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This paper presents a mixed time finite element method for vibration response analysis.
The underlying variational formulation is developed from the principle of virtual work.
Conventional spatial discretization techniques are adopted. Time discretization is
implemented by using mixed time finite elements. The proposed formulation not only forms
a unified variational basis for spatial and temporal discretization; it also derives many other
robust time step integration algorithms. Unconditionally stable and high order accurate
algorithms with variable numerical dissipation can be constructed systematically.
Moreover, the proposed formulations can be used to solve linear as well as non-linear
problems. The accuracy and stability of the derived algorithms are presented.
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1. INTRODUCTION

Recently there has been a lot of interest in the development of time finite elements. There
are several attributes in this approach. First, it presents a unified scheme for space—time
domain problems. Second, the mature approaches of the conventional spatial finite
elements can be readily extended to space—time finite elements. Third, the approach could
be applied to the energy directly as well as the governing differential equations. The general
framework could cover temporal boundary value problems (e.g. periodic problems,
optimal control problems etc.) as well as initial value problems. It turns out to be a robust
tool for dynamics.

Early work on variational space-time finite element method can be found in [1-3]. The
work was based on the direct numerical application of Hamilton’s principle. Bailey [4, 5]
proposed a direct numerical solution algorithm using the more general Hamilton’s law of
varying action. The work was then extended by many others. A comprehensive review can
be found in [6].

Though the concept of finite elements in the time domain was proposed in the late sixties,
for a long time it has not appeared to have significant advantages over other numerical
integration schemes. The general perception of the time domain finite elements was
therefore one where numerical divergence and instability were frequently encountered.

Recently, Borri et al. [7, 8] re-treated the tailing term and introduced a modified energy
functional to the Hamilton’s law. Apart from the inherent merits of the finite element
method, time marching algorithms based on the hybrid or mixed time finite element
formulation of Hamilton’s law were shown to be competitive with the conventional time
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marching schemes. On the other hand, it is also noted that the time-discontinuous Galerkin
method is a powerful time finite element method [9, 10]. The method has been extended
to tackle many other dynamic problems [11, 12].

1.1. OUTLINE OF THIS PAPER

In this paper, a mixed time finite element method is presented for vibration response
analysis. The underlying variational formulation is developed from the principle of virtual
work. Conventional spatial discretization techniques are adopted. Time discretization is
implemented by the mixed time finite elements. The formulation yields a set of
unconditionally stable high-order-accurate algorithms with variable algorithmic damping.
Many existing time finite elements are re-derived as special cases. The accuracy and
stability of the derived algorithms are analysed. Several illustrative examples are given.

2. VARIATIONAL FORMULATION

For a general linear or nonlinear structural dynamic system, the principle of virtual
displacement can be written as

J 0eTo dQ — W + J uoq’q dQ + f p0q"§ dQ =0, (1)
Q Q

Q

where ¢, ¢, § denote the displacement, velocity and acceleration of a structure point
respectively; ¢ = (q1, 2, ¢3), ¢. = q: (x, ¥, z, 1), (i = 1, 2, 3); Q, p, u represent volume, mass
density and viscosity density of an undeformed body respectively; W.,, is the work done
by external loads; the 6 symbol denotes virtual quantities; ¢ is the second Piola—Kirchhoff
stress vector; ¢ is the Green—Lagrangian strain vector and can be defined as

ej=¢5 + e =5(q,+ q.) + 1 4k qe» 2

where i, j, k can each take integer values of 1, 2, 3 (representing the x, y and z coordinate
axes respectively), the commas denote partial derivatives with respect to the initial
configuration.

Integrating equation (1) over a time interval from ¢, and ¢, and applying integration by
parts of the last term,

J J&Ta de dt—J SW.., dt—i—J Jﬂ(sqrq do dt—J Jpéq'Tq' dQ de
1) JQ 1) ty JQ 1) JOQ

+ U poq'q dQJ =0, 3)
Q

which can be re-written as

—(5] jV(q)det—i—j 5Wex1dt—J j,uéqTq'det—i—éj JT(q,q')det
ty JQ to ty JQ ty JQ

- U poq’q dQ} =0, 4
o] o
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where ¥V and T denote the stored stain energy density and the kinetic energy density
respectively.

