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energy balance equations is presented to perform the dynamic analysis of shear frames, as
an example of a multi-degree-of-freedom system. After deriving the dynamic energy balance
equations for these systems, a new mathematical solution technique called elimination of
discontinuous velocities is proposed to solve a set of coupled quadratic algebraic equations.
The method will be illustrated for the free vibration of a two-story structure. Subsequently,
the damped dynamic response of a three-story shear frame, which is subjected to harmonic
loading, is considered. Finally, the analysis of a three-story shear building under horizontal
earthquake load, as one of the most common problems in earthquake engineering, is
studied. The results show that this method has acceptable and greater accuracy than
other techniques; it is faster than modal analysis and does not require adjusting and
calibrating the stability parameter as compared to a time integration method like the
Newmark method.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Generally, in all engineering fields that deal with
structural design, understanding the dynamic behavior
of structures is very important [1]. In this context,
although the applications of structural dynamics in
aerospace engineering, civil engineering, engineering
mechanics, and mechanical engineering are different,
the principles and solution techniques are basically the
same [2]. Accordingly, dynamic analysis plays a vital
role in analyzing the dynamic response of buildings [3],
dams [4,5], and bridges [6] to earthquakes. Control
of very tall and slender buildings is among the most
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important issues for civil engineering researchers and
has frequently been investigated in recent years.
Although almost all practical structures are
Multiple-Degree-of-Freedom (MDF) systems because
of the distribution of dynamic properties such as
mass in real systems, so many DOFs are required to
determine the vibrational motion [7]. In addition, as
is known, a greater number of DOFs will increase the
complexity of solving a vibration problem. Thus, in
engineering applications, we prefer to work with fewer
DOFs without losing too much accuracy. For example,
in the modeling of dynamical systems, when much of
the mass of the system is concentrated in the structure
area, simple structures (such as water tank) can be
idealized as a system with a lumped mass (SDF Single-
Degree-of-Freedom (SDF) systems) [8]. Moreover,
under some conditions such as when a mathematical
function can express the variation of the mass and
stiffness of the structure, the real system is considered
as a generalized SDF system [3]. Furthermore, there
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are other techniques for reducing the dynamical DOFs
of large-order systems under some conditions, e.g., refer
to [9-11]. However, in many cases, in practical engi-
neering works, there lies no possibility of simplifying
a real system to an SDF system; therefore, an MDF
dynamic analysis needs to be conducted.

There are various methods for evaluating the dy-
namic response of MDF systems. For example, in some
particular cases, by applying the mathematical tools
such as Fourier and Laplace integral transforms, an ex-
act solution to these problems can be obtained [12,13].
Moreover, modal analysis is a conventional approach to
evaluating the response of MDF structures, which are
subjected to dynamic loads. One of the disadvantages
of this method is its limitation for structures with non-
linear behavior [1]. However, some researchers have
tried to modify the modal analysis in order to use it for
nonlinear analyses; however, there is no comprehensive
method yet for performing the modal analysis of
nonlinear structures (see, for example, [14-20]). Even
though there exist some techniques to determine the
eigenvalues and eigenvectors of large-order systems
(e.g., refer to [21,22]); as DOF's increase, the calculation
of eigenvalues and eigenvectors is particularly difficult,
which is another disadvantage of this approach.

In engineering analyses, the most general solution
method for performing dynamic analysis is an incre-
mental method or a step-by-step direct time integration
technique in which the equilibrium equations are solved
at times At, 2At, 3At, etc. [1]. In this category,
Newmark [23], Houbolt [24], and Wilson et al. [25] are
some common implicit methods, and central difference
method is one of the well-known explicit methods [26].
Stability and accuracy of these methods are essential
in the practical analysis [27-31]; therefore, it is very
important to use accurate and numerically efficient
techniques in computer programs [32]. As a result
of the large computational requirements, it can take a
significant amount of time to solve structural systems
with just a few hundred DOFs [26]. In addition,
artificial or numerical damping must be added to
most incremental solution methods to obtain stable
solutions. For this reason, engineers must be very
careful with the interpretation of the results [1]. Here,
it should be noted that the artificial damping, which is
defined as the reduction of the displacement amplitude
with time for an undamped system [33], is different
from the damping property of the structures.

Applying energy balance equations, proposed in
this study, can be an alternative approach to evaluating
the dynamic response of a multi-dimensional system.
In this context, for instance, the energy conservation
and dissipation properties of time-integration methods
were investigated by Acary [34] for the non-smooth
elastodynamics with contact. Even though several
researchers in various fields such as hydrodynamic [35],

aerospace [36,37], and CFD (Computational Fluid
Dynamics) [38,39] have studied the energy method to
determine the response of their dynamic systems, yet
insignificant attention has been paid to this topic in
structural dynamics, except for a few studies that have
often tried to use Hamilton’s Principle in order to
calculate the frequency of simple SDF structures (see,
for example [40,41]).

Accordingly, this study aims to present a new
numerical step-by-step method based on the energy
equations for MDF shear frames. The main idea of
this approach was introduced first in [42] for linear and
nonlinear SDF systems, and, in the present paper, this
technique is intended to be generalized to linear MDF
structures. This method in the absence of damping
leads to the de-coupled quadratic equations; moreover,
when damping is considered, it leads to a set of cou-
pled quadratic equations. According to the quadratic
form of the algebraic equations at each time step, a
novel mathematical technique called FElimination of
Discontinuous Velocities is presented to detect the real
velocity in every instance.

In this study, shear frames are selected to il-
lustrate the proposed method. The method largely
eliminates the disadvantages of other methods such as
mathematical complexity and time-consuming calcula-
tion of a modal matrix in large-order structures, as well
as stability concerns and adjustment of the analytical
coefficients in numerical integration methods. It should
be noted that it is possible to extend this approach to
other multi-dimensional structures, too. Furthermore,
while we assume that the structure will behave linearly
in this investigation, it is possible for the proposed
method to be used for nonlinear analyses in future
studies by making certain simple modifications.

2. Force versus energy equations

In this section, shear frames are introduced in brief.
Subsequently, the mechanical energy relationships of
these systems are expressed and, by applying the
principle of conservation of energy, the equations of
motion are derived from energy balance relationships of
the system. The principal objective of these relations
is to prove the equivalence of the force and energy
approaches in structural dynamics. Finally, at the end
of this section, the advantages and disadvantages of
applying these methods are compared with each other.

Figure 1 depicts an n-story shear frame (or shear
building) as one of the simplest MDF systems that is
widely used in civil engineering. In this idealization,
the beams and floor systems are rigid in flexure, and
several factors such as axial deformation of the beams
and columns and the effect of axial force on the stiffness
of the columns are neglected [8]. In this respect, the
deflected building shares many features of a cantilever
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Figure 1. Shear-frame structure.

beam that is deflected by shear force ounly, hence
the name shear building [43], where z; denotes the
displacement of the ith story. Moreover, k; and m;
are the stiffness and mass of the i¢th story, respectively.
For these structures, the potential energy of the system
(Ep) can be expressed below by assuming a linear
relationship between force and displacement.

