( = 2-799).
Moreover, the satisfactory behaviour of the relative period error T — T/T of the method
E-3Cis evident in Figure 9. Nonetheless, as the E-2C scheme has the same local truncation
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error of the implicit parent algorithm (see Table 1), and the computational effort increases
with k,,.., the schemes relying on k,,,, > 2 are not considered further.

4.5. CONSISTENCY OF THE TDG EXPLICIT METHOD FOR DAMPED SYSTEMS

In the presence of damping, the equation of motion relevant to a
single-degree-of-freedom system is

) + 260 + () = (56
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and the time derivative of momenta becomes
. pO 2
Bo =f(0) = m( 222 4 g, ). (57

In order to evaluate the local truncation error 7, the exact amplification matrix A, is
needed, which for an underdamped system is expressed as

cos(v2) + ¢ sin(vQ2) sin(vQ2)
- v mve
Aex =¢€ @ . ( Q) 6 . ( Q) s (58)
o sin(v _ ¢sin(v + cos(v)
v v

where

v= (1 — & (59)

The local truncation error 7 can be evaluated through the predictor defined in equation (38)
and one corrector of equation (40). As illustrated in section 3.3, the damping can be dealt
with either implicitly or explicitly.

When an implicit damping treatment is utilized for the E-1C scheme, 7 is

—1+3b+6 2 12b + 24 42 -3
( 36+ 6a + Epo + ot e wq0>w3At4 + 0(4t%)
9m 72
T= { . (60)
6w3(3b + 3a — 1)(2Epo + wgom)At® + 0(4t*)

If relation (48) is exploited in equation (60), an accuracy of third order is attained.
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Conversely, the local truncation error 7 of the E-1C scheme formulated with an explicit
damping treatment becomes

%wzé(% + 3a — 1)<i Epo + wq0>At3 +0(4tY)
T = : (61)

®?*E(2b — 1)(2Epy + wqom) At? + O(At3)

From equation (61) it may be observed that the explicit damping treatment entails only
a first order accurate scheme. A second order accuracy is achieved if

b= (62)

D=

These results agree with the behaviour of other explicit predictor-corrector Newmark
methods [14], [1, p. 562].
With regard to the E-2C scheme, the local truncation error is

wq,m+192aé3p, +4Ep, +96aé2wq,m +96bE3p, +48bE3wq, m—12E2wq,m —24E3
R po +4<p, 4, ; P, q q, Po s 444 0(4)
m

-~ 2 - (63)
- §w3§2(3b + 3a — 1)(2¢p, + wgq,m)4° + 0(4%)

In addition, a third order accuracy can be obtained when relation (48) is exploited.

5. REPRESENTATIVE NUMERICAL SIMULATIONS

In this section, two representative numerical examples are introduced both to evaluate
the performance of the new class of time-step algorithms and to warrant the analytical
findings obtained so far. To this end, a linear two-degrees-of-freedom system endowed with
natural frequencies typical of large systems is introduced [1, p. 542], in order to highlight
the favourable accuracy and dissipative properties of higher modes of the proposed
schemes. The second problem deals with the impact of a linear elastic rod on a rigid wall,
representative of a wave propagation problem [4]. Since the discontinuity in the velocity
and strain (weak shocks) influences the physical solution, high-frequency dissipation of
spurious responses is a desired feature.

5.1. TWO-DEGREES-OF-FREEDOM SYSTEM

The following system of differential equations is considered:
Mq(r) + Kq(1) = 0, (64)

where
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ky = 10* k, =1 and m; = m, = 1. The assumed initial conditions are

= ! d = 0 65
‘lo—{lo} an Po—%\o} (65)

[1, p. 542]. The two natural frequencies of the system are

®; =099995 and w, = 100-005. (66)
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The mode related to the lower frequency represents those modes that are physically
important and must be accurately integrated. The second mode represents those spurious
high-frequency modes which have to be filtered by the numerical method. A fixed time step
At = Q,/w, 1s chosen in order to integrate the high-frequency mode at the bifurcation limit
with a spectral radius p, = 0-6. The integration has been performed over 1007 wereT;
denotes the period relative to the natural frequency w; = 2n/T;. The exact solutions being
available, both the displacement error |g..(t;+1) —g2,i+1) and the momentum error
[Pex(ti+1) — P2.i+1) can be computed for each degree-of-freedom.