If 6q(t;) = 0q(t;) = 0 and u = 0, equation (4) is equivalent to Hamilton’s principle for
continuous media (e.g. [13]). Hamilton’s principle can be modified to a multi-field form
via Lagrangian multiplier method. In these mixed formulations, ¢, ¢, p, o, € (p = pq) can
be chosen as independent variables. These mixed formulations have been applied to tackle
eigenvalue problems. However, it is found to be more efficient and flexible to tackle initial
value problems by Hamilton’s law using a two-field (¢ and p) mixed form.

In order to cast the Hamilton’s law into the Hamiltonian framework, the usual canonical
transformation can be used (e.g. [13]). Let

L(q,.4)=V(g) — T(q,9) =p4— H(q, p), ®)

where L is the Lagrange density function; p = p§ is the momentum density;
H(q, p) = p*/2p) + V(q) is the Hamiltonian density. Substituting equation (5) into
equation (4) yields the following canonical form (cf. [14])

1) 2 ) 1)
0 J f <th1‘ - V(q)> dQdr + J oW, dt — J J (")5qu dQ dr
 Jo 2p X o Jo \P
- U oq'p dﬂ} =0, (6)
Q to

where ¢, p are independent variables. Equation (6) can also be derived from equation (4)
directly by using the Lagrange multiplier method.

3. MIXED TIME FINITE ELEMENT FORMULATIONS

There are two main approaches to the implementation of space—time finite elements to
solve structural dynamic problems. The first one is to discretize the spatial domain first.
The original partial differential equations are transformed into a system of ordinary
differential equations in time. The resultant system is then discretized by means of time
finite elements. It is a decoupled method.

The second method is to discretize the spatial and temporal variables simultaneously.
Usually, the interpolation functions are in a tensor product form based on the Lagrangian
functions. This results in a regular space—time finite elements. Irregular space—time finite
elements are in general not required for conventional structural dynamic problems.
However, irregular space—time finite elements are useful in some special cases, such as
impulsive loading problems [15], adaptive mesh refinement in contact dynamic problems
[16], deployment problems as well as robotics problems [14].

Even though it is believed that decoupling the space and time domains may result in
severe limitations to simulate the actual physical process accurately [17], if tensor
product-type shape functions or rectangular elements are used, the second approach can
be shown to be equivalent to the first approach [18]. In this paper, the space and time
domains are decoupled. The formulation, however, can be extended to distorted elements
in the space—time domain. This work will be reported in subsequent papers.

There are also two schemes to implement the time finite elements for initial value
problems. One is to couple all the time finite element equations together and to solve the
assembled equations for all time finite elements simultaneously. The procedure is similar
to solving boundary value problems. The other scheme is to solve the equations of one
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element or one layer of elements at a time in a sequential manner. The procedure is similar
to a time-marching scheme. The results at the final time become the initial value of the
next time level. The drawback of the first approach is that it would involve too many
simultaneous variables. For problems with very sparse matrices, efficient computational
algorithms are available [14, 19, 20]. Besides, by treating the Lagrange multipliers as a
natural by-product of the mixed method, a coupled mesh can be solved a layer at a time
[21]. However, it is found that the time-marching schemes are still very commonly used
in practice.

Assume equation (6) is implemented on a space—time finite element mesh organized into
space-time “‘slabs” §, = Q x I,, where Q is the underlying spatial domain and I, = [t, _,, ,]
is a time interval corresponding to a partition of the time domain I=]0, T7:
0=t<t < <ty=T. Complying with the conventional finite element discretization
technique, the variables and variations are expressed as