1 5 1 1
Ey zimlvf + Emgvg +- 4t imw? +--

1 . 1
+ gmn_lvi_l + imnvi. (1)
Moreover, the kinetic energy of the structure regarding
v; = dz;/dt (the velocity of the ith mass) is given by
the following:

_1 2 - 1 2 - 1 2
ET—ikl(xl) +; iki(l’i—xi,l) +; §mwi. (2)

By neglecting the effects of energy dissipations and
using the summation notation, the total energy of the
system (E7) (the sum of the potential and kinetic
energies) can be written as follows:

_1 2 > 1 2 . 1 2
ET—ikl(xl) +; iki(l’i—xi_ﬂ +; 577111)1 (3)

From a physical perspective, the law of conservation of
energy states that the total energy of an isolated system
remains constant, which is said to be conserved over
time [44]. Hence, differentiating Eq. (3) with respect
to time, we obtain:

dEr

T (4)

alternatively:

kEizqv +Zki($i —z;_1)(v; _vi—1)+zmiviai =0,
i=2 i=1 (5)

where a; is the acceleration of the ith mass, i.e.:

a‘—dvi
Lodt’

(6)
Expanding the series in Eq. (5) leads to:
kizivr + ko(2e — 21)ve + k(21 — 22)01
+ k3(x3 — x2)vs + k3(z2 — x3)v0 + - - -
+ mivia + moveas + mgvzaz +---=0. (7)
By factoring vy, v, v3, -+, one can write:
vy k121 + ko(x1 — 22) + myay)
+ volka(x2 — 1) + Mmaas] + - -
+ vplkn (2 — 2pe1) + mya,) =0, (8)

which corresponds to the following matrix form:

m; O 0 0 T
0 iy 0 0 Iz
0 0 0 :
0 0 0 my, Tn
ki+ky  —ko 0 0 1 0
—kg k2+k3 —k3 0 X2 0
+ =
0 —k3 o =k, : o)
0 0 —k, k, Tn 0

As is clear, Eq. (9) represents the dynamic force
equilibrium equations of an n-story shear frame and,
as previously mentioned, the primary objective of this
part is the proof of the equality of energy and force
balance equations. As a result, it can be noted that
force equilibrium equations can be obtained from the
derivative of energy equations and, mutually, energy
equations might be derived from the integration of force
balance equations. It must be stated that although
these two equations are basically the same, each of
them has its own advantages and disadvantages in
practice. For illustration, see Table 1.

Here, it is important to note that the presented
method in this study includes the linear behavior of
shear frames (as a simple structural system). In other
words, the nonlinear response analysis of general struc-
tures like systems with hysteresis does not fall within
the scope of this work. However, the idea presented in
this research can be the basis for the ultimate goal of
dynamic analysis of large-scale structures with different
types of nonlinearities.
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Table 1. Comparison of the force and energy equilibrium equations mathematically.

Type of equations Advantages

Disadvantages

Force equilibrium
these equations™

Quadratic (non-linear) terms do not exist in

Second order of derivative in the equations
that leads to an increase in the number of
unknowns including displacement, velocity,

and acceleration

First order of derivative in the equations that

Energy equilibrium

including: displacement, velocity

leads to reducing the number of unknowns,

Existence of quadratic (non-linear) terms

*: Except in nonlinear analysis

3. Methodology

3.1. Derivation of discretized energy balance
scheme

Now, the energy balance approach is extended for
general forced vibration problems to include the effects
of damping, in which damping is assumed to be linear
regarding velocity (viscous damping) in this study. For
this purpose, consider the equations of motion of an
n-DOF shear frame as follows:

madr+(c1+e2)d1 —cado+ (ki +ko)x1 —kozo =pr,
Mads + (co + c3)d2 — c2d1 — ez + (ko + k3)ao

— koxy — k3x3 = po,

Mk + (¢ + Cip1) & — Cidim1 — Cip1diqn

+ (ki + kig1)xs — kizio1 — kip1@ip1 = ps,

mn—lj}n—l + (Cn—l + cn)i.n—l - Cn—lj;n—Q - cnj/.n
+ (knfl +kn>xn71 _knflxn72 _knxn =Pn-1

Mpln+Cnln—Cndn_1 +knxn_knxn71 = Pn, (10)

where ¢; and p; denote the damping coefficient and
external force of the ith mass, respectively.

Integrating the ith equation of Eq. (10) with
respect to z;, we get:

/(mﬂ?z + (¢ + Ciy1)Ei — Citic1 — CipaTiza
+(kitkip)ri—kivio1 —kip1 2401 )da;

= /pl-dxi. (11)

Each part of Eq. (11) according to the definition of
various energies, i.e., the area under the curve of the
load-displacement, implies the changes in a specific
type of energy.

/[mifii]dwi +/[(Ci+ci+1)fbi_ciftifl —Ciy1Eip1] da;

AEK AED

+/[(]€i+ki+1)$i —kizi_1—kij10i11] day

AEP
N—_——
AEp

The first integral in the Left Hand Side (LHS) repre-
sents the changes of kinetic energy AFEy and, by the
definition of velocity, it takes the following form:

AE}( = /[mlxz] dd?i m /mﬂ)idvi. (13)
Integration from zero to arbitrary time gives:
1 1
AE]\’ = Emﬂ),? — imﬂjf(o) (14)

The second integral on the left-hand side expresses the
changes in damped energy (AEp), which is sometimes
also called the energy loss, that is:

AED:/ [(ci+ci+1)j7i—ciﬁci_1—cl-+1j7i+1] dd?l (15)
Based on the definition of velocity, Eq. (15) can also be

written as follows:

t

AED :/ [(crl—cH_l)vf—cwi_lvi—ciHmHm] dt. (16)
0
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In addition, the change in potential energy (AEp) is

AEpz/[(k ks )i kis 1 — ki zied] doe. (17)

By operations equivalent to Eq. (17), it can be shown
that:

t
AEPZ/ [(ki+ki+1)xi_ki$ifl_ki+1xi+1]vidt7 (18)
0

and, eventually, the changes in energy of the external
loads AEp are given by:

AEF :/pidibi. (19)

Similarly, in terms of velocity, the aforementioned
energy in Eq. (19) becomes:

t
AEF = /pﬂ)idt. (20)
0

Therefore, the energy balance equation for the ¢th mass
is given as follows:

AE, +AEp + AEp = AEp. (21)

Here, energy balance equations are written for all of
the masses:
t

1

1 .
imw% — gmﬂ)f(o) + / [(01 +cp)vi — 02112111] dt

0

+/ kl +k2 r1 — k2$2 Uldt /[plvl

0

1, 1,
§m2v2 — 57?121)2(0)
+/ CQ + 63 — C2V1Vy — 03’03’02] dt
0

+/ kg + kg T2 — ]ﬂz.ﬁb’l — kgibg] ’Ugdt
0
t
Z/[pﬂb] dt,
0

1 2 1 2
gmwi — 5mwi(0)

t

+/ [(ci+ci+1)vi2—cwi_lvi—ci+1vi+1vi] dt
0

t

+ / (ki + kiz1)zi — kiwio1 — ki) vidt

— Cn—1Un—2Un—1 _Cnvnvn—l]dt

t

+/[(kn71 +kn)xnfl - kn,1I77‘,2 _knmn]vnfldt
0

t
:/[pn—lvn—l]dta
0

—l—/[kna:n—knxn_l]vndt: /[pnvn] dt.
0 0 (22)

Considering the ¢th mass:

1, 1,
§mivi — §mﬂ)i(0)

t

+ /[(Ci + i)} —

0

Cili—1U; — Cip1Vip1V;]dE
t

+ /[(kl + kH_l)xi - kil’i_l - ki+1xi+1]vidt
0

t
= /pﬂ]idt.
0 (23)

In principle, after discretizing Eq. (23) by using nu-
merical integration methods such as Trapezoidal and
Simpson techniques [12], the correspondent energy
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equation of the ith mass would be evaluated through
Eq. (24) (See Appendix A, for details).

