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p~-Bathe time integration method. We study the truncation errors of the scheme in homogeneous and
forced responses for various parameters. The optimal load at the sub-step is determined by minimizing
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load at the sub-step thus established actually corresponds to numerical impulses at the three- and
four-point Newton-Cotes formulas for the second- and third-order accuracy cases, respectively. We illus-
trate the findings of our theoretical study in example solutions of two-dimensional structural dynamics
and wave propagation problems. With the optimally selected load at the sub-step, more accurate solu-
tions can be obtained in some analyses.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

In practical finite element analysis of structural dynamics and
wave propagation problems, the dynamic equilibrium equations
are frequently solved by direct time integration [1-3]. Then two
types of schemes, explicit and implicit methods are used [3]. Since
an explicit scheme is only conditionally stable, it may be effectively
employed when the time step size required by the stability limit is
comparable to the time step size needed by accuracy considera-
tions, i.e., in impact, crash, and short time wave propagations. On
the other hand, an implicit scheme can be unconditionally stable,
and such scheme is often preferred.

Many implicit time integration schemes have been proposed,
and much effort has been devoted to finding the best use [4-12].
In the last decade, in particular, much research effort has been
focused on developing new time integrations based on the com-
posite strategy with sub-steps [13-25] after the introduction of
its first kind, the standard Bathe method [26-27]. Recently, as a
generalization of the standard and g, /j3,-Bathe schemes [28-29],
the p_-Bathe method was proposed by Noh and Bathe [30]. The
spectral properties of the method can be changed effectively with
one-parameter, p... The p_-Bathe method contains as special cases
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the standard and g, /j,-Bathe schemes and the Newmark method
at its best use [31]. Recently, the effective use of the Bathe schemes
in wave propagation analysis with linear finite elements was stud-
ied [32].

The Bathe methods split the time step into two sub-steps. The
methods can be first, second or third-order accurate, depending
on the values of the parameters, but these assessments were all
carried out - as is usual - looking only at the non-forced response
solution, that is, considering only initial conditions, see Refs. [28-
34]. In practice of course, loading is applied and hence we need
to understand the behavior of a time integration method when
loading is used.

Using the Bathe methods, it is important to see that all calcula-
tions in the sub-step may be regarded as part of an “internal pro-
cedure” per step.

Namely, the key point is that the solution at the intermediate time
point is only used for the calculation of the solution at the full step
[26-34]. Any reasonable procedure in the sub-step calculation is a
candidate to improve the complete solution scheme.

It therefore follows from the underlying principle of the basic
strategy, that we may modify the procedure or values of parame-
ters used in the calculations of the sub-step. Of course, it then
needs to be demonstrated that the novel procedure is effective.
In this paper, we focus on the different use of the externally
applied load in the equilibrium equations at the intermediate time
point.
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For single-step methods, only some research efforts have been
directed to the modification of the external loads for the cases of
rapidly varying or impulsive loads. For the use of a larger time step
in the solution of problems with rapidly varied loads, the momen-
tum equations of motions were used instead of force equilibrium
[35-37]. Other strategies to overcome the difficulty arising from
the load discontinuity are the use of a single small time step, when
needed, near the change of the load intensity [38], or adjusting the
input load at the instant of load discontinuity [39]. For adjusting
the input load, the assumed load at the load discontinuity is set
to the average of the two discontinuity values for the trapezoidal
rule. In the Noh-Bathe explicit method [41], when the external
loads are only available at the full step, the load is established
according to a numerical impulse analysis at the intermediate time
point; otherwise, the given load is used.

Our objective in the present study is to understand the effect of
the magnitude of the load value at the sub-step on the solution
accuracy of the p_-Bathe scheme. This then enables us to identify
the optimal load value to be used at the sub-step, based on mim-
imizing the numerical errors. In particular, we may want to choose
the load value such that the possible order of accuracy (with no
external load applied) is not reduced. We use two approaches to
select appropriate loads at the sub-step for the p_.-Bathe schemes:
a truncation error analysis [43] and a numerical impulse analysis
[41]. Using the truncation error approach, we determine the opti-
mal selection of the load at the sub-step by minimizing the global
truncation error of the forced response solution. Thereafter, using
the numerical impulse approach we study how an impulse at the
sub-step affects the response and can identify based on this
approach also the optimal load at the sub-step. The results from
both approaches are shown to be identical.

In Section 2, we study the local and global truncation errors for
the p_ -Bathe method using various values of parameters. In Sec-
tion 3, a load selection strategy based on the numerical impulse
analysis is presented. In Section 4, we provide numerical results
obtained using various sub-step loads in the solutions of a
single-degree-of-freedom problem, a 2D structural dynamics prob-
lem, and a 2D wave propagation problem. These solutions illus-
trate the findings of our theoretical study.

2. Truncation error analysis

In this section, we first establish truncation errors in homoge-
neous and forced responses. We then seek the solution errors of
the p_-Bathe method on both a local and global scale with its
two-level form. The local truncation error is the truncation error
that occurs in one step of the time integration scheme. The global
truncation error is the truncation error that accumulates in the
solution of a problem over the complete time domain considered.

Once we have established the global truncation error, we can
identify the optimal load to be used at the sub-step. This load min-
imizes the global truncation error of the particular solution (forced
response).

In the following we use a simplified notation, for example the
time step is now h = At (At was used earlier [3]). This enables us
to focus more easily on the essence of the analysis.

