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In this paper we further consider the Bathe method for the direct time integration in structural dynamics
and wave propagations. The method uses two sub-steps per time step and is an unconditionally stable
scheme frequently used without adjusting any parameter. In the first sub-step the trapezoidal rule is
used and in the second sub-step the 3-point Euler backward method is employed. In this contribution
we derive the method using, instead of the Euler scheme, the 3-point trapezoidal rule for the complete
step with two Newmark parameters. The parameters can then be used to smoothly prescribe desired
numerical dissipation, from zero to very significant dissipation. To highlight the performance of the
method, the stability, accuracy and overshooting are studied and some illustrative problems are solved.
The results are compared with those of some other methods that also use parameters to introduce
numerical dissipation. We conclude that the use of the parameters in the Bathe method can be valuable
but probably will require some numerical experimentation.
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1. Introduction

A great deal of research has been performed to solve the finite
element equations of motion using direct time integration meth-
ods, and different explicit and implicit algorithms have been pro-
posed. Some well-known implicit methods are the Newmark [1],
Wilson [2], HHT schemes [3] and the three-parameter method also
known as the generalized alpha method [4,5], all of which use
adjustable parameters to control the numerical dissipation. How-
ever, these methods have shortcomings in accuracy and hence
more recently, in Refs. [6-8] a time integration method, referred
to as the Bathe method, was introduced for linear and nonlinear
analyses. The procedure is an implicit time integration method
with unconditional stability that uses two sub-steps for each time
step. The use of the intermediate time solution can be interpreted
as simply “some step internal computations” to reach the final
solution [9].

In the Bathe procedure, we use for the first sub-step, the trape-
zoidal rule and for the second sub-step the 3-point Euler backward
method. While, in principle, three parameters can be varied,
namely the two parameters (J,o) in the Newmark method and
one parameter, ), giving the sub-step size, usually the default
values are used, 6 = 1/2,0 = 1/4,y = 1/2. The use of these param-
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eters has been advocated as a strength of the method for practical
analyses [7], because in engineering practice adjusting parameters
for a solution is hardly desirable. However, in some analyses, an
analyst may wish to introduce less or more numerical dissipation
and this effect can be achieved to some extent by changing the
parameter ) [10,11]. Below we refer to the scheme using
6 =1/2,a = 1/4 with any y as the “standard” Bathe method. This
procedure does not have any overshooting in displacements and
velocities, like observed with other techniques [12,13]. In Ref.
[14] the authors use the idea of two equal sub-steps, give a scheme
developed using a weighted residual formulation and compare it
with the standard Bathe method when used with y = 0.5.

Our objective in this paper is to look at the Bathe method from a
different perspective and thus be able to introduce in a novel man-
ner desired numerical amplitude decay (dissipation) and period
elongation (dispersion). We use the trapezoidal rule for the first
sub-step and instead of the 3-point Euler scheme for the second
sub-step, we use a 3-point trapezoidal rule with the parameters
B; and B,. The two parameters are like the ¢ value in the Newmark
method [15] and can be used to smoothly control the desired
numerical amplitude decay and period elongation. We refer to
the scheme as the f,/p,-Bathe method since the parameters can
be set to obtain the standard Bathe time integration procedure.
In the following we present the governing equations, give the
stability and accuracy properties when compared with other
schemes and solve some illustrative problems. We conclude that
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the j,/B,-Bathe method can be attractive when the analyst desires
to control the numerical dissipation to obtain better accuracy in a
solution.

2. The B,/p,-Bathe time integration scheme

In this section we derive the governing equations of the 3,/f,-
Bathe time integration method and study the stability and accu-
racy of the scheme. We introduce Newmark-like parameters in
the second sub-step formula of the Bathe time integration scheme
to be able to prescribe different numerical dissipation.