q=Nj= NQ®u, g = Nbdu, P = Np=NOv,
dqg = NoG = N®6u, op = Nop = N®ov, (7

where the nodal vectors are

6T={q”1,éz,..~,q”m}, ﬁr={[51,152,~~.,[51v\}, uT={u1,u2,...,uN‘,},
v ={v,0,...,0n},
lliT = {ui(), Uity « o oy uik}: viT = {UiOa Vity o v vy Uf"}a 5”T = {5”1, 5”2, R 5”"\3}’
Sv” = {ovy, O, . . ., Svy, ], oul = {ouy, dua, . . ., Suy},
ovl = {dvi, dvi, ..., Ov}; ®)
N is the shape function matrix in the spatial dimensions with nodes p;, ¢ (i = 1, 2, ..., N,);
@ is the shape function matrix in the time dimension with nodes u;, v; i=1,2,..., N, ;
j=0,1,...,k); ®is the shape function matrix in the time dimension with nodes du;, ov;
(i=1,2,...,N,;j=0,1,...,0]). It is noted that in the present formulation both p and

q are treated as independent variables. Hence the same shape functions can be used for
p and ¢ to maintain symmetry.

Different choices of & and @& could yield different algorithms, ranging from
non-dissipative to dissipative. This will be presented in the next few sections. In the
following, non-linear problems are discussed.

3.1. NONLINEAR PROBLEMS

Since
oel = 5qr<22>r’ 5Wm = 5qTLa L= Nd)F’ (9)

where L is the load which can be discretized via /N and @; F is the corresponding nodal
load vector. Substituting equations (7)—(9) into equation (6) and considering the time
interval I,, one has

t . T -
j f {5vT(§TNTN¢u + ou""N"Ndv — 5qT<SZ> o(e) + ou"®"N'"NOF
a1 JQ
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'It

0

— % Su"®"N" Ny — /‘)5v<5TNTN<pv} dQ dr + [ f

Q

Su®"N"Ndv dQ}

th—1

(10)

where the non-linearity of materials and geometry enter through

_ ty , % T
R—ﬁlLéq <6q o dQ dt. an

For convenience, re-cast equation (11) as

R= J " 5§"R(G) dt. (12)

which is a nonlinear function §. For nonlinear ‘“‘rate-type’ viscoelastic materials, R may
also be a function of momentum (velocity).

Because R is a nonlinear function of the current displacements, the conventional
equilibrium iteration procedure should be used to solve the nonlinear equations. For this
purpose two approaches are usually used: the tangent stiffness method and the pseudo-load
method [22, 23]. The tangent stiffness method is considered to be more stable and is widely
used. The pseudo-load method has the advantage that the effective stiffness matrix is
formulated only once for constant time step and can be used repeatedly for the entire
analysis. This makes the method extremely efficient in computation. In the pseudo-load
method, R can be divided into linear and nonlinear parts as

R(G) = K§ — R(@). (13)

where K can be the linear part of the stiffness or the average stiffness over the range of
expected displacement. R(§) denotes the pseudo-load, which will be predicted and then
corrected in successive iterations so as to maintain dynamic equilibrium. Let

szNTNdQ, MzJ;NTNdQ, C:jZNTNdQ, R(§) = oF. (14)
Q Q

Q

Substituting equations (12)—(14) into equation (10), one has

J" #7Dé dr —j" FTM dt u
—J" Ko dt f (&'Dd — $7CP) di v
0 0 . 5
- J d7oFdr [ T J dpoFdr [ T S Dow o )

Equation (15) is the governing equation for time marching and can be solved iteratively.
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If the structural system is semi-discretized by the conventional finite element method, and
P = Mg, it can be verified that equation (15) can be written as

—J" BTMP dt —j" "M dt u
-~ J 7K dt J (B"M® — $7C) dt v
0 0 . .
= J oFdr [ T J pordt [ T ) épaal |, 0 19

where M, K, C are the usual mass, stiffness and damping matrices respectively. Hence the
discretization in the space domain of the proposed formulation is consistent with the
conventional semi-discretized formulations.

4. DEVELOPMENT OF TIME FINITE ELEMENTS

Based on equation (15), three kinds of time finite elements are developed.