2.1. Energy-based error measure

The equations of motion in linear structural dynamics are, see
e.g. Ref. [3],

(Z) B <—1v;)“1( —IVII“C> <Z> * (M(‘)lf> (1)

or
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Xx=Fx+g (2)

with the analytical solution for the response at time t
t
x(6)="0x(to) + / e Ig(r)dr (3)
to

where M, C, K, f, v, and u are the mass, damping, stiffness matrices,
external forces (moments), velocity, and displacement vectors,
respectively, and an overdot denotes a time derivative.
The first and second terms of the right-hand side of Eq. (3) rep-
resent the homogeneous and particular solutions, respectively.
We define the energy-based error measure as

E(t) = \%H r2E(t) [, (4)

where T := diag(K, M) is the block diagonal scaling matrix and
E.(t) is the error vector of the displacement and velocity

Ex(t) = [u(t) —u(t):; v(t) — a(t)].Here,ﬁ(t) and v (t) are the ana-
lytical solutions obtained using Eq. (3).

2.2. Calculation of errors with a two-level formulation

The p_ -Bathe method uses the trapezoidal rule in its first sub-
step with time step size yh, where y is the time step splitting ratio.
In linear dynamic analysis, we use with the equilibrium equations
at the end of the sub-step [3]:

Ma,,, + Cv,, + Ku,, :fn+“,' (5)
vh

Up .y =Uy + /7 [vn + vnﬂ} (6)
h

vn+y =Up+ % [an + an+y] (7)

where a denotes an acceleration vector. Here the externally applied

load an is the load actually used for the sub-step calculation and
may not be the same as the given external force at time (n + y)h,
fn+”/'

Note that in Egs. (5)-(7) we introduce another simplification of
the notation; namely in all subscripts for the solution and external
force vectors we denote the time nh =nAt =t and h simply as n
and 7, respectively, but this notation is only used for subscripts.

In the second sub-step, the following relations are used with the
parameters ¢y, q;, 42, So, S1, and s for the equilibrium at the end of
the full step, from n ton+1:

Man+l + CVn+1 + KurH—l :.an (8)
U1 = Uy + h[qo 00 + @y Oy + Qo Vnii] 9)
Uni1 = Uy + h[Soly + $1@nyy + S20n41 (10)

The p.-Bathe scheme has second-order accuracy with and
without damping when the following relations are used

o +1 1
4 =% :M@W; Go =5 =(y—1)q; +5; and
1
G@=5%="Vh+;3 (11)

With a proper set of values of the parameters, the p..-Bathe
scheme reduces to the standard-Bathe, B,/B,-Bathe, and the
(two-step) Newmark method with o = 0.25(5 + 0.5)>. Hence the
p..-Bathe method “contains” these schemes as special cases [31].

In Ref. [31], we also give the condition for third-order accuracy
in the period elongation and amplitude decay using the p_ -Bathe
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method with p_ € (-1, 1 — v/3]. We refer to Ref. [44] for the
details of the higher-order p.-Bathe scheme with a larger range
of p_, including p_ € [0,1] in the solution of structural dynamics
and heat flow problems.

With the equilibrium equations at time nh, (n+7)h, and
(n+ 1)h, the p.-Bathe scheme can be rewritten into the form

IK M+2cC (u,,ﬂ,): ~IK M-Zc <un>
I oL | Uiy 1 oy vy
<’7<f,, +fn+,>>

(12)

0

(hSzI( M + hSzC) (urH,] > _ (—hS]I( —h$1C> (un+y )
I —hq,I Vi) I hq,I )\ vy
. (—hsoK M- hsOC> <un> . h(san +$1fny +52fn+1)
I hqol Uy 0
(13)

Substituting Eq. (12) into Eq. (13), we obtain the following two-
level form for a typical modal equation of Eq. (1),
a+2&wov + w3u = f with damping ratio &, natural frequency wg
and external force f,

X, =A"xX, + B, (14)

where X, A and B are the state vector, amplification matrix, and load
vector related to the forced response, respectively (See Appendix),
with n (n=1,2,3, ..) denoting here the state to be calculated and
we have

n-1
Xo=[Un va]"; By=)Y A""'b (15)

k=0

where b,, is the direct load vector at time nh. Here u, and v, are the
displacement and velocity at time t.
We can now establish the energy-based error in Eq. (4). Consid-

ering the time domain 0 to nh with X, = x(0), we obtain the fol-
lowing relation:

E(nh) := %H F’/2<(A”

| rl/Z((

_ el"nh)xo +Bn 7f0nh eﬂ"”’”g(‘r)dr) Hz

anh)xo) Hz

f\
+\f2”

Note that the first component in Eq. (16) captures error in the

2 (Bn e emhfng(r)dz) I (16)

initial energy Eo := || I'/2x, |[5/2. With the assumption of positive
definiteness of I' (that is, the stiffness matrix Kand M are positive
definite), this dependency is removed by maximization over all ini-
tial conditions with unit energy [43]. Therefore, we define the
errors related to the homogeneous and forced responses as
Ei1(nh) and E,(nh), respectively:
Eq(nh) := || TV2((A" — ef"M)xo)T 12 ||,

h Fhe (17)

Ex(nh) = L || T2 (B, - [;" eF-9g(r)de) |

where E,(nh) depends on the external loads.

Considering the leading-order terms of the Taylor series expan-
sion of these error expressions around h = 0, we show below that
the orders of accuracy of the time integration scheme are given by

Ei(nh) ~ C\H "' Ey(nh) ~ Chh*% ™! (18)
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where we consider the local truncation errors, k; and k, are the

orders of solution accuracy, and C} and C, are constants calculated
from the limiting behavior of E; (nh) and E,(nh), respectively, when
the time step size approaches zero. We shall see that, as expected,
the global truncation errors are of one order lower than the local
errors.

2.3. Local errors in the calculations of homogeneous and forced
responses

We first discuss the case of 2nd order accuracy in the solution
and then proceed to the case of third order solution accuracy.

