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Abstract: Structural design in Europe should strongly follow EN 1998-1 or so called Eu-
rocode 8 (EC8), for a seismic resistance assessment of structures. Eurocode 8 recommends
two linear methods and two nonlinear methods. The nonlinear methods require some
knowledge about the nonlinear behavior of beams and joints in the structure, which makes
the linear methods preferable. An alternative method of the seismic loading representation
is to use artificial accelerograms with the same or similar spectra as the response spectrum
used for modal spectrum analysis. Using an artificial diagram, three approaches in finite
element methods exist: explicit time integration, implicit time integration, and modal dy-
namics. A typical six-story steel structure is modeled using the finite element method, and
all linear methods are examined in both horizontal directions. The structure is examined by
the modal response spectrum method using sufficient modes, as well as with and without
the residual mode. The results are compared, and conclusions concerning the efficiency
and precision of methods are deduced. Time history loading by accelerograms reveals
higher dynamics and stress in the structural response than the modal response spectrum
and lateral forces methods. The time history analysis methods have almost no difference in
accuracy, and the modal dynamics method is the cheapest one.

Keywords: seismic resistance; artificial accelerograms; finite element method; Eurocode 8

1. Introduction
The assessment of seismic resistance of buildings is very important at the stage of

their design in order to prevent loss of life in earthquake events. The methods of such
an assessment are computational by modelling and applying the finite element method
for analysis and simulation. The seismic loading can be presented in two ways [1].
One is to use the response spectrum as a generalized characteristic of the earthquake
ground motion, accounting for the hazard level. The other one is by accelerograms,
which can be real, recorded, and scaled to the hazard level of design or artificial accelero-
grams having frequency characteristics, corresponding to the response spectrum of the
seismic demand.

There are four fundamental methods of seismic analysis: linear static, linear dy-
namic, nonlinear static, and nonlinear dynamic methods. All of them are included in the
Eurocode 8 (EC8), and the linear dynamic “Modal response spectrum analysis” is pointed
out as a reference method [1]. Structural engineers could choose one or two methods to
provide the seismic requirements, but they are not well acquainted with the accuracy of the
seismic analysis methods, as well as the computational methods and their computational
costs. The purpose of this paper is to facilitate the designer’s choice of a seismic analysis
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method and the computational approach, as well as to contribute to the practical use
of EC8.

The linear static method of analysis, described in EC8, is the “Lateral force
analysis”. The method is approximate and well described in classical textbooks [2]. The
structure is modeled as a Single Degree of Freedom (SDOF) mechanical system, and the
total inertia force corresponding to the base shear force is calculated by taking 85% of the
total mass of the structure for tall buildings, which is an approximation of the fundamental
mode mass participation. Then the force is distributed proportional to the fundamental
mode displacements or to the height of the stories, which is also an approximation. The
lateral force method should give good results when the structural dynamic behavior is
governed by the fundamental mode shape vibrations.

The linear dynamic method, proposed to model the structure as a Multi Degree of
Freedom (MDOF) mechanical system, is the “Modal response spectrum analysis”. The
method uses each separate mode peak response as an SDOF system response [2,3], and then
the total peak response is calculated by means of one of the methods: Square Root of Sum
of Squares (SRSS) or Complete Quadratic Combination (CQC). They are not theoretically
justified, and some other methods for modal combinations have been proposed in the
past [4,5], in order to solve problems with some type of structures, like flexible structures,
for instance. The CQC method is considered superior to the SRSS method, especially
when the structure has close natural frequencies [1]. Acceleration response spectra are
proposed by EC8 as types, but the national annexes determine their parameters. Although
the national annexes should cover the regional-specific parameters of the response spectra,
it is possible to seek a site-specific response spectrum [6].

When modal analysis is used, the problem of how many modes should be taken arises.
The EC8 has minimum requirements for the number of modes. Because the truncation
of modes leads to a loss of mass, some methods are proposed to compensate for the
missing mass [2]. According to [7], the most efficient method, however, is to add the
residual mode [8].