4.1. NON-DISSIPATIVE TIME FINITE ELEMENTS

For convenience, consider a single-degree-of-freedom system. The results are known to
be valid for the original multi-degree-of-freedom system. For the unforced and undamped
case, equation (16) yields the following equations

j" SPT dt —f" m-\@PT dt
th—1 th—1 ko

= ) (17)
— J " k@7 de J o7 dt v v

where uf = {0,...,0}, v ={—05,0,...,0¢}. If ® and & are the kth and (k — 1)th order
Lagrange polynomials respectively, it can be shown that equation (17) yields a set of
unconditionally stable, non-dissipative algorithms [24]. Some simple cases are given as
below:

Second-order-accurate time finite element (ND2)
If the test function is constant @ = {1} and the trial functions are linear ®" = {1 — 7, 7},
where 1= (t — t,_1)/(t, — t,_1) €[0, 1], the derived algorithm is second-order-accurate.

Fourth-order-accurate time finite element (ND4)

If the test functions are linear &" = {1 — 1, t} and the trial functions are parabolic
@' ={(1-21)(1—1),4t(1 —1),7(21 — 1)}, the derived algorithm is fourth-order-
accurate.
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Sixth-order-accurate time finite element (NDG6)

If the test functions are parabolic &" = {(1 —21) (1 — 1), 4t(1 — 1), t(2t — 1)} and
the trial functions are cubic @' = {9(1/3 — 1) (2/37) (1 — 1)/2, 27:(1 — 1) (2/3 — 1),
27t(1/3 — 1) (1 — 1)/2, 9t(1/3 — 1) (2/3 — 1)/2}, the derived algorithm is sixth-order-
accurate.

It is noted that the above algorithms are equivalent to the non-dissipative algorithms
given by Borri et al. [7, 8], in which either reduced integration of bi-discontinuous form
is used. In the actual implementation, the original space—time formulation equation (15)
can be used via the present time interpolation, without using equations (16) and (17).

4.2. DISSIPATION-CONTROLLABLE TIME FINITE ELEMENTS
Integrating equation (6) by parts, one has

J" f<pTéq—5ﬁTq—pip—5V(q)) dQ dt+f" oW, dt
1 JQ -1

— J J <Z>5qu dQ dr + U (op'q — q'p) dQ} T =0 (19
1 JQ Q th— 1

It is noted that in equation (18) the variables p and ¢ have no continuity requirements (C~'
continuity); whereas the variations dp and d¢q have to be continuous at the boundaries and
piece-wise differentiable in the time domain (C° continuity). Assume that & admits
discontinuous piece-wise (C~' continuity) Lagrange polynomials which interpolate £ nodes
while & admits continuous (C° continuity) Lagrange polynomials which interpolate k — 1
nodes. Equation (18) becomes:

B ’II . tﬂ 7
J SPT dr J m~'oPT dt
u Uy
-1 th 1
= , (19)
’Il ~ T 'Il 71 ~ T v vO
— koo™ dt m~'oPT dt
th—1 th—1 a
where wj = {—uy, 0,...,u}, v ={—00,0,...,0:}. By choosing the interpolation

functions properly, it can be shown that equation (19) could yield unconditionally stable,
dissipative algorithms [24].

First/second-order-accurate time finite element (DC12)

Assume that the test function is constant ¢" = {1} and the trial functions are {1, f; ()}
where fi (1) =1 —1/o0if0 <1< oand 0if 1 = v > o. It can be seen that the trial functions
vary linearly from 7 = 0 to t = ¢ and then maintain a constant value when 1 > 7 > ¢. In
other words, the trial functions are continuous and not differentiable only at t = ¢. It can
be shown that the dissipative algorithms with first-order-accurate to second-order-accurate
can be obtained from equation (19). Various numerical dissipation can be obtained by
adjusting o.

Consider the limiting case when ¢ —0. The trial functions would be constant within the
time interval but the nodal value may have a different value, i.e. ¢(0) and ¢(0*) may be
different. Equation (19) yields an algorithm equivalent to the first-order-accurate
asymptotic annihilating algorithm [11, 12, 25]. When ¢ = 1, equation (19) leads to a
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second-order-accurate non-dissipative algorithm [26-28]. Other dissipative algorithms can
be obtained by varying o.

It may seem that the “first/second-order-accurate elements’ are not appropriate because
the trial functions are not differentiable at 1 = ¢. However, they are admissible since the
derivatives of the trial functions are not required in the basic formulation in equation (19).