Case of 2nd order accuracy in the solution

The Taylor series expansion of E;(nh)in Eq. (17) for the p.-
Bathe scheme gives

Bt~ 7§ v 0 ()
n1:2w§éz+(w“+1)( —48)° )2+ 882 (1 - 28%)° (19)
n, = (1 -48)" - Bwie(1-22)
o1 =4 i + )

with the superscript [ in 0' signifying “local”. Since the exponent on
hin Eq. (19) is “3”, this error corresponds to second order accuracy
in the overall solution (see Section 2.4).

To analyze the solution corresponding to the forced response,
we consider a periodic load since a general load can frequently
be expressed as a Fourier sum of harmonic functions. We focus
on the error when a sinusoidal loadf(t) = sinwt, ® # @y is applied
to find an effective load value at the intermediate time point.

To establish the load at the sub-step with the given external
load data, we use the following relation:

fn+”,7 = Wflfn—l + W*H”ffn—lw/ + WOfn + W”/fnﬂ' + Wlfn+1 (20)
where w_q, w_y,,, Wo, w,, and w; are “weights on the loading” cor-
responding to the directly evaluated loads f, 1, f, 1., fa fry,» and
fair- Hence f, ., is the given external load value at time (n + y)At,
and fn+7, is the selected load used in the calculation of the first
sub-step to obtain, if possible, a more accurate response solution.

Using the Taylor series expansion around f,, we obtain the first
condition for the weights that should be satisfied

Wi +W_ip+Wo+w,+w =1 (21)
and for a sinusoidal loading, we obtain from the Maclaurin series

expansion of .];’;h eFmh-m)sin(wt)dt (See, Eq. (3))

nh (A)Tlg P gzugwn"h" + Ol (hS)
/ efmh - Dsin(wt)dt =
Jo (0]
2
(22)

where the first and second rows correspond to the displacement
and velocity components, respectively.
The difference between the numerical and analytical load vec-
tors in one timestep is hence
o(r) }

Wi + W,y + Wiy (y — 1) —wy — p)wh® +0' (h3)
(23)

Therefore, in order to have second-order accuracy in the solu-
tion for the forced response we use

h
B, 7/ ef-Osin(wt)dt = {
0

wi=y(1=w,) +w 1 ,(1-7)+w, (24)
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With Egs. (21) and (24
becomes

3
Ez(nh):”‘s‘i’/’;h 1+ &g+ 0(h') (25)

From the derivatives of E;(nh) in Eq. (19) and E,(nh) in Eq. (25)
with respect to 7, we obtain the expression of y in terms of
P, € [0, 1] to have the minimum errors for both the homogeneous
and forced responses of the second-order accurate p_-Bathe
method as

2-4/24+2p,
1_poc

We note that this value of y is also the value to use to have iden-
tical effective stiffness matrices for each sub-step, and the maxi-
mum (locally) amplitude decay and minimum (globally) period
elongation, as reported in Ref. [30].

Case of 3rd order accuracy in the solution

Since Egs. (19) and (25) are general expressions, they also pro-
vide p_ in terms of ) to have third-order accuracy in the solution
for both the homogeneous and forced responses. Using g, = 0 in
Eq. (19) leads to

Ey(nh) = 24\ iy + iy — i1, + 0 (1)

o= o3(1—42)° /2 + 8(wf + 1)2(1 - 28)” + w§(162* — 128 + 1)°/2
M, = 1602 (1 - 28)* + wi(1 - 42) (16 — 128 + 1)

Y372-2)(po+1)
02 =S5 052 +1

), the error on the forced response

Yo = 5 Yo = O.Sifpoo =1 (26)

(27)

which corresponds to third order accuracy in the solution of the
homogeneous response. Using ¢; = 0 as well in Eq. (25) gives also
third-order accuracy in the forced response solution.

Then minimizing the error in both the homogeneous and forced
responses of the third-order accurate p_-Bathe method with
respect to y gives then

VPEL —2p, —
3(pe +1)

for which indeed o in Eq. (19) equals 0. Note that the relation in Eq.
(28) is identical to the condition for the p_-Bathe method to have
third-order accuracy as derived from the period elongation and
amplitude decay, see Ref. [31].

Using Eq. (28), that is, considering the p_-Bathe method with
third-order accuracy, the leading term in the error of the forced
response solution is of order of 4, and is a function of the weights
on the loading

Po+2—

Ty = Po € (=1, 1= V3] (28)

E»(nh) = %\/(wz(%fx—&- 0,) + w2 (1 - 452)02) +28202 40 (hs)
a=wypq; (Y= 1) +Wo145G, (Y = 1)(y = 2) +2w_1q, +1/6

— 6W,1
(29)

Hence, in this case, both local errors E;(nh) and E,(nh) are pro-
portional to h*.

B=wy2y —1)(y = 1)+ W_145(y — 1)(29> = 77+ 6)

2.4. Global errors in the calculations of the homogeneous and forced
responses

When n = T /h (here, T is the considered time duration), we
can calculate the global truncation errors based on the local trun-
cation errors to be
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Ei(T) ~ C5h" Ey(T) ~ CSh* (30)

where C§ and C§ are constants for E; (T) and E»(T), respectively.
Substitutingn = T /hinto Egs. (19) and (25), the global trunca-
tion errors of the second-order accurate p.-Bathe scheme are

Eir) - DA =+ 08 () B1)
PO 1 af g o) 32)

We may actually reduce the error by minimizing E,(T) with
appropriate weights on the loading. For the weights to be indepen-
dent of wy, w, and ¢&, the condition for the summation of the terms
related to the weights to be zero leads to the following relation:

Ex(T) =

292 +(3n-7)y —6(n—

_ 1 1)

W) = g T en ) T e Weie (33)
6(n—1)
=P+ Gr-1) W1
When n — oo, Eq. (33) gives

. 1 2 -7y 2
limw, = + W_i4y + ——W_4 (34)
n—o 6y, (1 -7y Ty =)

Therefore, for the second-order accurate p_-Bathe method with
7o the error in the forced response is minimized when the load at
the intermediate time point is selected using the weights satisfying
Egs. (21), (24) and (34).