Avfan F Bivi a0 vian + Civipajan viar)

+ Dﬂji(]’At) + E;, =0, (24)
where A;, B;, C;, D;, and E; are the constant coeffi-
cients that are determined by discretizing integrals in
energy balance relations; in the first time step where
the Trapezoidal method is used, these coefficients take
the following forms:

Ai = 05m1 + 05At(61 + Ci+1),

Bl‘ = —O.5At.ci, C,L = —0.5At.0i+1,

D; =0.5A¢[(ki + kiy1)Tiar) — ki-im1(ar)
—kit1-2ip10a0) — Pican),

By =— O.5mivf(0) + 0.5At.v;0)[(¢i + i 1)vi0)
— €;.0i—1(0) + Cit1-Vit1(0) + (ki + Kiy1)Ti(0)
—kizi_100) — kit1Zi11(0) — Pi(0))- (25)

In the time steps after the primary time step, to in-

crease the accuracy of integration by using the Simpson
method, one can write:

A; =0.5m; + (At/3)(¢i + civ1),
B, = —(At/3).¢;, C; = —(At/3).cit1,
D; =(At/3)[(ki + kiv1)wiay — ki-wi—iae
= kit1.Zip15a0) — PiGiag),
E =- O.5miv;-z(0) + (At/3){vi(o)[(¢i + civr1)vi(o)
— €ii_1(0) + Cit1-Vig1(0) + (ki + Kiy1)Ti0)
- ki«Ti—l(O) - ki+1$i+1(0) - pi(O)]
+ 4vian (e + civ1)viar) — Ci-vimian
+ Cit1Vip1ae) T (ki + Kip1)Tiar
—kizi_1a0) — kiv1Zip1ca) — Pi(as)]
+ 205280 [(¢i + Cit1)Vi2ar — Civii12a0)

+ Cit1-Vip12at) + (ki + Kiv1)Ti2ar)

— kizi_12a0) — kiv1Zip102a0) — Pi2a0)]
+ -t vigan (et cir)vigan — civiciar
+ Civ1Vip1an + (ki + ki) Tiae

—kivi_1a0 = ki1 Zip1a0 —PiGan] ), (26)
where 7 denotes the number of steps.

3.2. Solution procedure of coupled quadratic
energy equations

As observed earlier in the previous section, after

discretizing the energy balance equations, a set of

equations in the following quadratic form is obtained:

2
a1v] + cvgvy +divg +e1 =0

2
a9V + bav1v2 + Ccovzvy + dave +e2 =0
2
a;v; + biv,_1v; + CiUi41V; + div;, +e; =0

2
Apn—-1V, 1 + bn—lvn—ZUn—l + Cn—1UnUn-1
+ dn—lvn—l +en_1= 07

anvi—f—bnvn,lvn—kdnvn + e, =0. (27)

Mathematically, in solving the previous equations,
there are two main problems:

A) These equations are coupled, meaning that they
are dependent on each other and must be solved si-
multaneously; in other words, one cannot calculate
v; through the ¢th equation directly. In addition,
it should be noted that, in the absence of damping,
the equations would be de-coupled, viz., damping
is the reason for coupling the equations;

B) The quadratic form of equations implies more than
one velocity at each time step; in other words, from
a physical perspective at every time step, these
relations provide some unreal velocities in addition
to the actual velocity of the structure.

To better understand the above expressions, suppose
that, in a sample 2-DOF structure in a given time step,
a mathematical equation of the form is to be solved as
follows:

{U%—l—vgvl +v1+1=0 (28)

21}34—1121)1 +v2a+2=0

If the terms of wsv; do not exist, one can obtain
two values of each of v; and wvs by solving the two
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uncoupled quadratic equations. However, given wvyvy,

by combining the equations together and writing them

only in terms of one variable, we have:
v+ 208 + 602 +30; +2=0 (29)
205 +v3 +8v2 +2v; +4=0

From Eq. (29), by solving the two fourth-degree equa-
tion, it is apparent that four values for each of vy
and vy will be obtained. Note that, at any moment,
the velocity of each mass is unique and there is only
one value for the real velocity of the system, while,
in this case, three unrealistic velocities for each mass
have appeared in the equation. Apparently, this
method (direct method) cannot be used to calculate
the velocities at any instants, especially in large DOF
systems; therefore, this study aims to apply a numerical
method to calculate the velocities in each time step.
In this context, as demonstrated in Appendix B,
well-known solution techniques, such as the Newton-
Raphson method, are not efficient for the system of
equations under consideration in this study. Two main
reasons for the inefficiency of these methods when
applied to the considered equations in each time step
can be expressed as follows:

a) The need for the derivative of the system of
equations;

b) Complex and time-consuming process of inverting
the Jacobi matrix (specifically in large-scale struc-
tures).

3.3. Elimination of discontinuous velocity
technique

The problem of coupled equations exists in many
engineering fields, particularly in multi-dimensional
systems; hence, many researchers have studied how to
solve these equations (e.g., refer to [45-51]). For the
current study, a novel numerical method is presented in
which the real velocities of the system at any time step
can be easily calculated by removing the unrealistic
velocities from the coupled equations.

In the proposed technique, first, the problem of
coupled equations is resolved by neglecting the coupling
terms (terms that are the product of two different
velocities). In this case, by assuming a structure with
n-DOF, an n-quadratic equation is given in terms
of velocity in this study. To solve the problem of
non-linear equations (quadratic in terms of velocity)
and detect the actual velocities of the system at any
time, it is assumed that the variation of velocities
with respect to time is continuous. Therefore, among
the two velocities obtained at any time from the
quadratic equations, the velocity closer to that of the
previous time step is selected as the real velocity of the
structure. Therefore, the name of the method is chosen

as Elimination of Discontinuous Velocities Technique.
At the beginning of this procedure, the coupling terms
are ignored to obtain the velocities. Herein, the values
of continuous velocities are substituted into them, and
this iteration will carry on until the velocities in two
subsequent iterations approach each other. Table 2
gives a summary of the method.

4. Numerical examples and results

Various examples of multi-story shear-frame structures
are analyzed by using the energy method in this sec-
tion. In the first example, the vibration of a simple two-
story shear building has been investigated to describe
the procedure of the presented method in detail. In
the next examples, some multi-story shear-frame struc-
tures subjected to harmonic and earthquakes loadings
have been studied. Moreover, the results are compared
with the exact solution and other common methods.

Example 4.1. The free damped vibration of
a two-story shear building. Figure 2 shows a 2-
DOF shear frame where, for convenience, the dynamic
properties of the structure are chosen as follows: m, =
mo = k1 = ke = 1; ¢4 = 0.06, co = 0.16 (all units are
assumed to be compatible). Moreover, the following
initial conditions will be considered in this example:

vo = {;} vo = {Z} (30)

In free-vibration cases, the equation of motion of these
structures can be expressed as follows:

