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Abstract: Structure design in Europe should strongly follow EN 1998-1 or, so called Eurocode 8 (EC8), 
for a seismic resistance assessment of structures. Eurocode 8 recommends two linear methods and 
two nonlinear. 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 dynamics. Typical 6-storey steel structure is modeled in 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 structure 
response than 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 on the stage of their design 
in order to prevent life losses 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 by real accelerograms, recorded and scaled 
to the hazard level of design. The other one is to use the response spectrum as a generalized 
characteristic of the earthquake ground motion accounting for the hazard level.  

The methods of seismic analysis are linear and nonlinear. The nonlinear methods aim to find the 
capacity of building structures to withstand plastic deformations in a seismic loading without 
collapse. In order to do such analysis, one should know the nonlinear behavior of all elements of the 
structure and the nonlinear model should represent that behavior with fidelity. Usually, the 
nonlinear analysis determines the capacity of the structure which is used in the linear analysis. In 
Eurocode 8 (EC8), the behavior factor, 𝑞, is used for such a characteristic [1]. 

The linear methods of analysis, described in EC8, are “Lateral force analysis” and “Modal 
response spectrum analysis”, which is pointed as a reference method [1]. The lateral force method 
uses two types of a distribution of the forces: a linear distribution in the form of an inverted triangle 
(proportional to the height) and proportional to the displacements of the first mode shape. Both 
distributions are not theoretically justified. The modal response spectrum method uses each separate 
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mode response as a Single Degree of Freedom (SDOF) system response and then the total response 
is calculated by means of one of the methods: Square Root of Sum of Squares (SRSS), and Complete 
Quadratic Combination (CQC). All they are not theoretically justified. 

The simulations of the structure behavior under seismic loadings by artificial accelerograms 
although using a linear-elastic model could reveal better the dynamic response of the structure as 
well as some problems with a torsional behavior [2]. The aim of this research is to compare different 
methods of finite element dynamic simulations with artificial accelerograms to the recommended 
linear methods of analysis, described in EC8. The dynamic simulations can be done by a direct explicit 
time integration of the differential equation of motion [3], by a direct implicit time integration 
method, or by a modal model of the structure and modal equations of motion time integration [4]. 
The time integration of equations of motion requires significant computational time and a powerful 
computer capability. 

2. Methodology  

2.1. Artificial Accelerograms 

The artificial accelerogram should correspond to the response spectrum of the earthquake [5]. 
The generator of the accelerograms, which is used here, is an available MATLAB® script well 
described in [6]. 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 𝑎௚ = 0.15 𝑔 = 1.4175 m/sଶ , using the coefficient of importance 𝛾ூ = 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 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 = 2ଵଷ. The number of sample points should be some power 
of 2, in order the Fourier transformation to be done. 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 𝑛௦ = 8000.  
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(a) (b) 

 
(c) 

Figure 1. Spectra of accelerograms (solid line) compared with reference response spectrum (dash line): (a) 
Accelerogram #1; (b) Accelerogram #2; (c) Accelerogram #3. 

  
(a) (b) 

 
(c) 

Figure 2. Artificial accelerograms: (a) Accelerogram #1; (b) Accelerogram #2; (c) Accelerogram #3. 
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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 𝒅̈ + 𝐂 𝒅̇ + 𝐊 𝒅 =  𝒇, (1)

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: 

𝑓௜ = 𝑟௜  𝑚௜𝑎(𝑡) ,   𝑖 = 1,2, … , 𝑁ୈ୭୊ (2)

where 𝑟௜  is 1, if it is in the direction of seismic loading or 0 otherwise. Here 𝑚௜  is the lumped 
translational nodal mass and 𝑎(𝑡) is the acceleration at time, 𝑡, taken from the accelerogram, 𝑁஽௢ி 
is the number of the Degrees of Freedom (DoF) of the finite element model of the structure.  

2.2.1. Implicit Time Integration Method 

The time domain is discretized in time steps, Δ𝑡, and (1) holds at any time 𝑡௡ 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: 

𝒅௡ାଵ = 𝑓(𝒅̇௡ାଵ, 𝒅̈௡ାଵ, 𝒅௡ , … ) (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, Δ𝑡, 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: 

𝒅௡ାଵ = 𝑓(𝒅௡ , 𝒅̇௡, 𝒅̈௡, 𝒅௡ିଵ, … ) (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, 𝒅̈௡ାଵ, then it is 
easy to find the velocities, 𝒅̇௡ାଵ/ଶ = 𝒅̇௡ିଵ/ଶ + Δ𝑡 𝒅̈௡ାଵ, and the displacements, 𝒅௡ାଵ = 𝒅௡ + Δ𝑡 𝒅̇௡ାଵ/ଶ, 
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: 