For the third-order accurate p_-Bathe method, we obtain the
global truncation errors from Egs. (27) and (29):

0,3 TH? N7 )
E\(T) = =55\l + Vil — 11, + 0% (h") 35)
£y (1) = 00T (Boe?T/h +q,pe? + (1 — 48)0,02)° + 28263
12\/2 1 0 2
+ og(h“) (36)

To minimize the error in the forced response, we use Eq. (34)
and the relation obtained by forcing the term related to w in

Og(h3> of Eq. (36) to become zero:

=2 6 w
2y =7y +6) " (@ -D@P?-7y+6)

Wy, = (37)

Hence we use with y, given in Eq. (34) also Eq. (37) to minimize
the amount of the error. Therefore, for the third-order accurate
p.-Bathe method with y,, the weights on the loading may be
determined using Egs. (21), (24), (34) and (37).

2.5. The loading for minimum global errors in the forced response
calculations

For the second-order accurate p_-Bathe method, the equations
related to the weights on the loading are Eqs. (21), (24), and (34).
Therefore we can determine the optimal loading using just three
time points:

fn+7 = WOfn + W}fn+y + Wlfn+1 (38)

where we set w_; = w_;;, = 0. The optimal loading at the sub-
step becomes
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; 6yq:(1 —y) -1 1
ey = + n
I 679, ! 67q,(1 —wa‘”
6yq,(1 —p) -1
NEA S S 39
6ay(1- ) ™ %9

Using Eq. (39) with the second-order accurate p_-Bathe
method, provides more accurate solutions than the use of the given
load. However, we note that using the load in Eq. (39) for the third

order accurate method, i.e. using Eq. (28), simply gives f,m, =fnipe
For the third-order accurate p_-Bathe method, the equations

related to the weights on the loading are instead Egs. (21), (24),
(34), and (37). Therefore, we use four time points, which leads to

f,Hm = W~71fn7]+7 + WOfn + W“'fnﬂ + Wlfn+l

_ 1-2y 42— 11y+6

= ma e pfrae t (1 A W)fn (40)
22-7+6

49 -5
+timeane pfn T </ + W)fnﬂ

We note that the loads selected at the sub-step from Egs. (39)
and (40) are identical to the loads obtained from the three-point
and four-point Newton-Cotes formulas [3], respectively (see
Section 3.2).

3. Numerical impulse analysis

A typical modal equation of Eq. (1) is
a+ 2ewov + du = f (41)

where ¢, wy, and f are damping ratio, natural frequency and exter-
nal force, respectively.
Integrating Eq. (41) from t to t + h, we obtain

t+h t+h
gfﬁmmz/‘(a+%%mm (42)
Jt

t

or

t+h t+h t+h
/ (f - wiu)dt = / dv + Zifwo/ du (43)
t t t

Using the p_.-Bathe scheme (Egs. (9) and (10)) for Eq. (43), we
obtain

t+h .
/t (f - w%u)dt = h{q()fn + qlfn+~,' + q2fn+1
- wé (%Un + qqUn+y + qzunHﬂ (44)

Since Eq. (44) holds for the general loading and trajectory, we
have

t+h
/" fdt
t

3.1. Sub-step load from the two-point closed Newton-Cotes
quadrature rule

= h<q(1fn + qlfn+y + q?fn+1) (45)

P~ - Bathe

In many practical problems, external loads are only given at dis-
crete time points. If the external forces are only given at times t
and t + has f, and f, . ;, we may use

t+h
/t fdt = h[of, + (1 - a)f 1] (46)

where « is a weight.
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Using Egs. (45) and (46), we obtain the load at the sub-step for
the p..-Bathe scheme to be

fAn+y:(17V)fn+an+l +(O(;710.5)(fnffn+l) (47)

In general, the case oo = 0.5 yields the most accurate approxi-
mation; thus we use « = 0.5 to approximate the numerical
impulse when external loads are defined only at discrete time
points, h apart. In this case, the external force at the sub-step is
selected as

fn+y = (1 _'y)fn + an+1 (48)

This means we have (W_1,W_1.y, Wo,w,,w;) = (0,0,1—-7,0,7)
in Eq. (20), which satisfies Eqs. (21) and (24), but not Eq. (34).
Therefore, the selected load at the sub-step by Eq. (48) provides
second-order accuracy in forced response; however, the error is
larger than when the load in Eq. (39) or a given load, f, ., is used.
Therefore, the load obtained from the trapezoidal rule in Eq. (48) is
recommended only when the load data is not available at the inter-
mediate time point [45].

3.2. Sub-step loads from the three-, four-, and five-point Newton-Cotes
formulas

For the case that external loads at the intermediate time points
are available, we can use the three-point Newton-Cotes formula to
approximate the numerical impulse by considering the time points

t,t +yh,and t + h:
t+h
[ g MO (= By~ Wy + foy + 92~ 300
(49)

=)

With Egs. (45) and (49), we obtain the load at the sub-step
which renders the numerical impulse of the p.-Bathe scheme to
be identical to the impulse obtained by the three-point Newton-
Cotes formula:

. e =D+
s = 5t -

2 -3M9p =37+ 47 =2 (f0 | fain
§ 3o + 1) Gramy) oo

We note that Eq. (50) is identical to Eq. (39).

Also, we may approximate the numerical impulse with the
four-point Newton-Cotes formula by using the external loads at
timet + (y — 1)h, t,t + ph,and t + h:

=2 -y

t+h
/ﬂ fdt
t 4 - point (51)

(1 = 29)f 1y + (v = 2)(692 — 10y + 3)f,
+(22 =Ty +6)fuiy + 769 — 14y + 7)f, 1

3 - point

h/12

and, with Egs. (45) and (51), the corresponding load at the sub-step
becomes

7 1 =2)(ppe -7 +2) (4y-3) 6/ —8)+3
fn+y*mfn 1+)+< (1) T 81D f

3 2) 3 /(SV 714“+7) 4-5
+< IREET N ))fm, ( SN2 7 36 ) (pn +1)>fn+1

(52)

Notably, Eq. (52) is identical to the result from the global trun-

cation error analysis for the third-order accurate p_-Bathe scheme,
Eq. (40).
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Table 1
Selection of the load at the intermediate time point of the p..-Bathe method.