Third|fourth-order-accurate time finite element (DC34)

Assume that the test functions are linear & = {1 — 7, t} and the trial functions are given
by{1, fi (), f> (t)} where f, (t) is the function defined previously and /> (r) =0if 0 <t <o
and (t — 0)/(1 —a) if 1 = © > a. It can be seen that the trial functions vary linearly from
0 to o and ¢ to 1, with a possible kink at 1 = ¢. In other words, the trial functions are
continuous and not differentiable only at t = ¢. It can be shown that dissipative algorithms
with third and fourth-order-accurate can be obtained from equation (19).

Consider the limiting case when ¢ —0. Equation (19) yields an algorithm equivalent to
the third-order-accurate asymptotic annihilating algorithm [11, 12, 25]. When ¢ = 0-5,
equation (19) leads to a fourth-order-accurate non-dissipative algorithm [26-28].

4.3. EXTRAPOLATED TIME FINITE ELEMENTS

The extrapolated time finite elements can be obtained by using equation (7) and
assuming @ = @. Equation (15) yields

J" O'DP dr J STMP dt ;
—J" K dr J (6'DD — &'CP) dt v
-1 1
0 0 .
_ "o b n )
£] ®7OF dt f ®TDOF dt oo ] |

If the structural system is spatially semi-discretized according to the conventional finite
element method and p = M§, equation (20) leads to

—J" HTMP dt —j" OTM® dt

—J" KD dt J (6"MP — d'CP) dr

—1

0 0
@D

i1

= Jqﬁnpm * —J o poFdt [ 7| srpaa
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where M, K, C are the conventional mass, stiffness, damping matrices respectively. Both
equations (20) and (21) can be extrapolated in the time domain. For simplicity, assume
that both the test and trial functions are linear = & = {1 — 1, }. Based on equation (20)
or (21) with time step A4¢, the initial value of the (n-1)th slab §,_,
"o’ = {uy, o, ..., Uno}, "6V = {0, V20, ..., Uyo} can be used to obtain the initial
value of the nth slab §,. In using the extrapolated time finite elements, the initial value
of the nth slab S, can be obtained by evaulating the responses at f5; At from the (n — 1)th
slab S,_, and summing them up using various weighting factors «;. The extrapolation
parameters o; and f; are chosen so that the resultant algorithms are higher order accurate
and stable. The extrapolation parameters are given as follows [24, 29].

Second-order-accurate parameters (EX?2)

w=—1/3, =0, =43, p =34 (22)

Third-order-accurate parameters (EX3)

14— 6p, + 3

w=—opopo1 P=0 (23a)
1645 — 144 + 1086, — 27 321
N=3 R D SE - 12kh+3) P T2ap—3 (23b)
0= —ypem —312132 — B > 3/4 (23¢c)
Fourth-order-accurate parameters (EX4)
LGB (960 o+ 36) (B4 )+ A+ ) £ 10SB pi kO
) Bs B (165 s — 8P: — 8f: + 3) :
_ 64 (8f2 B — 6B, — 6f5 + 3)*
=3 (16B: B — 8B — 8B + IG(Br. )G (o Bo) (240)
3 (68— 125, +3)
%= 4B (B — PG (B ) (24¢)
3 (168 — 128+ 3)
= 4B, (Br— B)G (B ) (24d)
fo=0 (24¢)
3168, f— 8f — 88+ 3
Br= 888 b —6p — 6B + 3 (240)

where G(x, y) = —96xy + 64)°x — 48y? + 48y + 24x — 9. The parameters 3, and f3; can
be chosen from Figure 1.
The extrapolation algorithm can be summarized as follows [29]: let

n—1 n
oll ol
D, o ={"(1Jv}> X":{ﬁ'v}'

X, is the result to be obtained from X, _; via equation (21) with 4¢. Suppose X, is the result
obtained from X, _, via equation (21) with A¢; = 5, At(i =0, 1,...,s — 1). Then X, is given
by
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Xn = Z OC/' Xni~ (25)

5. STABILITY AND ACCURACY CHARACTERISTICS

Equations (15) and (16) are recursive. The characteristics of the algorithms can be
assessed by studying the numerical amplification matrices. In general, the stability of mixed
finite elements in space and time cannot be proved except for very special cases [30]. In
the following, only the stability and accuracy characteristics for linear problems are
considered.