For the first sub-step of size YAt the trapezoidal rule is used (as
in the standard Bathe method)

t+) A[U IU + </At> (IU + [H)Atﬂ) (l)

ALY Y 4 (/At> (tU + f+«,~ArU) 2)
which gives
LAty =ty + ('))At) tU + (yAt) <tU + tH!Atﬂ) (3)

The equations of motion in linear analysis are at time ¢ + YAt
M t+~,’A[U + C tﬂrAtU + K t+}'AtU _ t+~,vAtR (4)

where U, R represent the vector of nodal displacements/rotations
and the load vector, respectively, an overdot denotes a time deriva-
tive, M is the mass matrix, C is the damping matrix and K is the
stiffness matrix.

Using Egs. (1)-(3) in Eq. (4) we obtain

f(ltwAtU _ t+"/Atﬁ] (5)

where

K, = 4 2M+ic+1( (6)
(yA) YAt

4fu4

t+“/AtR t+)A[R +M +
(7AL)? VAt

0+ tﬂ) +C(/ U+ ‘U)
(7)

For the second sub-step, instead of using the 3-point Euler
backward method, we now use the Newmark scheme for the three
time points employed and use f; and j, as the parameters for the
sub-steps [15]

ALYt 4 (PAD) ((1 - ﬂ])tﬂ+ﬁ1t+7AtU> +((1=7)Ab)
% <(1 — )T [;Zrmrﬂ) (8)

FAU = U+ (yAD) (1 - ) U+ /ﬂ”’MU> +((1=7y)At)
% ((1 _ ﬁz)t+}'AtU+ [gZHAtU) (9)

Of course, using Egs. (8) and (9) with g; = , = 1/2 we have the
trapezoidal rule, like in the Newmark method [1,15]. It is also easy
to show that with g; = 1/3, 8, = 2/3 and y = 0.5 the Bathe method
of time integration is obtained when y=0.5 [6-8,11,15], see
Appendix A. The vectors 4’0 and AU are given as

t+ALY] _; t+AL _ t
U= —aap U U (A0~ )T~ (A0,
H1=)(An(1 - ﬂz))‘“’“ﬂ] (10)

ALY — 1 —((n _ 0T _ ((n

+H(1=)(Ana - ﬂz))”th] (11)

and substituting from Eq. (11) into Eq. (10) we have

[t+AtU -~

.. 1
t+AtU — t+AtU _ [U
(B, (1 = y)At)? ( )
(A =B+ B (1 —7) g
(B,(1 = y))*At

B+ (- ﬁz)( P eoargy V(1 = /51)c|j
(B(1=7)*A CB(1-7)
B+ —ﬁz)( V) tipae
A 12

Rewriting Eq. (11)

ALY — 1 tHALEy _ t (1 _ﬂl)
U (MU -
C B+ (1= B)( =) ey,
K- 7) v (13)

Then considering the equilibrium equations at time t + At we
obtain

M A0 4+ €D 4+ KO = CAR (14)
and
RZHAIU _ t+Atﬁ2 (15)
where
K, = ! M + ! C+K (16)
2T /(1 —pAn? T B(1—pAL
t+AtR t+AtR+M< tU+V(1_ﬁ1)+ﬂ2(l_V)tU
(B,(1 (Ba(1=7))°At
B+ (1=B)(1 = V)HA[U y(1- :Bl)tU
T (Ba-y)A )
“ B+ (1-B5)(1— )))t+}‘Atu>
Br(1-7)
1 (11— ,31) VP +(1—P5)(1— )t+A[>
C y g
(ﬁz(lfﬁ/) T T Ry
(17)

The above equations are used recursively, in a standard manner
to solve for the discrete solution of the governing finite element
equations at the distinct time points At apart.

Since we introduced the parameters 8, and j3, into the Bathe
scheme we refer to the method as the f;/f,- Bathe method. We
will in this paper focus on the j,/p,- Bathe method using always
y=0.5.