Computers and Structures 254 (2021) 106559

(1) For second-order accurate method in displacement, velocity and acceleration (with y = ), in Eq. (26) and p__ €

[0, 1]):

Use the load selected by three-point Newton-Cotes rule, fnw in Eq. (39) (=Eq.(50)) which minimizes the global errors in forced responses, with mimimum number of

load data.

(2) For third-order accurate method in displacement, velocity and acceleration (with y = 7,

in Eq. (28) and p__ € (-1, 1 - V3]):

Use the load selected by four-point Newton-Cotes rule,f,w} in Eq. (40) (=Eq.(52)) which minimizes the global errors in forced responses, with mimimum number of load

data.
(3) When the load data is not available at the intermediate time point:

Use the load selected by trapezoidal rule, f,, +y in Eq. (48), for both second- and third-order accurate methods.

By subtracting Eqs. (51) and (49), we obtain
t+h t+h _ 4
/ fdt _ / fdt _ A= 2 oy o(r’)
t t
(53)

) 72
3 - point

which shows the difference between the numerical impulses
obtained by the three- and four-point Newton-Cotes formulas to
be proportional to h* per step, h’globally. Therefore, for the
second-order accurate p_-Bathe method, using the load at the
sub-step calculated from the Newton-Cotes formulas involving
more than three points would provide marginal differences.

Likewise, calculating the sub-step load for the third-order accu-

4 - point

4. Numerical examples

We give in this section some example solutions that illustrate
our theoretical findings summarized in Table 1, to which we refer.

4.1. A damped single-degree-of-freedom system (SDOF)

We consider a damped SDOF system with mass m = 1, damp-
ingc = 2, stiffnessk = 100, external force f = sin(wt), and solve
for the response during the time duration 10T,, where Ty is the
free-vibration period. To compare the accuracy, we use the error
norms

! ¢ C 2\ 05
rate p_-Bathe method by using Newton-Cotes formulas involving Z“’Tﬂ/’“( (i) —u( ))
more than four points would hardly increase the solution accuracy. € = mT A 5 ;
. . . t
We may check that the difference between the numerical impulse °/ )
calculated from the four- and five-point Newton-Cotes formulas is 05
. 10To/At b
proportional to h*globally: >0’ ( (i) — v ))
e =
t+h t+h IOTU/At )2 ’
/ fdt _ / fdt
t . t . 05
4 - point 5 - point —
Z]oro/m ati) — a(i )
(572 — 10y + 4 6 S (55)
- 70— 0+ o(I) (54) s (a )’
—%— given value —<— average value (wy = w, = wy = 1/3) 2-point closed Newton-Cotes  —2— 3-point closed Newton-Cotes —&— 4-point closed Newton-Cotes 5-point closed Newton-Cotes ‘
10° T T 10° T T 10° T 10° T
pa-Bathe (po = 0,7 = %)
100 | 100 a+2v+ 100u = s/in('l()t)
,//
= 10-1 L H
) i
5 = - 102} /) 1
= 2 Z n_.t_: //3
5 Z = ~ b
g 3 & = 7 &/
3 RS 8 S 2V
£ = 2 =
2 < EIE M0 E g
& - g =
a < =
=1
E 10° E
A )
4 10-6 L 5|
107 ‘ § 107 : g 107 : ‘ 107 - ‘
107 1072 107 10° 10 102 10" 10° 107 1072 107! 10° 107 1072 107! 10°
’l/Tn h/Tu ]l/Tu ]l/T()

Fig. 1. Damped SDOF system solved by the p..-Bathe scheme for various values off,.Ay when p_ = 0 with y = y,.
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| —¥— given value —<— average value (wy = w, =wy =1/3) 2-point closed Newton-Cotes —~A— 3-point closed Newton-Cotes —&— 4-point closed Newton-Cotes 5-point closed Newton-Cotes [

10" T T 10! T T 10" T T 10° T T

pxc-Bathe (px = 1 — V3,7 =1,)

a+ 2v+ 100u = sin(20t
10° (208)

N
=

]

+ €5

2
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o

=)
)

.

=]
S
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+ €
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_.

S
&
!

-

o
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-

o
IS

=

o
IS
L

Velocity Error Norm e;
Acceleration Error Norm e

Displacement Error Norm eq
=
o
&

Total Error Norm \/e

-
S
&
L
s
o
o
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L
-
o
o
L

i 10%F As i 10° E

107 . 3 107 : : 107 : : 107 3 :
107 1072 107" 10° 107 1072 107! 10° 107 1072 10" 10° 1078 1072 107! 10°
h/Ty h/T, h/Ty h/Ty

Fig. 2. Damped SDOF system solved by the p.-Bathe scheme for various values of fnw when p =1 — V3 withy = Vp-

where u, v, a and u, v, a are the numerical and analytical (or refer- ~ accuracy for both the homogeneous and forced responses in the

ence) solutions, respectively. second- and third-order p.-Bathe schemes, respectively, the error
Figs. 1-2 show the error norms of the displacement, velocity, norms have second- and third-order accuracy for p = 0 with

acceleration, and its sum for the p.-Bathe schemes with y =17 and p =1 — V3 withy = 7p» Tespectively.