Furthermore, since a multi-degree-of-freedom system can be decomposed into a set of
single-degree-of-freedom systems, it has been rigorously established that the entire coupled
system reduces to the consideration of the individual modal equation (e.g. [31]). Thus the
analysis can be done on a single-degree-of-freedom system but the conclusions are valid
for the original multi-degree-of-freedom system.

The characteristics of an algorithm can be measured by accuracy and convergence.

5.1. ACCURACY

Numerical approximations in the time domain normally result in period error and
amplitude error. It is a common practice to separate the errors of the numerical solution
into amplitude error and phase error. The former is specified as dissipation and the later
is specified as dispersion. The measures of numerical dissipation and dispersion are
normally in terms of algorithmic damping ratio and relative period error respectively.
Based on a scalar model, the error information can be obtained by comparing the
numerical solutions to the analytical solutions.

5.2. CONVERGENCE
The convergence of a numerical formulation requires consistency and stability.
Consistency can be determined from the truncation error. An algorithm is consistent if the

oﬁ?’

. =075 B=06
B,=1.0 Stable
F(B,.B3) =0 F(B,.B;) =0
f t 0 T 1p,
s 2 L Unstable i
B,=0.6
""""""" 1+
24 : S
* Stable
F(B,.B;) =0 . .
_3d

Figure 1. Stable and unstable regions for the fourth order accurate formulation.
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order of accuracy is greater than zero. The stability can be determined from the magnitude
of the eigenvalues of the numerical amplification matrix. The stability condition is that the
modulus of all the eigenvalues should be less than or equal to unity. Moreover, an
algorithm with no time step restriction imposed by stability is called unconditionally stable.

Based on the above observation, it is more convenient and sufficient for the purpose of
investigating the characteristics of the proposed time finite elements to consider a
single-degree-of-freedom system with mass m and spring stiffness & only. The Hamiltonian
of the system can be written as H = p?/(2m) + kq*/2, where ¢ and p = mqg are the
displacement and momentum of the system respectively. The resultant recursive relation
are

Xn = AXn -1 (26)

n—1 n
ol ol
Xn_lz{”(l)v}’ Xn:{gv}y

A is the numerical amplification matrix. The corresponding numerical amplification
matrices for various algorithms are:

where

ND2
4 — (wAt)? 4 At
4 + (wAt) m(4 + (wat)?)
ND2 = ) 27
—4dmo(wAdAt) 4 — (wAt)
4 + (wAt)? 4 + (wAt)?
ND4
144 — 60(wAt)* + (wAt) 144wAt — 12(wAt)’
144 + 12(wdt)* + (wdt)* mw(144 + 12(wdt)* + (wdt)*)
Avos = mw(12(wdt)* — 144w At) 144 — 60(wAt)* + (wdt)* ’ (28)
144 + 12(wdt)* + (wdt)* 144 + 12(wA1)* + (wAt)*
ND6
14 400 — 6480(wAt)* + 264(wAt)* — (wAt)° 14 400w A4t — 1680(wAt)® + 264(wAt)?
14 400 + 720(wAt)* + 24(wA1)* + (wAt)® m(14 400 4+ 720(wA41)* + 24(wA1)* + (w41)°)
Ao = — mo(14 400(wAt) — 1680(wA1) + 264(wAr)’) 14400 — 6480(w A1) + 264(wAt)t — (wAt)’
L 14 400 + 720(wAt)* + 24(wAt)* + (w41)° 14 400 + 720(wAt)* + 24(wAt)* + (wA1)°
(29)
DC12
4— 2 —o)o(wdt) 4(wAt)
44+ 2 -0 wdt) mo[d+ 2 — o) (wdt)?]
Aper2 = —dma(wAr) 4 — (2 — o)a(wdr) ’ (30)

4+ 2 — o) (wdt) 44+ (2 — o) (wdt)
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DC34
36 + (40° — 40 — 14) (wA41)* + (1 — o)a(wAt)*
44 (2 — o) (wdr)