[m] {2} + [c]{a} + [F[{z} = {0}, (31)

where the mass, damping, and stiffness matrices are
given below:

m2
i | — o
"/
A
kz W %
c2 " AN
("p}'
mi
P
—> 1

k1

Figure 2. Free vibration of a two-story shear frame.
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Table 2. Summary of the step-by-step solution procedure of the presented method.
A. Initial calculations:
1. Form dynamic matrices: mass m, damping ¢, and stiffness k
2. Form the vectors of initial conditions: initial displacements zo and velocities vg
3. Select the time step At
4. Select the tolerance for each iteration e = 107" (s is a positive integer number)
B. For each time step:
5. Calculate a starting vector for x; and displacement vector at the time of t = tAt
:pgl) =x9 + dw(l), dz™ = vo At
(the superscripts and subscripts refer to the number of iteration and time step, respectively)
6. Calculate the coefficient of energy balance equation, i.e., A;, B;, C;, D;, for all masses. Note
that the trapezoidal rule for the first time step and, subsequently, Simpson rule must be used.
7. Neglect the coupling terms, i.e., B; = C; =0
8. Solve the quadratic equation of energy balance for the velocity of the ith mass using the
corresponding A; and v; = (=D + A)/2A
9. Select a velocity that is closer to the previous time step (call it v;)
(Elimination of Discontinuous Velocities)
10. Calculate a new approximated vector for x; by using the average of new obtained
velocities and initial velocities
;vl(j) =xi_1 +d.’r(j), dz) = 0.5(vi—1 + vi) At, j=2,3,---
11. Determine the coupling terms, neglected at first
12. Iterate through steps 6 to 11, except step 7, to reach convergence
13. Continue the procedure for subsequent time steps
(m] = [1 0} 7 ] = { 0.22 —0~16] 7 system are given below:
0 1 —-0.16 0.16

2 -1
[k] - |:_1 1 :| . (32)
Thus, by multiplying the matrices and vectors, there
are the following governing equations:
T +0.2281 — 0.1629 + 221 — 22 =0 (33)
5[:'2 — 0161’1 + 016$2 — X1+ T2 = 0

Herein, the Laplace transform method is used to deter-
mine the exact solution of this problem (for details, see
Appendix C).

x1 = — 0.336e 71733 ¢os(1.608t + 0.681)
+ 4.445¢70-0167! ¢65(0.618¢ — 1.283)

xy = 0.210e 21733 ¢os(1.608t + 0.753)
4 7.180e 90167t ¢05(0.618¢ — 1.3106)

4.1. Applying the energy method
By substituting the assumed parameters of this exam-
ple into Eq. (23), the energy balance equations of the

t
0.507 — 0.507 ) + /[0.221;% — 0.16vy0, ]dt
. 0
+ /[2961 — zo|1dt =0
0 t (35)
0.505 — 0.503 ) + /[0.161}% — 0.160, v9]dt

0
t

+ /[562 — xl]vgdt =0
0

Now, the integrals in the above equations should
be discretized to obtain the algebraic equations. Since
Simpson rule needs at least three points for integration,
it cannot be used in the first time step. Hence, the
trapezoidal method must be applied in the first time
step. For the problem at hand, the size of time intervals
is assumed to be At = 0.1 s and, according to Table 2,
x1 and x5 (dynamic responses of floors at the time of
t = 0.1 s) would be approximated by the Euler formula
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as follows:

{1’1(0.1) & Ty(0) + vi0) X At =1.3 (36)

T2(0.1) = T2(0) T V2(0) X At =24

The discretized form of Eq. (36) is given below:

(37)

0.511v7 — 0.008vyv; + 0.01v; — 4.497 = 0
0.50803 — 0.008v2v1 + 0.05503 — 7.768 = 0

By neglecting the coupling term, i.e., (—0.008v1 v ), two
quadratic equations are given as follows:

(38)

0.51102 + 0.01v; — 4.497 = 0
0.50802 + 0.0550, — 7.768 = 0

Roots of these quadratic equations are:

0.511v2 + 0.01v; — 4.497 = 0 — v; = 2.9568,
v, = —2.9763

0.508v2 + 0.05505 — 7.768 = 0 — v = 3.5867, (39)
vy = —3.9649

By comparing the roots obtained from Eq. (39) with
the velocity in the previous step, v; = 3, vy = 4, the
closest velocities to the previous step are selected and
others are omitted:

0.511v7 + 0.01v; — 4.497 =0
— v = 2.9568, v; = —2.9763x

(40)
0.508v2 + 0.055v, — 7.768 = 0
— U9 = 3.5867, vy = —3.9649x%
Now, new values 27 and 25 at t = 0.1 s can be

approximated by using the average of the velocity of
this step and the previous step; hence:

T1 & @) + 2OTIOD o A = 1.2978
(41)

Ty R @y(g) + 2OTT2OD o At = 2.3928
Here, the coupling term (—0.008v;vy), which was ne-

glected previously, might be given by the substitution
of v1 = 2.9568 and vy = 3.5867.

01 =2.9568, vy =3.5867— —0.008v; v, =—0.0848. (42)

Moreover, new values of velocities of the system can be
determined as follows:

0.511v2 — 0.008v5v1 + 0.01v; — 4.497 =0

0.508v2 — 0.008v5v1 + 0.055v; — 7.768 = 0

—0.008v1va=—0.0848 |0.51102+0.01v;—4.5882=0
0.508v240.055v,—7.8592=0 (43)

Similarly, real velocities are given below:

0.511v7 4+ 0.01v; — 4.5882 = 0 — v; = 2.9867,
v = —3.0063 x

0.50802+0.0550; — 7.8592=0 — v, = 3.8795, (44)
vy = —3.9878x

Now, the updated coupling term becomes:

v1 =2.9867, vy =3.8795— —0.008v; vy =—0.0927.(45)

A relative error, e/, for velocities as an absolute value
of (v —v/7")/v/™" is introduced for the convergence
criterion, where ¢ and j represent the number of stories
and iterations, respectively. As shown in Table 3, the
procedure can be monitored better by this definition.
Note that tolerance is chosen as 1072 in this case.
Moreover, Figure 3 illustrates the process of conver-
gence, showing the error of analysis versus number of
iterations.

If a computer program is used to continue the
process to t = 10 s, the dynamic response of the system
can be obtained, as shown in Figure 4. This figure
compares the obtained results of the presented method
against the exact solution of the problem. As shown in
Figure 4, although the size of time intervals At = 0.1
selected is not very small in this analysis, it can be
seen that the proposed method has excellent accuracy
compared with the exact solution; in other words, the
numerical solution can properly approach the exact
solution of the problem in this case.

Now, by choosing a fixed time interval, which is
deliberately not chosen too small, typically At = 0.2

Table 3. Convergence of velocities in the first step.

Number

of v1 e v2 ez emax<0.01
iterations

1 2.9568 0.0144 3.5867 0.0358 X

2 2.9867 0.0044 3.8795 0.0301 X

3 2.9872 0.00016 3.8799 0.00009 Vi

4.0
35 w1 %
¥ 3.0 e’
—
g 25
g 20
o
Z 15
<10
(o}
K05

0.0

1 2 3

Number of iteration

Figure 3. The process of convergence in Example 4.1.
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Figure 4. Comparison of the presented method and the
exact solution in Example 4.1.
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Figure 5. Comparison of the dynamic response of the
first floor (z1) and various methods (At = 0.2 s).
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Figure 6. Comparison of the dynamic response of the
second floor (z2) and various methods (At = 0.2 s).

here, this study compares the accuracy and speed of
the analysis of the presented method with those of
other conventional methods (such as modal [52], New-
mark [23]) and combined techniques (such as modal-
Duhamel [53,54] and modal-Newmark) (see Figures 5
and 6). Adjustment factors in the Newmark method,
which are used to improve the accuracy and stability
of the method are respectively selected as follows:
B =0.5and T = 1/6 (typically, these values that yield
the linear acceleration method are used in practice).
In addition, the combined modal methods will be
performed also by converting an n-DOF structure to n-
SDF systems and applying numerical techniques such
as Duhamel and Newmark for the structural analysis.
The tolerance of the proposed method is considered to
be 1072,

From Figures 5 and 6, it can be observed that the
presented method has better and acceptable accuracy
than other conventional methods used in the dynamic

Table 4. Required time of analysis in Example 4.1.