The nonlinear methods applied for seismic analysis require a finite element model of
the structure with special elements in the right places. The elements could be beams with
distributed plasticity or plastic hinges [9]. The material nonlinearity is the essential part
of the nonlinear methods, because the ductility of the structure should reveal its higher
capacity to withstand strong ground motion. The geometrical nonlinearity is well provided
by the corotational method [10], since the building structures are mainly moment-resisting
frame structures, and beam and shell finite elements are used to model them. The plastic
behavior of the frame structures, however, is not so easy to model. The structure joints are
stiffer than they are modeled, so the right place of hinges is a little bit far from the nodes of
finite element connections and depends on the joint structure in detail [11]. In order to do
nonlinear analysis, one should know the nonlinear behavior of all elements of the structure,
and the nonlinear model should represent that behavior with fidelity.

The nonlinear static analysis is known as pushover analysis. The methods of pushover
analysis became popular because of their simplicity and low computational costs. The
method implemented in EC8 is the N2 method [12]. The pushover analysis considers a
monotonic loading of the structure model by lateral forces till the collapse, and the total base
shear force versus the displacement of a control point (at the roof) gives a curve called the
capacity curve, which could be compared with the seismic demand. The distribution of the
forces is not theoretically justified, and EC8 recommends two distributions: proportional
to the mass and a constant acceleration, and proportional to the mass and the first mode
displacement. The structure is adjusted to an SDOF equivalent mechanical system. A
target displacement is determined for the equivalent system by using the elastic response
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spectrum. The worst results for the structure from both force distributions, comparing
the target displacement and the maximum displacement of the control point, will give the
final assessment of the structure’s capacity. In fact, EC8 refers to the pushover method
as a means to determine and revise the overstrength ratio and behavior factor in order to
use them in a linear seismic analysis. The uncertainty in load distribution and the use of
an equivalent SDOF model of the structure show that the method is approximate and not
always adequate [13]. Some improvements of the method are proposed [14], and many
researchers advocate nonlinear dynamic methods to replace the pushover analysis [15].

The nonlinear dynamic seismic analysis uses accelerograms to load the structure and
to simulate the time history response of the structure. The finite element model should not
simply have adequate elastic–plastic elements, but it should also have adequate hysteresis
in the reverse cyclic loading. If the joints of the structure have an unknown hysteretic
behavior, special research should be carried out [16]. Some nonstructural elements as some
claddings, could have a significant contribution to the energy dissipation during a strong
ground motion and also should be included in the nonlinear finite element model [17].
The development of an adequate nonlinear finite element model of structures for dynamic
analysis is not a task for structural engineers in design practice, and it is more suitable for
structural engineers in science.

The earthquake accelerograms used for the dynamic loading of building structures
have to satisfy a lot of requirements in order to be representative of the seismic design.
The recorded accelerograms could be used, but they should be scaled to the level of the
regional seismic hazard. Their spectral properties could be very different from the proposed
response spectrum, so the records should be selected in order to satisfy the seismic demand
to be spectrum compatible [18–20]. An alternative to using the code spectrum is to apply
the conditional mean spectrum methodology to select accelerograms [21,22]. The artificial
earthquake accelerograms have become very popular recently. They can be fully synthetic,
based on some seismological model and a stochastic procedure [23], or the stochastic
procedure can use natural accelerograms [24,25]. The aim of the artificial accelerogram
generation is to have some spectrum compatibility, but still a great variability in the time
history. The generation of three-component artificial accelerograms [26] could allow more
realistic simulations of seismic events. The EC8, however, recommends separate directions
of the loading and combinations of them. The number of time history nonlinear dynamic
analyses is recommended to be a minimum of seven in one direction of loading with
different accelerograms, and the response quantities are to be averaged. If less time history
analyses with different accelerograms are used, the maximum response of them is used for
the design. Considering the ground-motion representation, the EC8 recommends at least
three accelerograms to be used [1].