—[36 + (462 — 40 — 2)p*Imw(wAt)
4+ 2 —o)(wdr)

ADC34 =

[36 + (40 — 40 — 2) (wA1)*] (wAY)
mo4 + (2 — o) (wdt)]
36 + (462 — 4o — 14) (wdt)* + (1 — o)a(wAr)*
44+ 2 — o) (wdr)

(31)
EXs (s=2,3,4)
Ao (A1) = Y o A, (B o4t) (32)

i=0

where o; and f5; are given by equations (22)—(24) with

A,

1 9 — 2wAr 941
TO A0 —90r 9 — 2w AP |

On the other hand, it can be verified that the analytical solution of the system is

X(tn) = Aa X(tn—l)y (33)
where
cos wAt L sin wAt
A(.I = mw b (34)
—mw sin wAt cos wAt

X= {Z} and w = \/k/m is the natural frequency of the system.

Spectral radius

The spectral radiusof A is defined as the largest magnitude of the eigenvalues of 4, i.e.
p(A) = Max |/ |; i=1,2. (35)

The integration algorithm is unconditionally stable if and only if p(4) < 1 for any time
step size. It can be verified that all the spectral radii of the numerical amplification matrices
are less than or equal to unity.

Dissipation and dispersion

The errors can be expressed in terms of dissipation and dispersion, or amplitude error
and phase error respectively. From equations (27)—(32), the eigenvalue of the numerical
amplification matrices can be written as

Jua = explodi(—E + i), (36)
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1.0 ve
Trapezoidal _
0.9 — rule DC34 (6=1/2)
o8 \DC34 (6=5/11)
0.7 -
:'c:> - Wilson
g 06 DC34 (6=1/3)
T 05 N
S 04 DC34 (6=1/4)
w
0.3
0.2 — )
0.1 Houbolt DC34 (6=0)
00 | | L1111 ll | I I | ll
1072 1071 10° 10t 102

AT
Figure 2. Spectral radii of DC algorithms.

where ¢ and @ are the algorithmic damping ratio and algorithmic frequency respectively.
The algorithmic damping ratio is regarded as a measure of the numerical dissipation. The
relative periodic error is defined as,

(03]
r=2-1, (37)

which is regarded as the measure of the numerical dissipation.

The spectral radii of the dissipative time finite elements (DC) and the extrapolated time
finite elements (EX) are plotted in Figures 2 and 3 respectively. It is noted that the
non-dissipative time finite elements (VD) are not discussed separately since they can be
treated as special cases of DC algorithms. Besides, DC12(c = 1) (or ND2) is found to be

1.00

/ 7
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rule

0.95 —

0.90 —

AN

Wilson
0.85 —

Spectral radii

Houbolt
0.80 [—

0.75 | | |
102 1071 0 10 1072 103

At/T

Figure 3. Spectral radii of EX algorithms. (EX3: f, = 3/2, EX4a: f, = 0-898883, fi3 = 1-2, EX4b: f, = 0-95,
s =12).
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Figure 4. Algorithmic damping ratios of DC algorithms.

identical to EX2. For comparison, the spectral radii of some conventional algorithms
including the Newmark method (trapezoidal rule), Wilson-0 method and Houbolt method
are also plotted in Figures 2 and 3.

The algorithmic damping ratios of DC and EX algorithms are plotted in Figures 4 and
5 respectively. The algorithmic damping ratios of some conventional algorithms are also
plotted in Figures 4 and 5. The period errors of DC and EX algorithms are plotted in
Figures 6 and 7 respectively. The period errors of some conventional algorithms are also
plotted in Figures 6 and 7. Logarithms of errors are plotted in Figure 8. It can be verified
that the logarithms of errors are consistent with the absolute errors. From the above
figures, it can be seen that the proposed algorithms are competitive with the conventional
algorithms.
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Figure 5. Algorithmic damping ratios of EX algorithms (EX3: - = 3/2, EX4a: > = 0-898883, 5 = 1-2, EX4b:
P =095, f;=1.2).
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Figure 6. Period errors of DC algorithms.