Required time

Method
for analysis (sec)
Newmark 1.511178
Presented Method 1.915323
Modal-Newmark 4.845891
Modal-Duhamel 4.924135

analysis of the MDF structure. In fact, (considering a
constant At) among all methods, the combined Modal-
Duhamel and the proposed method have been closer to
the exact response to the problem.

Furthermore, in engineering analysis, the time
required to calculate the solution, or the speed of
numerical technique, is one of the factors influencing
the choice of method. Therefore, in this section, in
accordance with Table 4, the required times required
to conduct the analysis by the various numerical
methods are compared. The results show that the
methods using the modal techniques are very time-
consuming compared to other methods. For example,
the computational time for the proposed approach is
shorter than half of the other modal methods.

It must be stated that although the whole damp-
ing matrices considered in this study are of a classi-
cal /proportional type, it is not generally easy to apply a
conventional modal method for non-classical damping,
because, in this case, the frequencies, the shape-modes,
and damping ratios besides the mass and stiffness
matrices, depending on the damping matrix of the
system, and the complex modal coordinate must be used
(for more details, see [55-57]). On the other hand, it
is noteworthy that the energy-based method presented
in this research is not subject to any limitations in
this regard, and the classical or non-classical damping
will be analyzed without a particular modification (it
is another advantage of this technique).

Example 4.2. The damped harmonic vibration
of a three-story shear building. A two-DOF shear
frame is depicted in Figure 7 in which, similar to
the previous example, for convenience, the dynamic
properties of the structure are selected as: my = mo =
m3:k1:k2:k3:1701:(32263:0.1. In
addition, the zero initial conditions are assumed in this
example. The structure is subjected to harmonic loads
as: p; = cost, po = cos2t, and p3 = cos3t (all units
are compatible).

In this case, the equation of motion is given below:

[m] {} + [} {a} + [F[{z} = {p}, (46)

where the mass, damping, and stiffness matrices are:
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m3
D3 ey . —> z3
kg c3 /
ma
Do ——> ] —>
k2 co
my
P1 =i ] —> 1
k1 c1
—— ————

Figure 7. Three-story shear frame under harmonic loads.

1 0 0 02 -0.1 0
[m]=10 1 0f, [c]=(-0.1 02 -0.1f,
0 0 1 0 —-0.1 0.1
2 -1 0 cost
k]=1(-1 2 -1}, {p} =< cos2t . (47)
0 -1 1 cos 3t

Hence, the governing equations of this problem are
given by:

Z.E.l + 02£E1 — OlZEZ + 2261 — X2 = cost
552—0.151%1 +0.2j72—0.1j73—d71 +2I2—$3:COS 2t
3 — 0.1ds 4 0.1d3 — xo + x3 = cos 3t (48)

As for the previous example, the Laplace transform
method is used to determine the exact solution of the
problem (for details, see Appendix D).
21 =0.2131 exp(—0.01¢) cos(0.4449¢ + 0.0330)
— 0.9089 exp(—0.0775¢t) cos(1.2446t —0.3013)
— 0.5188 exp(—0.1625¢t) cos(1.7946t+0.5171)
+0.9674 cos(t — 0.2936)
+ 0.3286 cos(2t + 0.9803)
+ 0.002 cos(3t + 3.9267),
22 =0.3831 exp(—0.01¢) cos(0.4449¢ + 0.0282)

+ 0.4042 exp(—0.0775t) cos(1.2446¢ + 2.8406)

+ 0.6476 exp(—0.1625t) cos(1.7946t + 0.517)

+ 0.0962 cos(t + 4.4169)
+0.6581 cos(2t + 3.7258)
+ 0.0189 cos(3t + 0.4542),

5 =0.4772 exp(—0.01¢) cos(0.4449¢ + 0.0318)
+0.7288 exp(—0.0775¢) cos(1.2446¢ — 0.3012)
+0.4097 exp(—0.1625¢) cos(1.7946¢ + 4.0561)
+ 0.9618 cos(t + 2.9491)

+ 0.2235 cos(2t + 0.8471)

+0.1271 cos(3t + 3.1911). (49)

4.2. Applying the energy method
By applying Eq. (23), the energy balance equations of
this system are given as follows:

t t

0.50% + /[O.va — 0.1vguy |dt + /[le — zovrdt
0 0
t
:/m cos tdt,

0

t
0.5v5 + /[O.qu — 0.1vyv9 — 0.1v3ve]dt
0

t t

+ /[2372 — T — $3]1)2dt = /1)2 COS Qtdt,

0 0
t t
0.5v5 + /[0.1v§ — 0.1vgws]dt + /[xg — xo]vgdt
0 0
¢
:/vg cos 3tdt. (50)

0

After discretizing Eq. (50) and using Table 2, the
same procedure as that in the former example must
be performed. In this case, Figures & to 10 show the
obtained results, where the dynamic response of floors,
assuming At = 0.2 s and e = 0.01, is plotted by using
the various numerical methods vs. exact solution of the
problem.

Figures 8-10 demonstrate that with a fixed size
for time intervals, the proposed method in this study
together with Modal-Duhamel technique is very close



1102 M. Jalili Sadr Abad et al./Scientia Iranica, Transactions A: Civil Engineering 27 (2020) 1091-1112

1.5
1.0

0.5

0.0

— Exact
«++ Presented method
-- Newmark

-1.0 as Modal-Duhamel
++ Modal-Newmark

-0.5

first floor (z1)

Dynamic response of the

-1.5
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Time

Figure 8. Comparison of the dynamic response of the
first floor (z1) and various methods (At = 0.2 s).
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Figure 9. Comparison of the dynamic response of the
second floor (z2) and various methods (At = 0.2 s).
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Figure 10. Comparison of the dynamic response of the
third floor (z3) and various methods (At =0.2 s).

Table 5. Required time of analysis in Example 4.2.

Required time

Method
for analysis (sec)
Newmark 1.964039
Presented Method 2.585024
Modal Duhamel 4.850705
Modal-Newmark 4.484707

to the exact solution of the problem, and the methods
using Newmark technique (with 8 = 0.5 and Y =1/6)
do not show appropriate convergence. Here, similar to
the previous example, the time required for conducting
the analysis of this example is shown in Table 5, where,
similar to the former analysis, the modal techniques
are very time consuming compared with others. In
addition, note that although the Newmark method

oo Modal-Duhamel (Simpson)
-- Modal-Duhamel (trapezoidal)

— Exact
++ Presented method

0.9
0.6 §

first floor (z1)

Lo
e 2o @
© o w

Dynamic response of the
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'

—_
o
o

Time

Figure 11. Comparison of the accuracy of the proposed
method and two numerical techniques in computing the
Duhamel’s integral for the first floor.
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Figure 12. Comparison of the accuracy of the proposed
method and two numerical techniques in computing the
Duhamel’s integral for the second floor.
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Figure 13. Comparison of the accuracy of the proposed
method and two numerical techniques in computing the
Duhamel’s integral for the third floor.

enjoys a notable speed, its accuracy is not favorable
enough in this case compared to other methods.

According to Figures 8-10, the modal-Duhamel
method is shown to be more accurate than other
approaches. Here, the effect of the numerical technique
used in the approximation of the Duhamel integral is
investigated. In this regard, in addition to the first-
used Simpson rule, the Trapezoidal rule for computing
the Duhamel integral is also provided in Figures 11—
13. Moreover, it must be mentioned that to prevent
the cluttered graphs, the results of the Newmark and
Modal-Newmark methods are not represented in these
figures.