Δ𝑡 ≤
2

𝜔୫ୟ୶

 ,   𝜔୫ୟ୶ =
2𝑐

𝐿୫୧୬

 (5)

where 𝜔୫ୟ୶ is the maximum angular frequency of the discretized structure, which is determined by 
the element with a high sound speed, 𝑐, and a small minimal distance between its nodes, 𝐿୫୧୬. 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 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 
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time of event as 40 s, that 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 𝝓௜  are the 
solution of the free vibration equation of motion: 

(𝐊 − 𝜆௜  𝐌)𝝓௜ = 𝑶 (6)

where 𝜆௜ = 𝜔௜
ଶ are the eigen values, corresponding to the natural angular frequencies 𝜔௜, which are 

the solution of the algebraic equation: 

det(𝐊 − 𝜆 𝐌) = 0 (7)

Using the modal matrix 𝚽 = [𝝓ଵ 𝝓ଶ ⋯ 𝝓௡] to present the displacements 𝒅 = 𝚽𝒛(𝑡), the 
matrix equation of motion becomes a set of independent modal equations due to the orthogonality 
of the mode shapes, 𝝓௝: 

𝑀ഥ௝𝑧̈௝(𝑡) + 𝐶௝̅𝑧̇௝(𝑡) + 𝐾ഥ௝𝑧௝(𝑡) = 𝑦௝(𝑡)  ,   𝑗 = 1,2, … , 𝑛 (8)

where 𝑀ഥ௝, 𝐶௝̅, and 𝐾ഥ௝ are the modal mass, the modal viscous damping coefficient, and the modal 
stiffness coefficient, respectively. The modal force 𝑦௝ = ∑ 𝜙௜௝𝑓௜

ேವ೚ಷ
௜ୀଵ  is obtained from inertia nodal 

forces 𝑓௜ in seismic loading given by (2). The scalar 𝜙௜௝ 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. 

Because the truncation of modes leads to loss of masses, some methods are proposed to 
compensate the missing mass [7]. According to [8] the most efficient method however is to add the 
residual mode [9]. This additional improvement of the modal model of the structure will be examined 
for all modal solutions. 

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 a SDOF system, and the total base 
shear force is calculated from the response spectrum in this way: 

𝐹௕ = 𝑆ௗ(𝑇ଵ) 𝑚 𝜆 (9)

where 𝑆ௗ  is a design spectrum pseudo acceleration corresponding to the fundamental period of 
vibration, 𝑇ଵ, in the direction of loading considered, 𝑚 is the total mass of the structure, and 𝜆 =

0.85  if 𝑇ଵ ≤ 2 𝑇஼  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 design 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, 𝑚௜ , and fundamental modal 
displacements, 𝑠௜: 

𝐹௜ = 𝐹௕

𝑠௜𝑚௜

∑ 𝑠௝𝑚௝
௞
௝ୀଵ

 (10)
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where 𝐹௜ is the story force, and the number of stories is 𝑘. The other way is to distribute the force 
proportional to the floor height 𝑧௜ and story mass 𝑚௜: 

𝐹௜ = 𝐹௕

𝑧௜𝑚௜

∑ 𝑧௝𝑚௝
௞
௝ୀଵ

 (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 equations (7), where instead of functions 
of time, we have the maximal response, which means the modal force becomes: 

𝑦௝ = 𝐿ത௝𝑆ௗ௝(𝑇௝) ,   𝑗 = 1,2, … , 𝑛 (12)

where 𝑆ௗ௝(𝑇௝) is the design response spectrum pseudo acceleration for a modal period 𝑇௝ and 𝐿ത௝ is 
the coefficient of mass participation in the direction of motion: 

𝐿ത௝ = ෍ 𝑚௜𝜙௜௝𝑟௜

ேವ೚ಷ

௜ୀଵ

  ,   𝑗 = 1,2, … , 𝑛 (13)

where 𝑚௜ is the node mass and 𝑟௜ is unity if 𝑖 −DoF is in the direction of the seismic loading and 
zero otherwise. Introducing the modal mass 𝑀ഥ௝ as: 

𝑀ഥ௝ = ෍ 𝑚௜𝜙௜௝
ଶ

ேವ೚ಷ

௜ୀଵ

  ,   𝑗 = 1,2, … , 𝑛 (14)

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

Γത௝ =
𝐿ത௝

𝑀ഥ௝

  ,   𝑗 = 1,2, … , 𝑛 (15)