The dynamic simulations of a structural response to seismic loadings by accelero-
grams can be completed by a direct explicit time integration of the differential equation of
motion [27,28], by a direct implicit time integration method [28], or by a modal model of
the structure and modal equations of motion time integration [29]. The time integration of
equations of motion requires a significant computational time and a powerful computer
capability. The transient modal dynamics method is a linear dynamic method, but it can
reveal some torsional behavior of the structure [30], as well as all other time integration
methods applied to linear finite element models of the structure. The explicit time integra-
tion method is popular for solving impact problems, where a high geometrical and material
nonlinearity exists, like crash simulations. It has great computational costs because of the
small time steps of the numerical integration, and it is applied for short-time transient prob-
lems with single-precision calculations. The implicit finite element method for nonlinear
problems works with double precision and has great computational costs for one step of the
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nonlinear problem solution but could have larger time step for the numerical integration of
dynamic problems. The material nonlinearity of the finite element model could cause the
implicit method to have slow convergence or even divergence [31]. This can be seen when
the method is applied as a static nonlinear method for a pushover analysis. The softening
of the structure as a result of the plasticity reduces the tangential modulus of elasticity and
could increase the critical time step for the explicit time integration.

The aim of this research is to compare different methods of finite element analysis,
described in EC8, in order to estimate their effectiveness and accuracy. The finite element
model should be linear, in order for the methods of analysis to be comparable and useful
for the design practice. The accelerograms used for seismic dynamic simulations should be
easily available to the structural designers.

2. Methodology
2.1. Artificial Accelerograms

The artificial accelerogram should correspond to the response spectrum of the earth-
quake. The generator of the accelerograms, which is used here, is an available MATLAB®

2017b version script well described in [32]. The generation of the artificial accelerogram is
based on the real records of accelerograms of the following earthquakes:

1. ElCentro Earthquake (1940);
2. Gebze Earthquake (1999);
3. Mexico City Earthquake (1985).

The original records are scaled to the level of the maximum acceleration chosen as
a reference, and in this case, it is ag = 0.15 g = 1.4175 m/s2, using the coefficient of
importance γI = 1.0 for ordinary buildings. The response spectrum chosen is the elastic
spectrum, which is recommended in EC8 for earthquake type 1, soil type C and damping
ratio of response ζ = 5%. The response spectrum parameters are given in Table 1.

Table 1. Response spectrum parameters.

S TB (s) TC (s) TD (s)

1.15 0.2 0.6 2.0

Three accelerograms are generated, corresponding to the earthquakes numbered
above, and they are filtered in 8 iterations in order to be close to the chosen spectrum [6].
The correspondence of the generated accelerogram spectra to the reference spectrum
can be seen in Figure 1. One can see that the artificial accelerograms are a very good
match for the response spectrum. The generated accelerogram are given in Figure 2. The
time of accelerograms is trimmed at 40.96 s with a time step dt = 0.005 s which means
8192 points = 213. The number of sample points should be some power of 2, in order for
the Fourier transformation to be completed. When the accelerograms are generated, then
the simulations of structure loading and response can be truncated up to any time less than
40.96 s. For the purpose of the structure dynamics simulations, the time of simulations
is set to be 40 s, and the number of sample points of the ground motion acceleration is
ns = 8000.

2.2. Time History Analysis

The solution of the dynamics of structure problem by accelerograms is found by
direct time integration of the differential equation of motion for finite element model of
the structure:

M
..
d + C

.
d + Kd = f, (1)
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where M, C, and K are the mass, the damping, and the stiffness matrices, respectively. The
nodal displacements, d, are the unknowns as a function of time, t, while the external nodal
force vector, f, is the inertia force vector, which components are:

fi = ri mia(t) , i = 1, 2, . . . , NDOF (2)

where ri is 1, if it is in the direction of seismic loading or 0 otherwise. Here mi is the lumped
translational nodal mass and a(t) is the acceleration at time, t, taken from the accelerogram,
NDoF is the number of the Degrees of Freedom (DOF) of the finite element model of
the structure.
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2.2.1. Implicit Time Integration Method

The time domain is discretized in time steps, ∆t, and (1) holds at any time tn for step
number n. There are two methods of time integration of (1): implicit and explicit. The
implicit time integration can be expressed in this way:

dn+1 = f
( .

dn+1,
..
dn+1, dn, . . .

)
(3)

which should be read as find the displacements at n + 1 time step as a function of the
velocity and acceleration at the same time step plus all that is known from previous steps.
The implicit method is unconditionally stable, so the time step, ∆t, could be any, but
small enough in order to capture the dynamics of the structure. This is why we will solve
the equation of motion with implicit method in 8000 increments (time steps). The great
problem of the method is that a system of linear equations should be solved at each time
step or iteration, which is time consuming calculations especially for large model with a lot
of DOF.