As mentioned already, for B; =, = 0.5 the method corre-
sponds to the trapezoidal rule for the first and second half-steps,
and for g; = 1/3 and p, = 2/3 the procedure is the standard Bathe
method using in that method y = 0.5.

Considering the computational efficiency of the scheme, we
notice that two factorizations are needed (Eqs. (5) and (15)) and
then two forward-reductions and back-substitutions of vectors
are required for each step. However, if 8, = , = 0.5 with y = 0.5,
the coefficient matrices are the same and only one factorization
is needed as in the standard Bathe method With y=2- f 2 [15].

Furthermore, using the values g, =1 + 51— 2\, o and Ba =5 5 the
standard Bathe method is obtained for all y, see Appendlx A.It then

turns out that using the g, /f,-Bathe method with y = ]i/;zﬁ and any



M.M. Malakiyeh et al./ Computers and Structures 212 (2019) 289-298 291

B4, the coefficient matrices are the same and only one factorization
is needed.

3. Stability and accuracy of the g, /p,-Bathe scheme

We focus in this section on the stability and accuracy of the
solution scheme given above using y = 0.5.

3.1. The spectral radius, amplitude decay and period elongation

To analyze the stability, the following recursive formula can be
used:

t+Atu tu
tary | = At | 4+ LM LY (18)
t+Ati‘l til

where A, L, and L denote the approximation and load operators,
respectively and are given in Appendix B. As seen in the appendix,
Eq. (18) contains w, &, By, 5,y and At, which denote the free vibra-
tion frequency, the damping ratio, the parameters, and the time
step, respectively.

To investigate the stability of the scheme, the spectral radius
p(A) with ¢ = 0 is considered.

The analysis shows that for two regions g; € [1/3,1/2] with
B, =1-p; and B; € [1/3,00), with g, = 2, the method is uncon-
ditionally stable and gives good accuracy. Hence we focus on the
method with the parameters 8, and g, in these regions.

Comparing the performance of the scheme with the
standard Bathe method, we see that in the first region
(1 €1/3,1/2], B, =1-py),as p; isincreased from 1/3 (the stan-
dard Bathe method) to 0.5, the spectral radius p(A) increases, and
the amplitude decay and period elongation decrease, with of course
no amplitude decay at 8, = 8, = 1/2,and p(A) = 1, see Figs. 1-3.

Further, we see that in the second region
(By €[1/3,00), Py =2p4),as By is increased from 1/3, the spectral
radius p(A) decreases, and the amplitude decay and period elonga-
tion increase (when compared with the values of the standard
Bathe method with y = 0.5).

As shown in Figs. 1-3, the spectral radii, amplitude decays and
period elongations vary smoothly in all cases as the parameters f;
and p, are changed. This is an important characteristic of the
scheme. The curves also show that using the values ; = 1/3 and

= 2/3 (the standard Bathe scheme) is very reasonable (and in
some sense optimal) considering the amplitude decay and period
elongation but in particular the spectral radius. Fig. 1 shows that
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Fig. 1. Spectral radius of the ,/$,-Bathe method for various f8; and f, values.
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Fig. 3. Percentage period elongations of the j,/p,-Bathe method.

using just a small increase for g, from 1/3 to 0.37 with g, = 0.63,
results into p(A)#0.0 for large values of At/T. Hence the higher
(spurious) modes will not be eliminated as rapidly.

3.2. The B;/B,- Bathe method versus the standard Bathe method

Noh and Bathe investigated the performance of the standard
Bathe method in Ref. [11] when 7 is changed. They showed that
as 7 tends to 0 or 1, as expected, the curves of amplitude decay
and period elongation of the Bathe method approach those of the
trapezoidal rule. We compare in Figs. 4-6, the current scheme with
the results given in Ref. [11]. The figures show that in both
approaches the spectral radius can be increased or decreased for
values of At/T, of course always p(A) < 1.0, and the amplitude
decay can be made very large. As expected, using y = 0.99 in the
standard Bathe method gives in essence the performance of the
trapezoidal rule for At, but in the Bathe method computations for
the two sub-steps are used. This is clearly inefficient. On the other
hand, with g; = 8, = 1/2 and y = 0.5, we use the trapezoidal rule
for each of the sub-steps and obtain more accuracy per time step.
Hence this approach is clearly preferable.