(Ps7) = (0,7,) and (p, y) = (1 — V3, yp)' respectively. Since The use of the average value and the value using the trapezoidal

the actually given sub-step load provides second- and third-order rule (two point Newton-Cotes) for the calculation of the sub-step

—<d— py-Bathe (p = 0.0, v = =) with given load px-Bathe (p = =0.9, v = ,) with given load —6— two-step Generalized-a (p = 0.0) with given load
< po-Bathe (p = 0.0, v = 4) with optimal load p-Bathe (p = —0.9, v = =,) with optimal load two-step Generalized-a (p~ = 1.0) with given load
—&— py-Bathe (py = 1.0, 7 = 79) with given load —A— p,-Bathe (po =1 — V3, v = 7¥p) with given load

<P py-Bathe (p = 1.0, v = 49) with optimal load -5z p-Bathe (p =1 — V3, y= 7p) with optimal load

10° T 10° T 10° T 10°

T
a+ 2v+ 100u = sin(20t)

107"

2

0
-
= ]

%
+e3

3
1

=

-
<
&

=
o
A

Velocity Error Norm e
Acceleration Error Norm es

Displacement Error Norm e,
3
Total Error Norm /€2

-
e
&

107 : 107 ‘ i 107 :
1073 1072 107 1073 1072 107 1073 1072 107 1073 1072 107
h/Ty h/Toy h/Ty h/Ty
Fig. 3. Related error norms of the p..-Bathe scheme with given and optimal loads, and two-step generalized-o scheme with given loads.
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—=0.9, v = 7,) with given load

= =0.9, 7 = 1,) with optimal load
w=1-V3~v= 7Yp) with given load
o po-Bathe (po =1 -3, v = vp) with optimal load

—6— two-step Generalized-a (p = 0.0) with given load|
two-step Generalized-a (p,. = 1.0) with given load

—€&— py-Bathe (p = 0.0, v = ) with given load pac-Bathe (p =
<pre poc-Bathe (p = 0.0, v = ) with optimal load p~-Bathe (po =
~d— px-Bathe (p,. = 1.0, v = 7) with given load —&— p,.-Bathe (p.
p~-Bathe (p = 1.0, v = 4) with optimal load .. (
107" T T T T 107" T T T T
102
102

107

107

104

Velocity Error Norm e;

Displacement Error Norm eq

104

e
o
&

106 I I I I 108 ! I L I

.u‘/w‘(] .u‘/w'(]

Acceleration Error Norm es

10° T T T T 10° T T T T
a+ 2v+ 100u = sin(20t)
h/Ty =102
1071 F 1 107 F 1
+
+
102F 1 |ue 102} 1

Total Error Norm \/e'

104

105 I I | I

105 | I | |

w‘/w‘(] w‘/w'(]

Fig. 4. Related error norms of the p..-Bathe scheme with given and optimal loads and two-step generalized-o scheme with given loads for various values of w / w, when

h/To = 1072,

load yields first- and second-order accurate solutions due to the
first- and second-order accuracy in the calculation of the forced
responses, respectively (See Eq. (24)).

Also, as we expected in Sections 3.2, for the case of second-
order accuracy, (p.,7y) = (0, 7o), the numerical errors using the
three-, four-, and five-point Newton-Cotes formulas are almost
the same. Likewise, for the p.-Bathe scheme with

(P, ) = (l - V3, yp) having third-order accuracy, the sub-

step loads evaluated from the four- and five-point Newton-Cotes
formulas yield nearly the same solutions.

For the second- and third-order p.-Bathe schemes, the mini-
mum response errors with the minimum number of weights are
obtained when the three and four-point Newton-Cotes formulas
are used. Therefore, in the remaining numerical tests, we refer to
the sub-step loads modeled by three- and four-point Newton-
Cotes formulas as the ‘optimal load’ for the second- and third-
order p..-Bathe schemes, respectively.

Aysin(2mf,t)

Aysin(2nfqt)

Figs. 3-4 show the numerical errors for the p_-Bathe schemes
with the various sub-step loads, and the two-step generalized-o
schemes [8,9] with the given sub-step loads. In the two-step
generalized-o scheme, we use the sub-step sizes (h/2). As well
known, the generalized-a method with p_#1 gives second-
order accuracy for the displacement and velocity and first-order
accuracy for the acceleration. In this example, the use of the p.-
Bathe scheme with p_ € (-1,1 — v3]and y = 7y yields smaller
errors than all the considered second-order methods for suffi-
ciently small time step sizes due to the third-order accuracy.

Notably, the optimal sub-step loads provide accuracy enhance-
ments for all considered p_-Bathe methods. The amount of
enhancement is more significant when the method has second-
order accuracy. Fig. 4 shows the error norms for various values of
w/wo when h /Ty = 1072, For w < @y, the optimal and given
loads at the sub-step provide similar relative errors. On the other
hand, the difference of numerical errors between the use of opti-

Aysin(2mf,t) Ay =500 kN
A, =700 kN
f1=3.0kHz

f2=4.5kHz

Aysin(2nf4t)

Fig. 5. A Howe truss under high frequency cyclic loads.
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-3
1.93 % 10 T T T T
—<&— po-Bathe (ps = 0.0 v = 79) with given load —A— peo-Bathe (po = 1 — V3 7 = 7,) with given load
e poo-Bathe (po = 0.0 ¥ = 79) with optimal load <5 poc-Bathe (poo = 1 —v/3 v = ,) with optimal load
-1.94 | —4— p-Bathe (px = 0.65 ¥ = ) with given load —O— two-step Generalized-a (po = 0.0) with given load [
P poo-Bathe (po = 0.65 v = y9) with optimal load two-step Generalized-a (poc = 0.65) with given load
p-Bathe (p =1 — /3 v = 1.3) with given load =~ —&— two-step Generalized-ov (poe = 1) with given load
-1.95 H pro-Bathe (po = 1 — v/3 v = 1.3) with optimal load reference H
<
-1.96

-1.97

-1.98

-1.99

Vertical displacement of node 5 (m)

-2

-2.01 : '
0.02005 0.0201

0.02015
Time (sec)

Fig. 6. Vertical displacement of node 5.

mal and given sub-step loads increases with an increase of w when
@ > Wg.