2.2.2. Explicit Time Integration Method

The explicit method of time integration can be summarized in this way:

dn+1 = f
(

dn,
.
dn,

..
dn, dn−1, . . .

)
(4)

Using lumped mass matrix and lagging the velocity in a half step behind leads to
that all internal and viscous forces depending of displacements and velocities are known
from the previous time steps, and only nodal accelerations should be determined for the
current time step,

..
dn+1, then it is easy to find the velocities,

.
dn+1/2 =

.
dn−1/2 + ∆t

..
dn+1,

and the displacements, dn+1 = dn + ∆t
.
dn+1/2, node by node. The solution of the equation

of motion in the time steps consists of nodewise and elementwise cycles of calculations
without any linear equation system solution. This makes time step calculations very fast
and efficient, however the method is conditionally stable.

The condition for stability of the time integration is that the time step should be:

∆t ≤ 2
ωmax

, ωmax =
2c

Lmin
(5)

where ωmax is the maximum angular frequency of the discretized structure, which is deter-
mined by the element with a high sound speed, c, and a small minimal distance between
its nodes, Lmin. This condition depends on the degree of discretization of the structure and
makes the time step very small. The problem is solved on the level of tracking mechanical
waves, which means it makes real life simulations of mechanical interactions and dynamics.

The number of increments in time could be very high. When it is comparatively
small, as in the case of very short transient events as impact simulations or explosion
simulations, a single precision is used in the computer calculations, which makes the
problem solution quite acceptable. However, for a time of event as 40 s, which we have
for time history analysis, double precision calculations are necessary in order to avoid the
error accumulation with the large number of increments.

2.2.3. Modal Transient Dynamics

The other method of time history analysis is to establish a modal numerical model of
the structure and to solve the modal dynamics equation of motion [4]. The mode shapes ϕi

are the solution of the free vibration equation of motion:

(K − λiM)ϕi = 0 (6)
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where λi = ω2
i are the eigen values, corresponding to the natural angular frequencies ωi,

which are the solution of the algebraic equation:

det(K − λM) = 0 (7)

Using the modal matrix Φ =
[
ϕ1 ϕ2 · · · ϕn

]
to present the displacements

d = Φz(t), the matrix equation of motion becomes a set of independent modal equa-
tions due to the orthogonality of the mode shapes, ϕj:

Mj
..
zj(t) + Cj

.
zj(t) + K jzj(t) = yj(t) , j = 1, 2, . . . , n (8)

where Mj, Cj, and K j are the modal mass, the modal viscous damping coefficient, and the

modal stiffness coefficient, respectively. The modal force yj = ∑NDoF
i=1 ϕij fi is obtained from

inertia nodal forces fi in seismic loading given by (2). The scalar ϕij is the i, j component
of the modal matrix Φ. The great advantage of the modal method is that the number of
modes, n, used to represent the dynamic motion of the structure, can be very small, because
it is dominated by the very low frequency mode shapes. According to the EC8 the modal
model should include all modes with the accumulated participation of effective modal
masses at least 90% of the total mass of the structure in each direction of seismic loadings
and modes with more than 5% of the mass participation.

Omitting higher modes in the modal analysis leads to missing mass in the struc-
ture. The addition of the residual mode to the chosen modes is the best solution. This
improvement of the modal model of the structure is examined for all modal solutions. The
residual mode calculation requires a preliminary step of a perturbation linear solution to
be completed before the modal analysis step. The structure is loaded by a unit gravity
acceleration in the direction of the seismic loading in the preliminary step and then the
residual mode is defined in the modal analysis step of the solution.

2.3. Response Spectrum Analysis
2.3.1. Lateral Force Method for Static Loading

Eurocode 8 recommends two linear elastic solutions using the response spectrum. The
first one is the lateral force method, where the structure is considered as an SDOF system,
and the total base shear force is calculated from the response spectrum in this way:

Fb = Sd(T1) m λ (9)

where Sd is a design spectrum pseudo acceleration corresponding to the fundamental
period of vibration, T1, in the direction of loading considered, m is the total mass of the
structure, and λ = 0.85 if T1 ≤ 2 TC and the building has more than 2 stories, otherwise
λ = 1.0. Here, an elastic response spectrum with 5% damping is used instead of a de-
sign response spectrum because the artificial accelerograms are generated for the elastic
response spectrum.