3.3. Analysis of possible overshooting

Overshooting is defined as predicting in the first time steps a
larger response than given by the exact response when these steps
are large with respect to the smallest period in the finite element
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Fig. 4. Spectral radii of 8, /p,-Bathe method and standard Bathe method.
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Fig. 6. Percentage period elongation of f;/f,-Bathe method and standard Bathe
method.

equations. Overshooting, which is unphysical, can be seen in some
methods even though these schemes are unconditionally stable.

To measure a possible overshooting, we consider the response
of a single degree of freedom system and calculate the energy
norm

En = |, )7 = (()” + 0(un)”) /2 (19)

—(3,=05, B,=1-B,) (
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(

-100

0 5 10 15 20 25 30 35 40
n-th time-step

Fig. 7. Energy response of f3; /f,-Bathe method.
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Fig. 8. Comparisons of energy overshoots for various methods.

where u, and i, are the predicted displacement and velocity at time
nAt. We use the initial conditions °u =1.0, % =0.0 and use
(¥) =10

The predicted normalized energy at the time step n is
En (i) + @?(uy)?

Eo (ito)” + ?(up)? 20

We aim to have log(E,/Eo) < 0, as seen for the Bathe schemes,
see Fig. 7.

We compare in Fig. 8, the overshooting of some methods and
see that the 3-parameter and Newmark methods show overshoot-
ing for the parameters used.

4. llustrative example solutions

We give in this section some solutions that illustrate the prop-
erties of the solution schemes.

4.1. Single degree of freedom system

We consider the free vibration solution of a standard single
degree of freedom system without physical damping
i(t)+4u(t)=0, u0)=1, u0)=0 (21)

This is a very simple problem to solve and we include it only to
highlight some of the observations made already. We use the time
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Fig. 9. Displacement response of single degree of freedom system.
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Fig. 10. Section A-A of Fig. 9.

step At = 0.3 and compare the analytical solution with the numer-
ical solutions obtained when using the B;/8,-Bathe method, the
trapezoidal rule and the standard Bathe method.

Figs. 9 and 10 show that, as expected, the solution using the
trapezoidal rule with half the time step size is equal to the solution
using the B, /8,-Bathe method with g; = 0.5 and f, = 0.5. Of course,
the solution expense is about the same (see Eqs. (1)-(17)). We also
see that the solution using the standard Bathe method with
y =0.99 is close to the response obtained using the trapezoidal
rule with At = 0.3 (but of course the solution with the Bathe
method is twice as expensive), and the prediction using the stan-
dard Bathe method with y = 0.5 is more accurate than when using
y = 0.99.

Hence these results show that using the 8, /p,-Bathe method to
adjust the numerical dissipation can be more effective than chang-
ing the value of y in the standard scheme.

4.2. A clamped-free bar excited by end load
In this example we consider a clamped bar excited by a step end

load (see Fig. 11) [16]. For a model consisting of N finite elements
of equal length ¢ = L/N the mass and stiffness matrices are

———> x, u

L 0 -1 1 Jyn

-O 1-NXN

The material and geometrical properties are E =30 x 10°,
p =0.00073, A=1, and L=200. We assume that no physical
damping is present. The applied end load is F(t)=10,000. In our
solution we use N = 1000.