4.2. A truss problem in two dimensions subjected to cyclic loading

We consider the truss shown in Fig. 5 subjected to four cyclic
loads [15]. For all elements in the truss, we use the section area
A =3000 mm?, density p =8000 kg/m>, and elastic modulus E =4
GPa. The p_..-Bathe schemes with the given and optimal sub-step
loads, and the two-step generalized-o schemes with the given
sub-step loads are compared. The time step size is
h = 2.2e — 5sec(and h/2 for the generalized-o schemes). The refer-
ence solution is obtained with the p..-Bathe scheme (p, = 0 and
Y = 7o), h = 2.2e — 6 sec and the given sub-step loads used.

Figs. 6-8 show the vertical displacement of node 5, the
horizontal displacement of node 13, and the relative errors of
the system energies for the various time integration schemes. For
the displacements, all solutions using the p..-Bathe schemes with
the optimal loads provide accurate results. By looking at the sys-
tem energies, we see that the use of the optimal loads reduces
the relative errors by a factor of 10 compared to the use of the
given loads.

4.3. A two-dimensional scalar wave propagation

We consider the solutions of the pre-stressed membrane prob-
lem [40,41,32] using the p_.-Bathe schemes (Fig. 9). The governing
equation for this 2D scalar wave propagation problem is

4
4875 10 T T T T

—€— pu-Bathe (ps = 0.0 v = vg) with given load —A— pae-Bathe (po = 1 — V3 v = 7,) with given load
e poo-Bathe (po = 0.0 ¥ = 79) with optimal load % poo-Bathe (poo =1 — V3 v = 7,) with optimal load
—&— p.-Bathe (po = 0.65 v = 7¢) with given load —O— two-step Generalized-a (po = 0.0) with given load
e p-Bathe (py = 0.65 ¥ = ) with optimal load two-step Generalized-o (po, = 0.65) with given load

4.75H pao-Bathe (po = 1 — /3 v = 1.3) with given load —&— two-step Generalized-a (po, = 1) with given load [

poo-Bathe (po = 1 — /3 v = 1.3) with optimal load reference

»
iy

4.65

iy
)

Horizontal displacement of node 13 (m)
A

0.02005 0.0201

0.02015 0.0202

Time (sec)

Fig. 7. Horizontal displacement of node 13.
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e
]
S

10—5 L
-6 1 i L 1 1 1
0.0201 0.0203 0.0205 0.0207 0.0209
Time (sec)
(b) Potential energy
—<&— p-Bathe = 0.0 v = ) with given load

(P
P po-Bathe (pe = 0.0 ¥ = 79) with optimal load
—&— p-Bathe (p. = 0.65 v = ) with given load
<P poo-Bathe (po = 0.65 v = ) with optimal load
pl -Bathe (p, =1 — v/3 7 = 1.3) with given load
Bathe (p, =1 — /3 v = 1.3) with optimal load
—A p)L B'],thf‘ (P =1 — /3 v = ,) with given load
wx pog-Bathe (ps = 1 — V3 v = ,) with optimal load
—o— two-step Generalized-a (px = 0.0) with given load
two-step Generalized-a (p = 0.65) with given load|
—&6— two-step Generalized-a (px = 1) with given load

Fig. 8. Relative error of kinetic, potential, and total energies.
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Time (sec)
(c) Total energy

ERORRRRN

)
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A
\
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N

=1
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40

Fig. 9. 2D scalar wave propagation problem for a pre-stressed membrane, the
shaded area is computational domain.

1%u _ 2u du
cg ot?

7W+a—yz+f(0,0,t) (56)

where u is the transverse displacement, and ¢, is exact wave speed,
which is set to 1. We use the cyclic external load at the center of the
membrane as

£(0,0, t) = sin2r)H(3 — 0), (57)

where H is the Heaviside step function. The exact solution of this
problem is obtained using the Green’s function G(x, y, t)[42]:

/f

t>0

u(x, y, t Gx,y,t — 1)dt (58)

10

H(cot - \/m)

242 2
COt — X

G,y t) = (59)

27co - y?

Due to symmetry, we only discretize the domain [0, 20] x [0,
20] using four-node elements. We determine the time step size,
h by the CFL number coh/x. where the side length of the elements
is used as the characteristic length, x..

Figs. 10-11 show the numerical and analytical solutions of dis-
placement and velocity variations for two propagation angles using
the 120 x 120 and 280 x 280 element meshes. We see that the 120
x 120 mesh is not sufficiently fine to capture the wave shapes
accurately when the ratio of the wavelength, 4, to the element size,
Xe, is around 7. Using the mesh of 280 x 280 elements with the
A/xe ~ 17, the second-order p..-Bathe scheme with the parameters
(p.,CFL) = (0,1) or (0.65, 1.25) provides accurate solutions in
both directions. In contrast, the third-order accurate methods with
the considered values of parameters did not yield accurate solu-
tions. As observed previously, a lower-order method might give
more accuate solutions of wave propagation problems, see for
example, Refs [28,29,32,16]

To solve a problem with an applied load of period T, we often
use h < T/10 or equivalently o < 27/10h. Also, to minimize the
dispersion errors, we determine the time step size, h, by the CFL
number and use CFL < 1, hence h ~ 2/, for the linear finite ele-
ments. Therefore, in usual wave propagation analysis by direct
time integrations with the linear finite element, we have
w/wo < 1. Note that as shown in Fig. 4, when w/wg < 1, the given
and the selected load at the sub-step provide nearly identical
results for both the second- and third-order accurate p.-Bathe
methods.