The results provided by the E-1C and E-2C schemes are compared with those obtained
by means of the HCE-o method [4] in Figures 10-12. In detail, Figure 10 highlights the
displacement error at the end of each time step for the response of the fundamental mode
whilst Figure 11 presents the momentum error related to the local maxima. The satisfactory
performance of the proposed schemes is evident. Moreover, it may be observed from
Figure 11 that the algorithm E-1C exhibits a smaller momentum error than the one shown
by the E-2C scheme. The behaviour is caused by two factors: (i) the E-1C scheme is endowed
with a lower bifurcation limit 2, and thereby a smaller time step has been used; (ii) the E-1C
method exhibits both a lower relative period error T — T/T and a lower algorithmic
damping ratio on & for a spectral radius p, = 0-6 as illustrated in Figures 5 and 6,
respectively. The filtering of the spurious response is highlighted in Figure 12, where the
relevant evolution of the momentum at the end of each time step is plotted.

5.2. IMPACT OF A TAPERED ROD

The second example deals with a one-dimensional model of a rod impacting a rigid wall.
This problem has been proposed in the literature as spurious oscillations that arise when
non-dissipative integrators like the Constant Average Acceleration and the CD method are
adopted [4, 15]. The problem is sketched in Figure 13 where a homogeneous elastic rod
with a varying cross-sectional area and an initial uniform velocity v, = 1 is considered [4].
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The length L of the rod is equal to 4, the density p and Young’s modulus E have unit values
whilst the cross-sectional areas are assumed to be 4, = 1 and A; = 0-01 respectively.
The governing equation of the problem is

6 ja)
< (EA 0“) — A =0 (67)
0x 0x

with the boundary conditions

5
u(0,1) = 0 and EA !
ox

=0 (68)

x=L

and the initial conditions defined above. The exact solution consists of a stress front

propagating along the rod with the elastic wave speed ¢ = /E/p = 1. With linear rod
elements, the maximum element eigenfrequency that represents an upper bound of the
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maximum structure eigenfrequency is given by

Wl = c(Ai + Aivy)
R N

The system is discretized with 400 elements and has been integrated with the E-2C scheme,
the CD and the HCE-a method respectively. In addition, a fixed time step At = Q,/w},qy 18
chosen in order to integrate the high-frequency modes at the bifurcation limit with
a spectral radius p, = 0-6. Figures 14-16 highlight spurious oscillations of the stress
distribution exhibited by the CD method which is undermined by the lack of algorithmic

(69)
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damping, and the limited oscillations relevant to the dissipative schemes. Figure 17 plots the
energy evolution up to t = 12. As expected, the HCE-a method exhibits the overshoot
phenomenon in the first step, typical of the a-methods [16, p. 134]. Moreover, spurious
oscillations are evident at every 4 s when the wave front reaches the rod ends. Conversely,
the E-2C scheme does not exhibit this unfavourable behaviour.

Figure 18 illustrates the frequency content of the responses at the rod midpoint, provided
by the FFT transform of the time history between ¢t = 0 and 12-0 whilst vertical lines identify
the frequencies of the discretized rod. The frequency resolution is 0-154 rad/s for the
response of the E-2C scheme and 0-163 rad/s for the response of the HCE-o method
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respectively. Hanning windowing was adopted to reduce the time domain truncation effects
[17, p. 140]. One can observe easily that the E-2C scheme is also to approximate accurately
the frequency content of the discretized rod owing to better amplitude and phase error
properties.