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

𝑧̈௝(max) = Γത௝𝑆ௗ௝(𝑇௝)  ,   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: 

𝑑̈௜௝(max) = Γത௝𝑆ௗ௝൫𝑇௝൯𝜙௜௝   , 𝑖 = 1,2, … , 𝑁஽௢ி  , 𝑗 = 1,2, … , 𝑛 (17)

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

𝑑௜௝(max) = Γത௝𝑆ௗ௝൫𝑇௝൯𝜙௜௝ ൬
𝑇௝

2𝜋
൰

ଶ

  , 𝑖 = 1,2, … , 𝑁஽௢ி  ,   𝑗 = 1,2, … , 𝑛 (18)

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

𝐸௜ = ඨ෍ 𝐸௜௝
ଶ

௡

௝ୀଵ
  ,   𝑖 = 1,2, … , 𝑁஽௢ி (19)

according to the EC8, and if the natural frequencies of two modes are close enough, then the method 
of CQC is recommended: 
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𝐸௜ = ඨ෍ ෍ 𝐸௜௝𝜌௝௞𝐸௜௞

௡

௝ୀଵ

௡

௞ୀଵ
  ,   𝑖 = 1,2, … , 𝑁஽௢ி  (20)

where 

𝜌௝௞ =
8ඥ𝜁௝𝜁௞൫𝜁௝ + 𝑟𝜁௞൯𝑟ଷ/ଶ

(1 − 𝑟ଶ)ଶ + 4𝜁௝𝜁௞𝑟(1 + 𝑟ଶ) + 4൫𝜁௝
ଶ + 𝜁௞

ଶ൯𝑟ଶ
  , 𝑟 =

𝜔௞

𝜔௝

   (21)

Some investigations show that the CQC method is supreme over the SRSS method [10]. 

3. Structure 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® is given in Figure 3. It 
consists of 3 792 beam elements, 72 truss elements, and 12 960 shell elements or totally 16 824 
elements, 22 062 nodes, and 86 868 variables or 𝑁஽௢ி.  

 
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 (EN 10365: 2017). The strong axis of column profiles is oriented in 
X-direction. All girders are standard steel profile IPE 450 (EN 10365: 2017). 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 (EN 10365: 
2017). 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/mଷ. 

The floor plates are modelled 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/mଷ , 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. 
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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 1 676 66.75 

UPN 120 17.0 – – – 

4. Results and Discussion 

The numerical examples using different methods of analysis are run on a work station computer 
having 2 processors Intel Xeon E5-1660 v4 @ 3.20 GHz, 8 cores each, but all solutions required 8 cores 
for the calculations. The natural frequency and mode shape analysis shows close first and second 
frequencies and that first 5 modes are enough to satisfy requirements for the effective modal mass 
participation as can be seen in Table 3, because the structure mass is calculated as 1 814.7 tones.  

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 analysis, that are observed, are as follows: the total reaction at 
the base of columns in the direction of seismic loading, 𝑅௧௢௧ ; maximum displacement, 𝑑௠௔௫ ; 
maximum von Misses stress in columns, 𝜎௖௢௟ ; maximum von Misses stress in girders, 𝜎௚௜௥ ; and 
maximum von Misses stress in diagonal bars (truss elements), 𝜎௕௔௥;. 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 5 modes and the 
model with 5 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 𝐹௕௑ = 4878 kN, while in Y-direction, using the 
second natural frequency, 1.3647 Hz, the base shear force is 𝐹௕௒ = 5343 kN. 

The results for 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 X-direction, in which direction the 
structure is stiffer. 
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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 

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 done 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

2𝜔ଵ 
+  

𝛽 𝜔ଵ

2
  (22)

where 𝜔ଵ = 2𝜋𝑓ଵ 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 2 000 states are recorded. The implicit 

method of simulations as well as the modal dynamics method have 8 000 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 minutes for 
running, but this method is linear-elastic by origin. The explicit analysis is running for approximately 
1 hour and 40 minutes, 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 hour and 25 minutes. 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.  

Table 6. Wall-clock time for running time-history analysis. 

Direction Accelerogram # Explicit,  
(s) 

Implicit,  
(s) 

Modal,  
5 m., (s) 

Modal,  
6 m., (s) 

 1 6 118 5 307 1 096 1 137 
X 2 6 146 5 186 1 075 1 100 
 3 6 326 5 283 1 087 1 166 
 1 6 240 5 148 1 137 1 120 

Y 2 6 290 5 259 1 088 1 082 
 3 6 293 5 242 1 081 1 076 
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The results for the effects of seismic loading for the different time-history analysis are given in 
Table 7. The first expression is that there is quite different response to the different accelerograms. 
Another issue is that the implicit, and the modal transient simulations show a little bit higher values, 
compared with the explicit analysis and the values of modal dynamics method with 6 modes (5 
modes + residual mode) in X-direction are significantly higher. 