Figs. 12-22 give the predicted response using the 3-parameter
method, the standard Bathe method (in which always the

—>F®

- L

v

Fig. 11. A clamped-free bar excited by end load.
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Fig. 12. Velocity of node 500, 3-parameter method.
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Fig. 13. Displacement of node 700, 3-parameter method.
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Fig. 15. Velocity of node 500, standard Bathe method.
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Fig. 16. Displacement of node 700, standard Bathe method.
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Fig. 17. Velocity of node 700, standard Bathe method.
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Fig. 22. Section CC and section DD of Fig. 21.

trapezoidal rule is used for the first sub-step), and the g, /3,-Bathe
method (always using y = 0.5). The values of the other parameters
used are given in the figures. The time step employed to obtain the
results is

At = (9.88 x 10*7) x CFL

As previously determined, the standard Bathe method with
7 = 0.5 can give the most accurate response in finite element solu-
tions when CFL=1.0 [17,18].

In each case we give the predicted velocity at node 500 (at
x =100) and the predicted displacement and velocity at node 700
(at x = 140). The results show that the displacement at node 700
is accurately predicted using any of the methods but the velocity
predictions contain some oscillations. The velocity results obtained
using the f;/f,-Bathe method with the values of the parameters
given are clearly more accurate, indeed remarkably accurate for
the use of an implicit integration scheme.

However, it should be noted that to obtain these accurate
results requires the selection of “good” values for the g, and B,
parameters and this may require some numerical experimentation.
In this problem solution, the choice of parameter values should
yield no oscillations in the response (as for example seen for the
velocity predictions using the standard Bathe method) which helps
to choose effective parameter values.

5. Concluding remarks

We revisited in this paper the Bathe implicit time integration
procedure with the objective to be able to introduce a desired
numerical dissipation. In general, the standard Bathe scheme is
used with three parameter values that are set and effective in
many applications, and in industry will likely not be changed.
These parameters are 6 = 0.5, o = 1/4 in the Newmark method
to have the trapezoidal rule in the first sub-step, and the time step
splitting ratio y = 0.5 to split the complete time step into two sub-
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steps. The effect of using other values for ) to introduce different
numerical dissipation than used in the standard scheme was previ-
ously studied [11].

In this paper we used for the second sub-step the usual New-
mark approximation (given as ¢ in Ref. [15]) twice for each sub-
step and thus introduced the two parameters ; and j3, to obtain
the p;/p,-Bathe method. While the sub-steps can be of different
size, we focused in our analysis and use of the method on equal size
sub-steps, i.e. 7 = 0.5. With 1 = 1/3 and p» = 2/3, the method is then
the standard Bathe method and with g; = 0.5 and j3, = 0.5 the trape-
zoidal rule is also used for the second sub-step. Of course, with the
use of the trapezoidal rule for each of the two sub-steps, no ampli-
tude decay occurs over the complete step and the numerical errors
are as in the single step trapezoidal rule applied to each sub-step.

We observed that using p; = 1/3 and g, = 2/3 (giving the stan-
dard Bathe method) is reasonable and in some sense optimal
because for these values the spectral radius stays equal to 1.0 as
At/T increases until the largest value of At/T is reached for which
thereafter the spectral radius rapidly decreases to zero. This prop-
erty results into best overall accuracy in the integration of the low-
est modes and a rapid suppression of spurious response in the
higher modes of the finite element system.

However, with the approach of using the B;, 8, parameters, if so
desired, an analyst can change the values of the parameters and
can introduce a desired numerical amplitude decay with an
associated period elongation. Using always y = 0.5, more or less
numerical dissipation than employed in the standard Bathe
method can be introduced. An important observation is that the
amount of numerical dissipation changes smoothly from zero to
very large as the parameters are changed. The corresponding
period elongation also changes smoothly. As shown in the paper,
this approach can be more effective than changing y in the stan-
dard Bathe method.

We studied the use of the ;, f» parameters and showed that
employing the f,/B,-Bathe method can yield accurate solutions
of dynamic problems that can be difficult to reach. Hence the
B1/B,-Bathe method can be of value when an analyst desires to
change the dissipation in the standard Bathe scheme. However,
to obtain the most accurate response for a given problem solution
will probably require some numerical experimentation.