Generally, Figures 11-13 show that the accuracy
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Figure 14. Convergence of velocities in a 20-story
shear-building considering the control point at the roof.

of the Duhamel method is strongly dependent on the
numerical method (Simpson with trapezoidal) used in
the approximation of this integral. As compared to
the proposed method, the application of the Simpson
method produces more accurate results and, conversely,
the application of the Trapezoidal rule leads to a
reduction in the accuracy compared with the presented
method.

In the following, to examine the efficiency of the
proposed method in the case of large-scale structures, a
high-rise 20-story shear frame (as a generalized system
of the structure studied in Example 4.2.) is considered
with the dynamic properties shown below:

m; = 1, C; = 0.1, ]ﬁ = 1, P = COSZ't7

i=1,2,---,20. (51)

Now, by choosing the last node above the structure
(as a control point) and, then, applying the proposed
method, this study plots the roof’s velocity in 10
seconds versus two converged velocities, i.e., Vo5 (1)
and V05 (2), at the end of iterations in the quadratic
energy equation, Eq. (24), as displayed in Figure 14.

From Figure 14, it can be seen that, in this large-
scale system, the roof velocity is properly calculated
from the selection of right velocity based on the
assumption of continuous velocities in time. Although
it appears that future research and studies, especially
by considering the nonlinear behavior in other high-rise
building systems, are necessary to be done to verify the
efficiency of the given method for the general problems
of structural dynamics.

Example 4.3. The forced damped vibration of
a three-story shear building subjected to an
earthquake. Given a three-story shear frame as
described in Figure 15 and being subjected to ground
motion, EL-Centro earthquake (PGA = 0.3 g) is shown
in Figure 15. In addition, the dynamic characteristics
of the system are: m; = mo = mg =1, ¢1 = ¢ =
c3 = 0.05, and k; = ks = k3 = 10. Moreover, the zero
initial conditions are assumed in this case (all units are
compatible).

—> 23

k3

ks e 2

—> 1

kq c1 A

Figure 15. Three-story shear building under earthquake
loading.

In this case, due to earthquake loading, by the
definition of effective force (peg), the equation of
motion is given below:

[m] {2} + [c] {2} + [F{z} = {peg} (52)

where p.gz denotes the negative product of the mass
matrix [m], {I} is the influencing coefficient vector, and
{Z,} is the acceleration vector of ground motion, as
given in the following relation:

{pery = =[mH{1} {7y} . (53)

For the problem at hand, the influencing coefficient
vector is:

{Z}T: {17171}7 (54)

where mass, damping, and stiffness matrices are given
below:

w0 1 0
0

i

0.1 —-0.05 0

[c= |-005 01 —0.05],
0 —0.05 005
20 —-10 0

[k]=|[-10 20 -—10|. (55)
0 —10 10

4.3. Applying the energy method
According to Table 2 and the two examples mentioned
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Figure 18. Comparison of the dynamic response of the
third floor (z3) and various methods (At = 0.2 s).

earlier, by applying the energy method and assuming
previous assumptions, except the value of tolerance
being equal to e = 10™*, the dynamic response of
the structure can be plotted. As is clear, in this kind
of problem, there is no closed-form analytical solution
that can compare the results. Thus, only the results
of various numerical methods (at a fixed time interval
equal to 0.02) are plotted in Figures 16 to 18.

Please note that the marked points in Figures 16—
18 do not denote the time steps and are merely selected
to make a distinction between the results. In addition,
the obtained results of Newmark and Modal-Newmark
methods overlap and cannot properly be identified.
According to the figures, acceptable agreement between
the presented method and other methods can be seen.
Hence, this method can be used for performing the
long-time dynamic analysis of shear frames such as
seismic analyses.

Table 6. Required time of analysis in Example 4.3.

Required time

Method

for analysis (sec)
Newmark 18.405511
Presented method 20.076837
Modal-Newmark 25.035491
Modal-Duhamel 28.462937
T

—

m

Figure 19. A Single-Degree-of-Freedom (SDF) system for
accuracy and stability analysis of numerical analyses.

Once again, to compare the speed of analyses,
Table 6 shows the time required to analyze the third
example of this investigation. Similar to the previous
examples, it can be observed that, at a constant time
interval, the proposed method regarding computational
time is ranked second after Newmark method.

At the first glance, although the times (durations)
given in Table 6 may look great for a small 3-DOF
structure, it should be mentioned here that these times
should include the execution time of all the commands
written within the MATLAB program (e.g., time-
consuming syntaxes like (xlsread)). In other words,
these values do not indicate the real time of the
implementation of the integration schemes and are used
only for making a comparison between different types
of methods.

4.4. Stability and accuracy analysis

Here, the effects of time step size on the accuracy and
stability of the presented method are discussed. In this
regard, Bathe [58] proposed a technique based on the
free response analysis of a simple SDF system, as shown
in Figure 19. For simplicity, the following parameters
in a compatible unit system are assumed as follows:
m=1,k=4r2 20 =0, and v9 = 1. The free response
of this system (exact solution of the problem) can be
written as follows:

z(t) = (sin 2wt)/2m. (56)

With respect to this exact response, the values for the
period and amplitude of the vibrational motion are
equal to Tpract = 1 and Apggaer = 1/27 respectively.
Obviously, the numerical solution obtained from the
presented method will differ from these values. There-
fore, it would be appropriate to define the two following
parameters:

RT = |(TEa:act - TNum)/TExact| ) (57)
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Figure 20. The effects of the different time step size on
the accuracy and stability of the presented method.

and:
RA = |(AEzact - ANum)/AE:Eact| ) (58)

where Rp and R4 represent the numerical error in
period and amplitude characteristics of the vibrational
system, respectively. Tnym; and Anym, also are the
period and amplitude obtained from the numerical
method, which are the functions of the size of the time
step, At, used to discretize time. Thus, considering
different values of the time step, one can plot the
parameters R and R4, as shown in Figure 20.

According to Figure 20, as the time step increases
(with an increase in the numerical error in the system
response), the accuracy of the solution reduces, as
expected. For example, when the time step size
is At = 0.1, the relative errors in the period and
amplitude of the system are equal to about 1.5% and
13%, respectively. In general, the results of this section
show greater sensitivity to the amplitude of motion
than the period (this is in line with the results of [27]).

Moreover, based on a closer observation of this
figure, by increasing the value of time step, numerical
errors increase significantly at a certain value (about
0.1 to 0.15), indicating that instability occurs in the
numerical solution. For example, in the case of At =
0.15, the use of about 6-7 points for the approxi-
mation of a complete sine wave led to a significant
error. Therefore, selecting an appropriate value of At
is essential in practice, because such a larger value
can cause instability by eliminating the precision of
solution. On the other hand, small At also increases
the computational time. Consequently, an optimum
size for time step should be used in practical dynamic
analyses.

5. Conclusions

In this paper, a novel step-by-step solution technique
based on the energy method was presented for the
dynamic analysis of shear frames as one of the ap-
plicable structures in practice. Rather than working
with the equation of motions, this method solved

the energy balance relationships, as characterized by
some advantages such as the reduction of unknowns.
The proposed method for analyzing various examples
including harmonic and earthquake loading was pre-
sented and performed. The main implications of the
study can be listed as follows:

o The proposed method enjoys higher accuracy than
other common methods (e.g., it is more accurate
than Newmark method);

e Compared to other time integration methods such
as Newmark, the proposed method gives a chance to
avoid the necessity of selecting and calibrating the
velocity and acceleration adjustment parameters -,
B

o Modal methods, which have shown good accuracy in
combination with Duhamel’s Integral, has complex
mathematic relationships, particularly with increas-
ing the degrees of freedom of the structure; in
addition, as observed in this study, they are more
time consuming than other techniques;

e The presented method, with a simple mathematical
algorithm, has good accuracy and speed of analysis.
By setting an allowable tolerance threshold (usually
in the range of 0.01-0.0001), the method can be used
in practical dynamic analyses of shear frames.