Table 7. Time-history analysis by artificial accelerograms. 

Loading 
direction 

Method 
Accelerogram 

# 
𝑹𝒕𝒐𝒕,  
(kN) 

𝒅𝒎𝒂𝒙,  
(cm) 

𝝈𝒄𝒐𝒍,  
(MPa) 

𝝈𝒈𝒊𝒓,  
(MPa) 

𝝈𝒃𝒂𝒓,  
(MPa) 

X 

 1 4 821 6.374 195.3 82.12 353.5 
Explicit 2 5 199 6.770 212.1 87.45 382.0 

 3 4 811 6.726 193.2 87.14 351.4 
 1 4 830 6.381 197.3 82.49 354.5 

Implicit 2 5 212 6.783 210.7 87.82 383.1 
 3 4 814 6.735 192.3 87.17 352.1 
 1 4 898 6.369 197.1 82.37 358.4 

Modal, 5 
modes 

2 5 254 6.766 209.1 87.36 384.5 

 3 4 762 6.748 191.4 85.39 348.5 
 1 5 666 6.377 216.9 89.16 407.5 

Modal, 6 
modes 

2 5 533 6.718 215.3 90.68 402.3 

 3 5 033 6.711 197.0 87.17 365.8 

Y 

 1 5 186 5.637 180.1 163.0 267.9 
Explicit 2 6 095 6.523 215.7 193.8 314.3 

 3 5 762 6.323 202.3 182.5 298.3 
 1 5 175 5.658 180.1 163.8 267.6 

Implicit 2 6 338 6.539 221.4 199.0 326.0 
 3 5 826 6.382 203.7 185.1 300.4 
 1 5 199 5.657 183.3 165.1 268.8 

Modal, 5 
modes 

2 6 130 6.575 217.8 196.6 317.7 

 3 5 881 6.363 205.5 186.8 304.3 
 1 5 284 5.650 182.2 165.1 271.6 

Modal, 6 
modes 

2 6 117 6.575 217.6 196.5 317.3 

 3 5 899 6.350 204.4 186.4 302.3 

The effects of the accelerogram #2 simulations are highest and let compare them to the other two 
accelerogram response. Taking as a reference the second accelerogram effects the relative divergency 
for explicit analysis is calculated and shown in Table 8. The relative divergency is calculated in 
percent by formula: 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑣𝑒𝑟𝑔𝑒𝑛𝑐𝑦 =
𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 − 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑎𝑙𝑢𝑒

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑣𝑎𝑙𝑢𝑒 
 100 %  (23)

Table 8. Relative divergency of accelerogram effects for explicit compared to accelerogram #2. 

Loading  
direction 

Accelerogram 
# 

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 
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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 compare the different methods for time-
history analysis to the explicit method by calculating the relative divergency only for an accelerogram 
#2. The results are given in Table 9. 

Table 9. Relative divergency of effects for time-history analysis compared to explicit method by accelerogram 
#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 comparatively close 
assessment of the effects of seismic loadings. The positive divergency is maximum 1.4 % and a 
negative divergency means overestimated values, which maximum is 6.4 %, but it is on the side of 
safety.  

From 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 response spectrum method 
is done by calculating the relative divergency of the effects of seismic loading compared to explicit 
analysis using accelerogram #2. The results are given in Table 10. 

Table 10. Relative divergency of effects for response spectrum methods compared to explicit method, 
accelerogram #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 

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 so conservative, as it is believed. The structure should be examined even by 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 as 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: 
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 The artificial accelerograms, although having very similar spectra, have a great diversity to the 
dynamic response of structures and to 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 the cheapest 
method is the modal transient dynamic method, which however is only linear method of 
analysis. However, when nonlinear simulations with accelerograms are needed the explicit time 
integration method is superior and it is not so expensive, because the building frame structure 
model have relatively few DoF and high critical time step, so itd can be easily calculated even 
with a double precision; 

 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 with approximately 10 %.   
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The following abbreviations are used in this manuscript: 
EC8 Eurocode 8, EN 1998-1 
SDOF Single Degree of Freedom 
SRSS Square Root of Sum of Squires 
CQC Complete Quadratic Combination 
DoF Degrees of Freedom 
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