Since we have only used y = 0.5 with nonstandard values for g,
and $,, a further study could be performed to see how a change of y
will affect the response when the parameters 8, and j3, take on dif-
ferent values.

Appendix A. Proof that the values §; = 1 + 5'5;and §, = ;' give
the standard Bathe scheme

Using B, :1+ﬁ and B, :2%/, in Egs. (10) and (11), we
obtain
cagy 2 =) (eanyop 1 ] 1 ALY
U_—(l_mt( U U)+2(y_])(U+ ) (23)
cargy 2 =) any e 1 ] L CHYALY]
U= a (U U)+2(y_l)<U+ u) (24)
and Egs. (1) and (2) are
. . 2 L
t t+pAty T _ ATt
(U+ U)_<Mt>( U U) (25)
(rUJrH«;Arl'J) _ i (t+yAtU7tu) (26)
YAt

Using Eq. (25) in Eq. (23) and Eq. (26) in Eq. (24), we have

eraeyy _ (L= eyy 1 t+ALY) (2=7) ay

U="a Yaoopar U ta—par @7
craepy . (1=7)¢ _ 1 )AL (2=7) tar

U= Yaopar  Uta e Y (5)

These are the equations used in the second sub-step in the stan-
dard Bathe method.

Appendix B. The approximation and load operators of the g, /f,-
Bathe method

[+A[u tu
[+A[u :A tu +LZ+')’Atr+LH~Atr (29)
t+Atu tu
where
ayp 4 ag3 L Iy
A= |ay ap ap|, Li=<L,, Ll (30)
a3 a3 ds3 I ls
_ (yAD)
g = 5
@ =az,
a; = 2(10
0 — 1
P B —))AC
a, = a,

a YA =B+ (1 —-7)
5= 2
(B2(1 =) At
R (B )
6= 3 ,
(B2(1 —y)) At

H

o _11=F)
Bo(1 =)’
g = B+ (=)0 -7)
B2(1=7)

D= (1+2¢wao + wzal)’l,

Dy = (a4 + 2éwas + ?) "'

b] = —D(Dz,

b, = D(-2¢w — wa),

b; = D(—2¢wao — w*ay)

bs = aob,

b5 =1+ a0b2

bs = ap + aobs

ay = D1 (a4 —+ 25(1)(13 + b4(as + 26(1)03) + b]ﬂs)
a2 = Dy(as + 2&wa; + bs(ag + 2¢wasg) + byas)
a13 = Dy(az + bs(as + 2¢mag) + bzas),

Gy = 1103 — A3 — byl

(y; = 1203 — A7 — bsag

a3 = 4303 — beas,

a3 = ;a3 — byag

(3 = Axa3 — a3 — byag

(33 = G303 — a7 — b3ag

l] = D]D(ao(ae + 250)(18) + ag)
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15 = a3D1
ls = a%Dl



298 M.M. Malakiyeh et al./ Computers and Structures 212 (2019) 289-298

References

[1] Newmark NM. A method of computation for structural dynamics. ] Eng Mec
Div, ASCE 1959;85(3):67-94.

[2] Wilson EL, Farhoomand I, Bathe KJ. Nonlinear dynamic analysis of complex
structures. Int ] Earthquake Eng Struct Dyn 1973;1:241-52.

[3] Hilber HM, Hughes TJR, Taylor RL. Improved numerical dissipation for time
integration algorithms in structural mechanics. Earthquake Eng Struct Dyn
1977;5(3):283-92.

[4] Shao HP, Cai CW. The direct integration three-parameters optimal schemes for
structural dynamics. Proceedings of the international conference: Machine
dynamics and engineering applications. Xi'an Jiaotong University Press; 1988.
C16-C20.