Finally, it should be noted that the ideas expressed in
this research have the capability to be applied to other
engineering structures and also non-linear systems with
some modifications.
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Appendix A. Discretization of integral energy
equations

A.1. Trapezoidal rule

The value of fOAt f(t)dt can be evaluated by the
Trapezoidal rule:

At
[ swar= 5150+ 20, (A1)
0

Recall Eq. (23):

¢
1 1
imivf — gmivfw) + /[(Cl + Cip1)0? — cvi_1v;

0

t
— Ci+11}i+11)i]dt + /[(kl + ki+1)l’i — ]{Zﬂ?i,;L
0

- ki+ll‘i+1]vidt = pﬂ)idt. (23 rep.)

o .

Now, considering Eq. (23) and based on the trapezoidal
rule, the integrals in this expression can be discretized
by Eqs. (A.2)-(A.4) as shown in Box I.

Substituting Eqs. (A.2)—(A.4) into Eq. (23) and

rearranging with regard to velocities yields the follow-
ing:

Aivj Ay + Bivicianvican + Civigi(anvi(ar)
+ Diviar) + Ei =0, (24 rep.)
where:
A; =0.5m; + 0.5Ac; + ¢i41),

Bi = —0.5At.ci7 Ci = —O.5At.ci+1,

D; =0.5At[(k; + ki+1)$i(At) — ki.xi,l(m)
- ki-l—l'xi-l—l(At) - pi(At)]a
Ei = — 05m11)12(0) + O5Ati)l(0)[(cl + Ci+1)’l)i(0)

— CiVi—1(0) + Cig1-Vip1(0) + (ki + kiy1)2i(0)

= kizi_1(0) — kit1%it1(0) — Pi(0)]- (25 rep.)

A.2. Simpson rule

Consider the jth time step, i.e., t = jAL (j =2,3,---).
In this case, fot f(#)dt can be approximated by the

composite Simpson rule as follows:

At

0 £(t)

[ erter)ed(O=cooa () —cisrvans (00(0)] di

+ [(Ci + C¢+1)U¢2(At) — GV 1(At)Vi(AL) — Ci+1ﬂi+1(mwi(m)] ;

At 9
> [(Ci +¢it1 )Ui(o) —CVi—1(0) Vi(0) _Ci+1vi+1(0)vi(0):|

£(0)

(A.2)

f(At)

At

0 £(t)

/ (ki + kip1)xi(t) — kizi1(t) — kip1 201 (D)] vi(t) di %

[(ki + Kig1)2i(0) — kii1(0) — Kir1Zi41(0)] V(o)

£(0)

+ [(ki + kip1)ziar) — kitimiar) — kis1Zig1an] vias ¢

f(at)
At
A
[pi(t)vi(t)] dt = 5§ Pio)Vio) F Pi(aniae)
S—r —_— ———
0 () £(0) F(at)

Box I
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3ot At D; =(At/3)[(ki + kig1)Tijae) — ki-Zi_1an
/ f(t)dt ﬁf[f(o) +4fay +4fean +
0 - ki+1~$i+1(jAt) - pi(jAt)]a
_ 2
+4 (a0 + fuan) (A.5) Bi == 05mavio) + (A¢/3){vio[(ei + civ1)vico)
Similar to the previous case, the discretized form of — Ci-Vi_1(0) F Ci+1-Vig1(0) T (k; + kiv1)wigo)
Eq. (23) using Simpson rule is given by Eqs. (A.6)-(A.8)
as shown in Box II. Hence, by inserting Eqs. (A.6)— — kizi_1(0) = kix1Zit1(0) — Di(0))
(A.8) in Eq. (23) and simplifying them, one can obtain
the discretized form of energy equations. +4vianl(ci + ciy1)Viar) — Civimi(ar
Awf(m) + Bivi—1(anVicar) + Civitianviae) + Civ1Vigran + (ki + kir1)ziar
+ Diviar) + Ei =0, (24 rep.) — kizi_1(an) — kit1Zip1(an
where: — Di(an)] + 2vi2a0)[(¢i + cir1)viear

A; = 0.5m; + (At/3)(ci + cir1),
i+ (Atf3)(ci + civt) — Ci.Ui—1(2At) T Cit1.Vit1(2A1)

BiZ—At?).Ci, CiZ—At?).Ci 5
(At/3) (At/3).cina + (ki + kiv1)Ti2ar) — ki%iz1(2at)

JAt
. At

/ [(Ci+ci+1 )Uf(t) —¢ivi—1 (v () —Cir1vig1 (t)vi(t)] dt= 5 I:(Cl +Ci+1)1]?(0) —CiVi—1(0)Vi(0) —ci+1vi+1(0)vi(0)]

’ 1 £(0)

+4 [(Ci + Ci+1)v;-2(m) — GUi_1(At)Vi(at) — C¢+1Ui+1(At)Ui(At)} +e

f(Aat)

+ [(Ci + Ci+1)v7;2(jAt) — CGU_1(jA)Vi(jAL) — Ci+1vi+1(jAt)vi(in):| )

f(iAt)
jAt A
t
/ (ki + Fip)zi(t) — ksxima () — iz (0] vi(t) dt = o [(kz + kig1)Ti0) — kiTi1(0) — ki+1$i+1(o)] Vi(0)
0 1(t) £(0)
+ 4 [(ki + kg 1)@y an — kizimian — kis1@ipian] vian +-
f(at)
+ [(ki + kip1)zigan — kivi—ian — kis1Zipian ] vigay ¢
F(iat) (A1)
At
At
[pi(t)vi(t)] dt = — < PicoyVico) +4PicanVican) +++ + PiGanviGar) ¢ - (A.8)
—— 6 | —— ~—— —_—
0 f(t) f(0) f(At) f(iAt)

Box II
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— kit1Tip12a0) — Pi2ag)] +
+viganl(ci + civ1)viggar — CiVic1(jan
+ Cit1-Vig1(ae) t+ (ki + kiH)xi(jAt)

— kizi_1(an — ki1 Tip1an —PiGan ]}
(26 rep.)

Appendix B. The Newton-Raphson method for
solving Eq. (37)

Two functions (f1, f2) for each equation in Eq. (37)
are defined as follows:

f1 = 051102 — 0.008vv1 + 0.01v; — 4.497 = 0,

f2 = 0.508v3 — 0.008v5v; + 0.055v5 — 7.768 = 0.
(37 rep.)

Then, by extending the Newton-Raphson method to
the system of equations, to find the root of f; and fs,
one may write the following sequence [59]:

{viigr ={v} — 37 {f}

Here, the subscript ¢ represents the iteration number
to achieve the convergence criterion; {v} is the vector
of unknowns (velocities); {f} is the vector of functions;
[J] denotes the Jacobian matrix.