The base shear force is distributed as story forces acting on each floor in one of the
two ways. One way is to distribute the force proportional to the story mass, mi, and
fundamental modal displacements, si:

Fi = Fb
simi

∑k
j=1 sjmj

(10)
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where Fi is the story force, and the number of stories is k. The other way is to distribute the
force proportional to the floor height zi and story mass mi:

Fi = Fb
zimi

∑k
j=1 zjmj

(11)

The lateral force method is a static analysis method when the structure is loaded by
those story forces.

2.3.2. Modal Response Spectrum Analysis

The modal response spectrum method uses the modal Equation (7), where instead of
functions of time, we have the maximal response, which means the modal force becomes:

yj = LjSdj
(
Tj
)

, j = 1, 2, . . . , n (12)

where Sdj
(
Tj
)

is the design response spectrum pseudo acceleration for a modal period Tj

and Lj is the coefficient of mass participation in the direction of motion:

Lj =
NDoF

∑
i=1

miϕijri , j = 1, 2, . . . , n (13)

where mi is the node mass and ri is unity if i−DOF is in the direction of the seismic loading
and zero otherwise. Introducing the modal mass Mj as:

Mj =
NDoF

∑
i=1

miϕ
2
ij , j = 1, 2, . . . , n (14)

the modal participation factor of mode j in the motion of loading direction, Γj, is defined:

Γj =
Lj

Mj
, j = 1, 2, . . . , n (15)

The modal participation factor allows the maximum response as a modal acceleration,
..
zj, to be determined, ignoring the damping and elastic forces in the equation:

..
zj(max) = ΓjSdj

(
Tj
)

, j = 1, 2, . . . , n (16)

Using the modal matrix Φ, the maximum acceleration of any DOF i as a response to
any mode j can be determined:

..
dij(max) = ΓjSdj

(
Tj
)
ϕij , i = 1, 2, . . . , NDoF , j = 1, 2, . . . , n (17)

or the maximum displacement of the i-th DOF to the j-th mode:

dij(max) = ΓjSdj
(
Tj
)
ϕij

( Tj

2π

)2

, i = 1, 2, . . . , NDoF , j = 1, 2, . . . , n (18)

Instead of the design response spectrum Sd in (12, 17, and 18), the elastic response
spectrum with 5% damping is used. Based on the maximum displacements determined
above, any nodal effect, Eij, due to the j-th mode as section forces and moments as
well as stresses can be determined. The combination of them should be completed by
SRSS method:

Ei =
√

∑n
j=1 E2

ij , i = 1, 2, . . . , NDoF (19)



Vibration 2025, 8, 21 9 of 16

according to the EC8, and if the natural frequencies of two modes are close enough, then
the method of CQC is recommended:

Ei =
√

∑n
k=1 ∑n

j=1 EijρjkEik , i = 1, 2, . . . , NDoF (20)

where

ρjk =
8
√

ζ jζk
(
ζ j + rζk

)
r3/2

(1 − r2)
2 + 4ζ jζkr(1 + r2) + 4

(
ζ2

j + ζ2
k

)
r2

, r =
ωk
ωj

(21)

Some investigations show that the CQC method is supreme over the SRSS method.

3. Structural Model
The example structure, which is examined under seismic loadings, is steel structure

of a 6-story building. The finite element model of the structure in SIMULIA Abaqus®

v6.14 (2014) is given in Figure 3. It consists of 3792 beam elements, 72 truss elements, and
12,960 shell elements or totally 16,824 elements, 22,062 nodes, and 86,868 variables or NDoF.
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Figure 3. Structure of 6-story building modelled by finite elements in SIMULIA Abaqus®.

The structure has 6 columns in X-direction and 4 columns in Y-direction or totally
24 columns of standard steel profile HE 500A [33]. The strong axis of column profiles is
oriented in X-direction. All girders are standard steel profile IPE 450 [33]. The girders have
their strong axis in Y-direction, if they have their longitudinal axis in X-direction and vise
verses. The structure is braced by truss elements corresponding to standard steel profile
UPN 120 [33]. The geometric characteristics of profiles, necessary for their finite element
section descriptions are given in Table 2. The elastic modulus of steel is E = 210 GPa,
Poisson’s ratio is ν = 0.3, and material density is ρ = 7.85 t/m3.
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Table 2. Geometrical characteristics of standard profiles for the element sections.