[5] Chung ], Hulbert GM. A time integration algorithm for structural dynamics
with improved numerical dissipation: the generalized alpha method. ] Appl
Mech Trans ASME 1993;60:371-5.

[6] Bathe KJ, Baig MMI. On a composite implicit time integration procedure for
nonlinear dynamics. Comput Struct 2005;83:2513-34.

[7] Bathe K]J. Conserving energy and momentum in nonlinear dynamics: a simple
implicit time integration scheme. Comput Struct 2007;85:437-45.

[8] Bathe KJ, Noh G. Insight into an implicit time integration scheme for structural
dynamics. Comput Struct 2012;98:1-6.

[9] Zhang ], LiuY, Liu D. Accuracy of a composite implicit time integration scheme
for structural dynamics. Int ] Numer Meth Eng 2017;109:368-406.

[10] Bathe K]. Frontiers in Finite Element Procedures & Applications, Chapter 1. In:
Topping BHV, Ivanyi P, editors. Computational Methods for Engineering
Technology. Stirlingshire, Scotland: Saxe-Coburg Publications; 2014.

[11] Noh G, Bathe K]. Further insights into an implicit time integration scheme for
structural dynamics. Comput Struct 2018;202:15-24.

[12] Zhou Z, Tamma KK. Design, analysis, and synthesis of generalized single step
single solve and optimal algorithms for structural dynamics. Int ] Numer Meth
Eng 2004;59:597-668.

[13] Benitez JM, Monténs FJ. The value of numerical amplification matrices in time
integration methods. Comput Struct 2013;128:243-50.

[14] Kim W, Choi SY. An improved implicit time integration algorithm: The
generalized composite time integration algorithm. Comput Struct
2018;196:341-54.

[15] Bathe K]. Finite element procedures. 2nd ed. Watertown, MA: Higher
Education Press China; 2016.

[16] Geradin M, Rixen DJ. Mechanical vibrations: theory and application to
structural dynamics. John Wiley & Sons; 2015.

[17] Payen DJ, Bathe KJ. A stress improvement procedure. Comput Struct
2012;112-113:311-26.

[18] Noh G, Ham S, Bathe K]. Performance of an implicit time integration scheme in
the analysis of wave propagations. Comput Struct 2013;123:93-105.


http://refhub.elsevier.com/S0045-7949(18)31004-6/h0005
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0005
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0010
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0010
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0015
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0015
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0015
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0020
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0020
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0020
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0020
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0025
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0025
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0025
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0030
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0030
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0035
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0035
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0040
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0040
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0045
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0045
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0050
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0050
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0050
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0055
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0055
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0060
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0060
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0060
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0065
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0065
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0070
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0070
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0070
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0075
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0075
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0080
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0080
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0085
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0085
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0090
http://refhub.elsevier.com/S0045-7949(18)31004-6/h0090

	The Bathe time integration method revisited for prescribing desired numerical dissipation
	1 Introduction
	2 The [$]{\beta}_{1}/{\beta}_{2}[$]‐Bathe time integration scheme
	3 Stability and accuracy of the [$]{\beta}_{1}/{\beta}_{2}[$]‐Bathe scheme
	3.1 The spectral radius, amplitude decay and period elongation
	3.2 The [$]{\beta}_{1}/{\beta}_{2}[$]‐ Bathe method versus the standard Bathe method
	3.3 Analysis of possible overshooting

	4 Illustrative example solutions
	4.1 Single degree of freedom system
	4.2 A clamped-free bar excited by end load

	5 Concluding remarks
	Appendix A Proof&blank;that the values [$]{\beta}_{1}=1+ {{1}\over{2 \gamma \left( \gamma -2\right)}} [$] and [$]{\beta}_{2}= {{1}\over{2- \gamma}} [$] give the standard Bathe scheme
	Appendix B The approximation and load operators of the [$]{\beta}_{1}/{\beta}_{2}[$]‐Bathe method
	References