Fig. 12 shows the relative error norms of displacements and
velocities calculated by the p_-Bathe schemes with the given loads
and the optimal loads. As expected, we observe that the given and
optimal loads provide practically the same results.
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—<&— p-Bathe (po =0, 7 =7, CFL = 1) with consistent mass matrix (given load) px-Bathe (po =1 -3, v = 1.3, CFL = 1.5) with lumped mass matrix (given load) analytical solution
< p-Bathe (p =0, 7 = 7, CFL = 1) with consistent mass matrix (optimal load) px-Bathe (po =1 -3, v = 1.3, CFL = 1.5) with lumped mass matrix (optimal load)
~<— py-Bathe (p = 0.65, 7 = 59, CFL = 1.25) with consistent mass matrix (given load) ~—A— p-Bathe (p =1 — V3, 7p» CFL = 1) with consistent mass matrix (given load)

P pxc-Bathe (po = 0.65, v = 79, CFL = 1.25) with consistent mass matrix (optimal load) .5z pc-Bathe (px =1— /3, 4 =4,, CFL = 1) with consistent mass matrix (optimal load)
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Fig. 10. Transverse displacement and velocity variations for two propagation angles at time ¢t = 15 with 120 by 120 finite element mesh.
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Fig. 11. Transverse displacement and velocity variations for two propagation angles at time t = 15 with 280 by 280 finite element mesh.
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Fig. 12. Relative error norms of the displacement and velocity variations for two propagation angles at time t = 15.

5. Concluding remarks

In this paper, we considered the load used at the sub-step of the
pPo-Bathe method to enhance the solution accuracy in forced
responses. We first analysed the local and global truncation errors
by using the two-level form of the scheme. We focused on select-
ing (or “modelling”) the sub-step loads in the form of a weighted
linear sum of the given external loads at various time points, and
found the optimal weights on the loading to minimize the leading
terms of the global truncation errors in forced responses.

We then performed a numerical impulse analysis and obtained
appropriate weights for the sub-step loading. The results from the
numerical impulse solution are found to be the same as when
using the two-, three-, four-, and five-point Newton-Cotes formu-
las. As these formulas are also arrived at by minimizing the trunca-
tion error, we identified that the use of the three- and four-point
Newton-Cotes rules for selecting the sub-step load are optimal,
respectively for the second- and third-order accuracy p..-Bathe
schemes.

In summary, when the external loads are only available at the
full step, we use the load approximated by the trapezoidal rule
in Eq. (48). Otherwise, for the second- and third-order accurate
P~-Bathe method (that is, with 7y, in Eq. (26), and with 7, in Eq.
(28), respectively), the loads in Eq. (50) and (52) are recommended,
respectively. When w/w, > 1, where o is the frequency of the
applied load and y is the natural frequency of the system anal-
ysed, which is not usually the case in a wave propagation analysis
but often encountered in structural analyses, we may obtain
enhanced solution accuracy by use of the selected sub-step loads
for both the second- and third-order accurate Bathe methods.

Even though the solution accuracy may not necessarily increase
significantly for a practical analysis, the study is nevertheless
important, because the idea of increasing the accuracy by a judi-
cious load selection at the sub-step in the p_,-Bathe method is very
valuable to explore, as we did in this paper.

12

Note that while we evaluated the external loads at the sub-step
to enhance the solution accuracy of a forced response, the time
integration method itself has not been changed; therefore, all ben-
eficial characteristics of the p.-Bathe scheme are maintained, and
almost no additional computational cost is needed.

A valuable future endeavor is to identify an even better use of
the values of parameters or to modify the procedures required in
the ‘internal’ calculations corresponding to the sub-step for further
enhancement of the solution accuracy. Also, the presented frame-
work to identify the optimal load at a sub-step should be valuable
for use with other existing or future methods adopting a composite
time stepping strategy.
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Appendix. The amplification matrix A and the direct load vector B

For the p.-Bathe scheme, the amplification matrix and direct
load vector of the two-level form are as follows:

1 ar ) 1 (b])
A= . B =
D1D, <021 DiD; \ b,

where

a2

Qo
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an = (@7? - 2¢37 + @ — 025)7°Qq + (4437 — 2q,7> + 7 — 1)7Q¢
(4 + 9> —4Aqy — 1 +4(1 = 219 +4(1 — 29,7 + )L + 4
a2 = h((4637 — 217 + 7 — 20,)7% + 4(1 - 24,)7%C + 4)
@ =~ ((aqhy — 2,7 + 7 - 20,79 + 401 — 2,700 + 4)
an = (G37? — 2437 + q; — 0.25)7°Qg + (4g37% — 24,7 — 843y + 4q,7 — 7 + 44, — 1)7Qg¢

+(4g37% + 92 — 4qyy — 1+ 4(=2q,7 + 4q, — D)yP)Q + 4(-2q,7 + 7 — 1)Ql + 4

(4(fn+1 —fn)‘ﬁ?‘l + 4(2fnq1 —fn+1)CI1V3 + (fn +fn+1 - 4Q1fn)7’2)9§

R AL 4((fo = Fasy)ar = Fasr )@r??

by =t (G + Faa) + 2(Fary = Fa)ar)

0

“16(fy ~ o )@ + 8(2(Fa = Fury )@ + fu = 2w + Fury) iy

+4(fy + furn) — 80 (Fa + o)

(200 = 2fas )7 + ((Fa + Fair) = 4 + 4(Fa + Far)@)7? = 2(Fa + Fary)07) 9%

by =14 +(8(fy — far 1)@y — 16£,017 + 4(fy + fai1))Ql
+8(fn _fn+1)q1y + 4(fn +fn+1) - S(fn _fn+y>q1
with Dy = 92Q2 + 49Q{ +4 and D, = (0.5 — 7q,)*Q% +

(1 = 2yq,)Q¢ + 1, and Qy = woh.
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