Profile A (cm2) Iy (cm4) Iz (cm4) J (cm4)

HE 500A 197.5 86,970 10,370 317.84
IPE 450 98.8 33,740 1676 66.75

UPN 120 17.0 – – –

The floor plates are modeled by shell elements having thickness of 20 cm, Young’s
modulus E = 50 GPa, Poisson’s ratio ν = 0.2, and density ρ = 2.5 t/m3, which is close
to a homogenized reinforced concrete plate. All elements have a preferable discretization
size of 0.5 m and shell elements, and beam elements have common nodes. The distance
between the columns is 6 m in both directions, the height of the first story is 4.5 m, and the
distance between stories is 3.5 m. The structure is 30 m long in X-direction, 18 m wide in
Y-direction, and 22 m high in Z-direction. All columns are fixed in their base.

4. Results and Discussion
The numerical examples using different methods of analysis are run on a work station

computer having two processors Intel Xeon E5-1660 v4 @ 3.20 GHz, with eight cores each,
but all solutions required eight cores for the calculations. The natural frequency and mode
shape analysis shows close first and second frequencies and that the first five modes are
enough to satisfy the requirement for the effective modal mass participation, as can be seen
in Table 3, because the structure mass is calculated as 1814.7 tons.

Table 3. Mode frequencies and mode effective masses.

Mode No. Frequency, (Hz) Effec. Mass in X, (t) Effec. Mass in Y, (t)

1 1.2459 1576.8 0
2 1.3647 0 1547.6
3 1.875 0 0 1

4 3.7649 179.28 0
5 4.2729 0 182.51

Accumulated mass – 96.77% 95.34%

Residual modes in X and Y, respectively 6.711; 8.1311 48.1 67.2
1 This mode is twist mode.

The effects of all seismic loading analyses that are observed, are as follows: the
total reaction at the base of columns in the direction of seismic loading, Rtot; maximum
displacement, dmax; maximum von Misses stress in columns, σcol ; maximum von Misses
stress in girders, σgir; and maximum von Misses stress in diagonal bars (truss elements),
σbar. The effects of seismic loadings to the plates are small, so they are ignored here. The
total reaction could not be calculated for modal response spectrum method. The results for
the modal response spectrum method, are given in Table 4.

The results show that there is almost no difference between model with only
five modes and the model with five modes plus the residual mode. The difference between
methods of gathering the effects of different modes is nothing, although according to EC8
when the one frequency is higher than 90% of the next frequency, the CQC method should
be applied, instead of the SRSS method, because they are very close frequencies, and the
SRSS method is not appropriate.

Applying the lateral force method, the story masses are assumed to be equal, which
means they are ignored in (10) and (11). The base total shear force is calculated for X-
direction by the first mode natural frequency, 1.2459 Hz, and this results in FbX = 4878 kN,
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while in the Y-direction, using the second natural frequency, 1.3647 Hz, the base shear force
is FbY = 5343 kN.

Table 4. Modal response spectrum analysis results.

Loading
Direction

Residual
Mode Method dmax,

(cm)
σcol,

(MPa)
σgir,

(MPa)
σbar,

(MPa)

X

No CQC 6.662 206.0 85.96 369.2
Yes CQC 6.662 206.0 85.97 369.5

No SRSS 6.662 206.0 85.96 369.2
Yes SRSS 6.662 206.0 85.97 369.5

Y

No CQC 6.067 196.3 175.6 281.3
Yes CQC 6.067 196.4 175.6 281.4

No SRSS 6.067 196.3 175.6 281.3
Yes SRSS 6.067 196.4 175.6 281.4

The results for the lateral force method are given in Table 5. The difference between
the ways of distribution of the total base shear force over the stories is comparatively small.
There is a difference between the modal response spectrum solution and the lateral force
method. The difference, however, is not more than 4%, and it is higher when the loading is
in the X-direction, in which direction the structure is stiffer.

Table 5. Lateral force method results.