6. CONCLUDING REMARKS

The formulation of a new class of explicit Time Discontinuous Galerkin methods has
been presented in the paper. The algorithms derive directly from the implicit parent TDG
method with piecewise linear functions in time, which approximate displacements and
momenta. In order to avoid an expensive explicit formulation, the proposed schemes are
implemented in an explicit predictor-multicorrector form with one and two corrector
passes. Accuracy and stability analyses have been performed on undamped systems
showing that the schemes are third order accurate and can be adopted with a user-defined
dissipation, and are helpful in eliminating unresolved non-physical high-frequency modes in
the time response. Moreover, the dissipative properties of the schemes are achieved without
introducing any spurious root as only displacements and momenta are involved in the
formulation. The analyses have been extended to damped systems considering both an
explicit and an implicit damping treatment. Numerical simulations have shown the
importance of the accuracy and of the dissipative properties of the explicit Time
Discontinuous Galerkin schemes when compared to those of standard finite-
difference-based methods. These properties render the new proposed methods competitive
for medium-term high-quality analyses.
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APPENDIX A

The displacement predictor defined in equation (16) needs the computation of the
acceleration vector M~ 'p. In this appendix, the new proposed schemes are formulated
with an efficient alternative computation of the vector M~ !p, based on the derivative of the
momentum time interpolants. In order to establish the effectiveness of this alternative
approach, an accuracy and stability analysis of the methods is performed.

The algorithms proposed in section 3 are based on equation (15). Nonetheless from
a computational standpoint, the computation of M~ 'p is convenient as a derivative of the
momentum field, namely

M 1p(t + 4t) = M~ Y({, (t + AD)py + i5(t + A1)p,)

P2 —P1

A (A1)

6
(—4q1 +qo)

=M1
At?

The vector M~ 'p(t + At), being a function of the time discontinuity, needs to be initialized
from the equilibrium equation at the first step. Thereby, the schemes become one-step
three-stage methods which can be analyzed as linear multistep methods. With regard to the
E-1C scheme, on the basis of equation (16) the so-called amplification matrix A is

i 1, 1 1 5 1 202 |
1—59 m(At—6AtQ> —6(2a+b)AtQ
1 2 1 2 1 2
A= _Atg m 1—59 —§(a+b)AtQm , (A2)
02 2 Q2 1
_ _ s —= 2h)Q2
| Tas 34t m 32007
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where the undamped case is considered. The local truncation error can also be defined as

[q(t + At) + A,q(t) + A1q(t — At) + Aoq(t — 241)]
T = 2 , (A3)

where 4,, A; and A, are coefficients of the characteristic polynomial associated with
A [18]. The order of accuracy is the order of the lowest term of the Taylor power series
expansion of equation (72). As a result,

1 1
¢ =< o*dBa+3b — DA — = o % (da + 6b — 1) AL + 0(4t*) (Ad)

which implies that the scheme is second order accurate. Third order accuracy can be
attained provided that

3a+3b—-1=0. (AS)
Anew, the condition established through equation (48) is obtained. As a result, the use of

equation (70) does not modify the accuracy order of the algorithm. Inserting equation (48) in
equation (16), the amplification matrix reads

i 1 At 1 Q> —24+73p
1--0Q2 ——At— A2Q?
2 6 m 18
A L o2 Lo LYTeE (A6)
= _—— m —_—— [
At 2 6 "
Q> 290 143,
i At? 34t m 9 |
3.0
\\ \
\ '
\
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Figure Al. py, ps, Q, and Qcg versus b for the E-1C scheme: —, p,; — —-, pg ——— Q) ————— , Qcr.
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6A1 " 2% T3 T (A7)
— 18 + 5Q% Q2 2Q2-9 5 11—1—2117Q4
L 18 At? 27 Atm 162 i

for the E-2C scheme respectively.

These matrices lead to stability regions and dissipation properties which differ from those
obtained in section 4, owing to the introduction of a spurious root. More specifically, define
pp as the modulus of the two complex conjugate principal roots at the bifurcation limit Q,,
and p; as the modulus of the spurious root at the same limit. The values of p,,, p,, 2, and Qcg
versus the free parameter b are plotted in Figures A1 and A2 for the E-1C and the E-2C
schemes respectively. It can be seen that the spurious root has a modulus higher than that of
the principal roots, namely p, < p; for different values of b. As a result, Qcx < €, and the
high-frequency numerical dissipation is not maximized by the schemes [4]. Moreover, as
highlighted in Figure 20, the E-2C method has no bifurcation limit Q, for b > 0-31, the
principal roots always being complex conjugate. Summing up, the new proposed algorithms
cannot exhibit favourable high-frequency numerical dissipation properties if formulated
through equation (A1).
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