6. NUMERICAL EXAMPLES

Consider a simply supported beam subjected to a harmonic excitation at the mid-span
as shown in Figure 9. Assume the elastic modulus EI = 10°, density per unit length
pA = 420, length L = 3 and the excitation P = 10° sin(w, ¢/2), where w, is the fundamental
natural frequency of the beam. The analytical solution can be found in [32].

In the present study, the second-, third- and fourth-order-accurate extrapolation
formulations are used to calculate the responses. Some conventional second-order-accurate
algorithms are also used for comparison. The conventional Hermitian shape functions are
used to discretize the beam spatially. The linear interpolation shape functions are used for
temporal discretization, i.e.
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Figure 7. Period errors of EX algorithms (EX3: f = 3/2, EX4a: 5, = 0-898883, fi; = 1:24b: f, = 0-95, i = 1-2).
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Figure 8. Convergent rate of DC and EX algorithms (EX3: f» = 3/2, EX4: > = 0-898883, fi; = 1-2).

Nx) =[2x* = 3Ix* + P)/F, (x* =212+ Px)/P, —Qx*—3IxD)/E, (x*—Ix?)/P],
and
D(t) =[(t,_ — 1)/ At, (t —t,_1)A1]. (38)

Based on equation (20), it can be shown that the related element matrices are

156/ —221 —54 13/ 156/ 221 54  —13/ |
—22/ —4P —13] 3P 221 4P  13] 3P
—54  —13] —156 221 54 13/ 156 —22I
1 13/ 3P 220 —4P —13] —3P —221 4P

840 —156/ —221 —54 131 156/ 221 54  —131 |~

—22/ —4P —13] 3P 221 4P  13] 3P
—54  —13] —156 221 54 13/ 156 —22I
13/ 3P 220 —4P —13] —3P —221 4P

(3_9a)

| i

| L/2 | L/2 I
Figure 9. Simply supported beam.
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(39¢)

16 beam elements for spatial discretization and 30 time elements with 4¢ = 0-005 are used.
The results obtained from the extrapolation algorithms are shown in Figure 10. It can be
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Figure 11. Time history for Example 2.

seen that the results of the present formulations are competitive with those of the
conventional algorithms.

6.2. EXAMPLE 2
Consider a nonlinear two-degree-of-freedom system governed by:
8X1 + 1200(x; — x2) + 8000(x; — x,)* = (1000/3) cos (6:009¢)
24%, — 1200(x; — x2) — 8000(x; — x»)* + 1800x, =0 (40)

with initial conditions x; (0) = 1, X, (0) = 0, x, (0) = 2/3, X, (0) = 0. The results of DC12
algorithm with A4¢ = 0-025 are plotted in Figure 11. The curve coincides with the one
obtained using the trapezoidal rule with A7 = 0-025. It can be seen that they agree well
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Figure 12. Time history for Example 3.
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with the near-exact solution, which is obtained by using a very small time step via the
trapezoidal rule.

6.3. EXAMPLE 3

Consider the beam in Example 1 now subjected to a moving load. The load has a
constant magnitude of P = 10° with moving velocity v = 10. The analytical solution can
be found in [33].

In the present study, DC12 algorithms with ¢ =1 (ND2) is used for response
calculation. Some conventional algorithms are also used for comparison. 10 spatial finite
elements and 30 time finite elements with A7 = 0-01 are used, and the results are shown
in Figure 12. It can be seen that the results of the present formulation are competitive with
those of the conventional algorithms.

7. CONCLUSIONS

In this paper, a mixed time finite element formulation for dynamic response analysis is
presented. The formulation, implementation and the associated stability and accuracy
characteristics are reported. The proposed formulation can be applied to linear and
non-linear problems. It provides a unifying approach for space—time discretization in
which the spatial discretization is consistent with the conventional finite element scheme
whereas new temporal discretization and solution schemes are developed. The derived
algorithms can also be used as time-marching algorithms. The present algorithms have the
following salient features: they can acquire higher order accuracy with variable numerical
dissipation and the higher order members of the family can be constructed systemically.
The unification and versatility of the algorithms make the method attractive.
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