Loading
Direction Distributions Rtot,

(kN)
dmax,
(cm)

σcol,
(MPa)

σgir,
(MPa)

σbar,
(MPa)

X
Height 4878 6.730 203.0 84.73 357.1
Mode 1 4878 6.528 200.8 83.74 357.2

Y
Height 5343 6.180 196.5 174.3 278.5
Mode 1 5343 6.057 195.2 174.2 278.7

The time history simulations of seismic loading by accelerograms should be completed
in the same conditions as response spectrum methods, which means with the same damping
ratio ζ = 5%. In order to do that, damping by Rayleigh is assumed, which is determined
by the formula:

ζ =
α

2ω1
+

β ω1

2
(22)

where ω1 = 2π f1 is the fundamental angular frequency of the structure and it is assumed
that β = 0. The obtained value for α is α = 0.78282.

The simulations are run for a 40 s problem time and 2000 states are recorded. The
implicit method of simulations as well as the modal dynamics method have 8000 increments
with fixed time step, while the explicit method has 2,143,928 increments. The wall-clock
time for running the time history analysis using different accelerograms is given in Table 6
in seconds.

The fastest analysis is the modal dynamics analysis, which has approximately 18 min
for running, but this method is linear elastic by origin. The explicit analysis is running
for approximately 1 h and 40 min, which is quite longer, but the method can be totally
nonlinear, because it is on the level of sound wave tracking. The implicit time history
analysis has time for running approximately 1 h and 25 min. This is not very different than
explicit simulations, because the building frame structures are very simple with relatively
few DOF and high critical time step, where the explicit analysis has better performance,
although it runs in double precision calculations.
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Table 6. Wall-clock time for running time history analysis.

Direction Accelerogram
No

Explicit,
(s)

Implicit,
(s)

Modal,
5 m., (s)

Modal,
6 m., (s)

1 6118 5307 1096 1137
X 2 6146 5186 1075 1100

3 6326 5283 1087 1166

1 6240 5148 1137 1120
Y 2 6290 5259 1088 1082

3 6293 5242 1081 1076

The results for the effects of seismic loading for the different time history analyses
are given in Table 7. The first expression is that there is a quite different response to
the different accelerograms. Another issue is that the implicit and the modal transient
simulations show a little bit higher value, compared with the explicit analysis and the values
of modal dynamics method with six modes (five modes + residual mode) in X-direction are
significantly higher.

Table 7. Time history analysis by artificial accelerograms.

Loading
Direction Method Accelerogram

No
Rtot,
(kN)

dmax,
(cm)

σcol,
(MPa)

σgir,
(MPa)

σbar,
(MPa)

X

1 4821 6.374 195.3 82.12 353.5
Explicit 2 5199 6.770 212.1 87.45 382.0

3 4811 6.726 193.2 87.14 351.4

1 4830 6.381 197.3 82.49 354.5
Implicit 2 5212 6.783 210.7 87.82 383.1

3 4814 6.735 192.3 87.17 352.1

1 4898 6.369 197.1 82.37 358.4
Modal, 5 modes 2 5254 6.766 209.1 87.36 384.5

3 4762 6.748 191.4 85.39 348.5

1 5666 6.377 216.9 89.16 407.5
Modal, 6 modes 2 5 533 6.718 215.3 90.68 402.3

3 5033 6.711 197.0 87.17 365.8

Y

1 5186 5.637 180.1 163.0 267.9
Explicit 2 6095 6.523 215.7 193.8 314.3

3 5762 6.323 202.3 182.5 298.3

1 5175 5.658 180.1 163.8 267.6
Implicit 2 6338 6.539 221.4 199.0 326.0

3 5826 6.382 203.7 185.1 300.4

1 5199 5.657 183.3 165.1 268.8
Modal, 5 modes 2 6130 6.575 217.8 196.6 317.7

3 5881 6.363 205.5 186.8 304.3

1 5284 5.650 182.2 165.1 271.6
Modal, 6 modes 2 6117 6.575 217.6 196.5 317.3

3 5899 6.350 204.4 186.4 302.3

The effects of the accelerogram No.2 simulations are highest and let compare them to
the other two accelerogram response. Taking as a reference the second accelerogram effects
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the relative divergency for explicit analysis is calculated and shown in Table 8. The relative
divergency is calculated in percent by formula:

relative divergency =
re f erence value − relative value

re f erence value
100% (23)

Table 8. Relative divergency of accelerogram effects for explicit compared to accelerogram No.2.