0f1 of1
{v}:{z;}, {f}z{ﬁ}’ [J]:Eﬁ ;J(B.z)

In this case, the inverse form of the Jacobian matrix
can be expressed as follows:

i=0,1,2,---. (B.1)

=

1.022v7 —0.008v2+4-0.01
—0.008v4

(B.3)

—0.0080, !
101605 —0.0080,+0.055

The simplification of the previous equation yields the
following:

[ = D

500(8v; — 1016wy —55)
—4000v4

—4000v;
—1000(511v; —4vy+5) |’

D =4088v + 4064v3 — 5191701 v9 — 280650,

— 48600, — 275. (B.4)

Assuming the velocities of the previous step as the
initial approximation, we can estimate the roots of
Eq. (37) as follows:

wh={3}. (8.5)

Eq. (B.5) may be expressed as:

2 vh = {v)o - [lgHE, (B.6)
results in:
{v} |3 _ 0.3285 0.0019] [ 0.0360
1734 0.0026 0.2442] | 0.4640

2.9873} ’ (B.7)

—~{vh= {3.8866

By inserting the obtained value in the sequence of
Eq. (B.1) and continuing calculations until convergence
is achieved, the accuracy of the solution can be in-
creased. Note that this quantity, [J]~', within the
Modified Newton Raphson is determined only once in
the iteration and is assumed to be constant during the
next iterations [60].

Appendix C. Derivation of the exact solution
of Example 4.1 by Laplace transform

Considering Eq. (33):
Zil + 022£E1 — 016ZE2 + 21’1 — Ty = 0
. . . (33 rep.)
T2 — O].6£E1 + 016ZE2 — X1+ = 0

Taking Laplace transform and allowing F' = L(x1) and
G = L(z3), we can get:

$°F — swy(g) — 1(0) + 0.228F — 0.22y ()
—0.165G + 0.16z5(0) + 2F — G =0
L,
$°G — sxa(9) — da(0) — 0.165F + 0.16z1(g) (C.1)
+0.165G — 0.16z5(0) — F + G =0

where s is the transformed variable and the zero
subscript denotes the initial value at ¢ = 0.

Imposing the initial conditions and solving this
system algebraically for F' and G, we obtain the
following:

_ $7+3.385% +4.12965 + 7.06
T 544 0.3853 + 3.009652 + 0.225 + 1

253 4+ 4.765% + 6.3792s 4+ 11.22
G = (C.2)
5% 4+ 0.38s3 + 3.009652 + 0.22s5 + 1
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Eq. (C.2) may be written in terms of partial fractions
as follows:

~ —0.1307 — 0.106i
5 —(—0.1733 + 1.6087)

—0.1307 4 0.106i
s — (—0.1733 — 1.608i)

0.6307 — 2.1314i
s — (—0.0167 + 0.618i)

0.6307 + 2.1314i
s — (—0.0167 — 0.618i)

0.0766 + 0.0718q¢

G =
s —(—0.1733 + 1.608i)

0.0766 — 0.0718i
s — (—0.1733 — 1.608i)

0.9234 — 3.4692i
s — (—0.0167 + 0.618i)

0.9234 + 3.4692i
s — (—0.0167 — 0.618i)

(C.3)

Consequently, by taking the inverse transform and
simplifying it, displacements of the system (z1, z2) will
be given by:
r1 = — 0.336e 721733 ¢os(1.608t 4 0.681)
+ 4.445e7 00167 ¢65(0.618¢ — 1.283)

22 =0.210e 21733 05(1.608¢ + 0.753) (C-4)
+ 7.180e 90167t ¢05(0.618¢ — 1.3106)

Appendix D. Derivation of the exact solution
of Example 4.2 by the Laplace transform

The following governing equations will be solved by the
Laplace transform method:

Z.E.l + 02£E1 — O].ZEZ + 2261 — X2 = cost

i’z —O.lﬁ.l +02$2 —0.1&33 — 21 +2Iz — X3 = COS 2t

By F = L(z1), G = L(x2), and H = L(z3) and
considering the Laplace transform, we have:

52F — 8.1'1(0) — Zbl(O) + 0.28F — OQZEI(O)

—0.15G + 0.15(0) + 2F — G = ——

s2+1

52G — S.’I?z(o) — j?z(o) —0.1sF + 01.’171(0)
+0.25G — 0.22(9) — 0.1sH + 0.1z50)
S
—-F+2G-H=——
+ R (D.1)
82H — Swg(o) — .1"3(0) — 018G + Olwg(o)

249
Imposing the zero initial condition and obtaining F', G,

and H, we have:

(s +0.2s+2)F + (—0.1s — 1)G + (0)H =

s
s241

(—0.1s — )F + (s> + 0.25 + 2)G + (—0.1s — 1)H
S

8244 (D.2)

(0)F + (=0.1s = 1)G + (s* + 0.1s + 1) H = 5°5

Rearranging yields Eq. (D.3) as shown in Box III,
where:

A=1000s"2+500s"" +19060s'° +82015" +1258705s°
+416145" + 3693605 + 81049s° + 491630s*

+ 579365 + 266080 + 10800s + 36000. (D.4)

Eq. (D.4) may be written in terms of partial fractions
as follows:

_0.213s — 0.001 N —0.868s — 0.403
T 52 4+0.025+0.198 52 +0.1555 + 1.555
—0.451s + 0.387 0.926s + 0.28
2 +0.325s5 + 3.247 s2+1

0.1830s — 0.546  —0.002s + 0.006

F3 — 0.1d2 + 0.1d3 — o5 + x5 = cos 3¢ (48 1ep.) 1 219

F= 1000544005 +170305" +55005° +882805°+173005* +1454905° 4980052 +49000s
= A

G = 10005 45005% 41505057 +58005° +624305° +153005% +1106205° 41240052 4620005 (D 3)
= < .

H — 10005 4+5005°+10060s" +42005°+404805° +173005* +121005° +132005° +66000s

A

Box 111
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~0.383s — 0.001
T 52 4+0.025 + 0.198

—0.386s — 0.179
s2 4+ 0.155s + 1.555

0.563s5 — 0.483
52 4+ 0.325s + 3.247

—0.028s + 0.092
s2+1

—0.549s5 +0.726  0.017s + —0.025

s2 44 s249 ’
_ 0.477s — 0.002 0.696s + 0.323
T s240.02s+0.198  s2 4 0.155s + 1.555
—0.255 + 0.215 —0.944s — 0.184
s2 4+ 0.3255 + 3.247 s2+1
0.148s — 0.335 —-0.127 0.019
’ O (ps)
s2 44 $24+9

Finally, by taking the inverse transform and simplifying
it, the displacements of the system (z1, 2, 23) will be
given by:

x1 =0.2131 exp(—0.01¢) cos(0.4449¢+0.0330)
— 0.9089 exp(—0.0775¢) cos(1.2446t —0.3013)
— 0.5188 exp(—0.1625¢) cos(1.7946t+0.5171)
+0.9674 cos(t—0.2936)+0.3286 cos(2t+0.9303)
+0.002 cos(3t + 3.9267)

xo =0.3831 exp(—0.01¢) cos(0.4449¢+0.0282)
+ 0.4042 exp(—0.0775t) cos(1.2446t+2.8406)
+ 0.6476 exp(—0.1625t) cos(1.7946t+0.517)
+0.0962 cos(t + 4.4169)
+ 0.6581 cos(2t + 3.7258)
+ 0.0189 cos(3t + 0.4542)

(49 rep.)

x5 =0.4772 exp(—0.01t) cos(0.4449¢ +0.0318)
+ 0.7288 exp(—0.0775t) cos(1.2446t —0.3012)
+ 0.4097 exp(—0.1625t) cos(1.7946¢ +4.0561)
+0.9618 cos(t + 2.9491)
+0.2235 cos(2t + 0.8471)
+0.1271 cos(3t 4 3.1911)
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