Loading
Direction

Accelerogram
No.

Rtot,
%

dmax,
%

σcol,
%

σgir,
%

σbar,
%

X
1 7.27 5.85 7.92 6.09 7.46
3 7.46 0.65 8.91 0.35 8.01

Y
1 14.91 13.58 16.50 15.89 14.76
3 5.46 3.07 6.21 5.83 5.09

The results in Table 8 show a comparatively great divergency of the dynamic response
of the structure to the accelerograms. The greatest one is 16.5%. Let us compare the
different methods for time history analysis to the explicit method by calculating the relative
divergency only for an accelerogram No.2. The results are given in Table 9.

Table 9. Relative divergency of effects for time history analysis compared to explicit method by
accelerogram No.2.

Loading
Direction Method Rtot,

%
dmax,

%
σcol,
%

σgir,
%

σbar,
%

Implicit −0.25 −0.19 0.66 −0.42 −0.29
X Modal, 5 modes −1.06 0.06 1.41 0.10 −0.65

Modal, 6 modes −6.42 0.77 −1.51 −3.69 −5.31

Implicit −3.99 −0.25 −2.64 −2.68 −3.72
Y Modal, 5 modes −0.57 −0.80 −0.97 −1.44 −1.08

Modal, 6 modes −0.36 −0.80 −0.88 −1.39 −0.95

The results in Table 9 show that all methods for time history analysis have a com-
paratively close assessment of the effects of seismic loadings. The positive divergency is
a maximum 1.4% and a negative divergency means overestimated values, in which the
maximum is 6.4%, but it is on the side of safety.

From a safety point of view, the highest dynamic response of the structure to the
accelerograms should be taken as a basis for design. The assessment of effectiveness of the
response spectrum method is completed by calculating the relative divergency of the effects
of seismic loading compared to explicit analysis using accelerogram No.2. The results are
given in Table 10.

Table 10. Relative divergency of effects for response spectrum methods compared to explicit method,
accelerogram No.2.

Loading
Direction Method dmax,

%
σcol,
%

σgir,
% σbar

Modal response spectrum 1.60 2.88 1.70 3.35
X Lateral force., height distr. 0.59 4.29 3.11 6.52

Lateral force., mode 1 distr. 3.57 5.33 4.24 6.49

Modal response spectrum 6.99 8.95 9.39 10.47
Y Lateral force., height distr. 5.26 8.90 10.06 11.39

Lateral force., mode 1 distr. 7.14 9.50 10.11 11.33
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The analysis of data in Table 10 shows that the response spectrum methods can give us
approximately 10% underestimation of seismic effects to the structure and especially to the
weak direction of the structure. The modal response spectrum method can run for a few
seconds, but it is not as conservative as it is believed. The structure should be examined
even with more artificial accelerograms in order to find the maximum response and to
reveal its behavior.

5. Conclusions
The different representations of seismic loading show some differences in the effects

of that loading. Although the artificial accelerograms are pointed out as an alternative
representation of seismic loadings to the response spectrum, they could become an essential
part of the analysis for seismic resistance of building structures in the stage of their design.
The following conclusions can be drawn:

• The artificial accelerograms, although having very similar spectra, have a great di-
versity in the dynamic response of structures and in the effects of loadings. Looking
for the maximum response and effects, it is necessary to try more than the minimum
requirement of three accelerograms in one direction.

• All methods for time history analysis have similar results, and the fastest and cheapest
method is the modal transient dynamic method, which, however, is the only linear
method of analysis. The method could reveal torsional effects and structural response
with higher stresses.

• When nonlinear simulations with accelerograms are needed, the explicit time inte-
gration method is superior and it is not so expensive, because the building frame
structure model have relatively few DOF and a high critical time step, so it can be
easily calculated even with a double precision, while the implicit nonlinear method
could have low convergence and slower calculation.

• The response spectrum methods are very fast and easy for calculations. However,
they are not so conservative. Compared with time history analysis methods, they can
underestimate the effects of seismic loadings by approximately 10%, but use more
diverse accelerograms, and the underestimation could be even greater.
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