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ABSTRACT 

The estimation of the maximum design responses according to the current Peruvian technical standard NTE E.030 is carried out 
considering seismic action as unidirectional. The design spectral acceleration parameters are based on Ground Motion Models 
which use the geometric mean of the EW and NS earthquake components to define the horizontal component of acceleration, 
which is always less than the maximum component; hence they are on the unsafe side. Furthermore, even with the correct 
seismic intensity, the simultaneous action of both components may result in larger demands than those computed by considering 
only one component at a time. Buildings that would be most affected would be those with torsional irregularity. In this article 
the most used definitions of horizontal seismic component have been revised, comparing seismic records of events from 
subduction sources. Then, using both recorded motions and artificial records, simplified models with different degrees of 
torsional irregularity were analyzed, observing a clear trend in the amplification of the response regarding relative in-plan 
eccentricity and torsional stiffness. Following the seismic analysis of actual reinforced concrete buildings, it was concluded that 
the irregularity factor Ip, defined in the NTE E.030, does not compensate the effect of the simultaneity of the components in 
structures with torsional irregularity. For this reason, this work gives some recommendations to combine the results of the 
analysis in each orthogonal direction, both for structures with regular configuration and for those categorized as torsionally 
irregular, and evaluates the future changes in a new version of the NTE E.030 standard. 
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RESUMEN 
 
La estimación de las respuestas máximas de diseño de acuerdo con la norma técnica peruana vigente NTE E.030 se realiza 
considerando la acción sísmica como unidireccional. Los parámetros de aceleración espectral de diseño se basan en leyes de 
atenuación que utilizan la media geométrica de los componentes sísmicos EW y NS para definir el componente horizontal de la 
aceleración, el cual siempre es menor que el componente máximo; por lo tanto, no están del lado de la seguridad. Además, 
incluso con la intensidad sísmica correcta, la acción simultánea de ambos componentes puede generar demandas mayores que 
las que se calculan considerando solo un componente a la vez. Los edificios que se verían más afectados serían aquellos con 
irregularidad torsional. En este artículo se han revisado las definiciones más utilizadas del componente sísmico horizontal, 
comparando registros sísmicos de eventos provenientes de fuentes de subducción. Luego, utilizando tanto movimientos 
registrados como registros artificiales, se analizaron modelos simplificados con diferentes grados de irregularidad torsional, 
observando una clara tendencia en la amplificación de la respuesta con respecto a la excentricidad relativa en el plano y la rigidez 
torsional. Tras el análisis sísmico de edificios reales de concreto armado, se concluyó que el factor de irregularidad Ip, definido 
en la NTE E.030, no compensa el efecto de la simultaneidad de los componentes en estructuras con irregularidad torsional. Por 
esta razón, este trabajo ofrece algunas recomendaciones para combinar los resultados del análisis en cada dirección ortogonal, 
tanto para estructuras con configuración regular como para aquellas categorizadas como torsionalmente irregulares, y evalúa 
los posibles cambios futuros en una nueva versión de la norma NTE E.030. 
 
Palabras Clave: Irregularidad torsional, acción simultanea de las componentes de sismo, excentricidad en planta 
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1. INTRODUCTION 

 
The current E.030 standard of the Peruvian 

National Building Code [1] states that "For regular 
structures, seismic analysis may be performed 
assuming that the total seismic force acts 
independently in two predominant orthogonal 
directions." Similarly, "For irregular structures, it 
must be assumed that the seismic action occurs in the 
most unfavorable direction." This contrasts with the 
provisions of various other standards, which specify 
the simultaneous application of 100% of the seismic 
force in one direction and a fraction of it in the 
transverse direction. While it might be assumed that 
treating the two components separately could be 
adequate for regular structures [2] , this is not the 
case. The definition of seismic action in the E.030 
standard relies on the estimation of the geometric 
mean of the maximum forces in two orthogonal 
directions, since the seismic hazard maps that define 
the seismic factor Z were developed using ground 
motion prediction equations by Youngs et al. and 
Sadigh et al., both of wich characterize horizontal 
ground motion as the geometric mean of the two 
horizontal components [1], [3] [4] [5] . Thus, even in 
the idealized case of perfect regularity, the 
methodology of the E.030 standard warrants further 
discussion. The importance of considering both 
components simultaneously becomes even more 
significant for structures with torsional irregularity. 

 
In this paper, the effects of the simultaneity of 

seismic components are analyzed, using earthquake 
records applied to simple models. The analysis is 
subsequently extended to include a limited set of 
existing buildings with varying degrees of irregularity. 
While the effects of bidirectionality are not as clearly 
quantified in these buildings as in the simplified 
models, the results provide technical evidence that 
may support future updates or refinements to the 
provisions of the E.030 standard. 

 
This paper is structured as follows: The 

Background section introduces the context of the 
study. The Methodology covers the seismic records, 
a simplified three-degree-of-freedom model, and the 
analysis of both simplified and real structures with 
different irregularities. It also includes modal analysis 
and combination criteria. The paper ends with 
Conclusions summarizing key findings. 
 

2. BACKGROUND 
 

The predictive equations for ground motion in 
terms of peak horizontal acceleration and velocity, 
and for response spectral ordinates, have used 
various definitions for the horizontal component of 

motion. These definitions are based on different 
treatments of the two horizontal components in each 
analyzed seismic record. This distinction becomes 
particularly important when structural analysis 
considers bidirectional seismic loading [6]. 
 

In seismic design, the goal is to determine the 
maximum response of a structure under external 
loads, allowing the design of a system that can resist 
these forces. The acceleration from a seismic zoning 
study is derived from attenuation laws that are 
combined through a decision tree and typically define 
the horizontal component as the geometric mean of 
the orthogonal horizontal components as recorded. 
This geometric mean is always smaller in magnitude 
than the maximum horizontal component recorded 
in any one direction; thus, the maximum structural 
response is underestimated. 
 

On the other hand, the E.030 standard allows the 
maximum response to be obtained from separate 
analysis in each of two orthogonal directions, without 
accounting for the simultaneous effect of the 
components. In structures with regular floor plans, 
the simultaneity of components is not particularly 
significant [7]; however, this may not be the case for 
buildings with irregular floor plans. The variable here 
is the relationship between calculating this response 
by considering component simultaneity versus 
independent action in a single direction [7] [8]. 
 

Plan eccentricity in a building, due to the 
configuration of the lateral force-resisting system, 
results in a torsional moment that amplifies 
responses in the perimeter elements. This 
amplification increases with the degree of torsional 
irregularity and the magnitude of the component in 
the direction orthogonal to the eccentricity. 
Therefore, there is considerable uncertainty in 
calculating the maximum response of a structure 
with torsional irregularity under bidirectional seismic 
loading. 
 

Seismic codes worldwide handle the issue of 
component simultaneity by performing 
unidirectional analyses and combining effects in each 
direction using the square root of the sum of squares, 
adding a fraction of the effect in the other orthogonal 
direction, or amplifying the maximum effect in one 
direction by a defined factor, among other methods. 
Various authors have compared the different 
recommendations for combining the response 
components in orthogonal directions.  

 
For instance, Fernández et al. [9], in their study 

“Considering the Bi-Directional Effects and the 
Seismic Angle Variations in Building Design,” 
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performed nonlinear analyses on multi-story 
buildings subjected to seismic inputs applied at 
varying angles, including bidirectional ground 
motions. Their results show that common 
combination rules may underestimate demands in 
certain directions, and they conclude that there is no 
consistent correlation between the structural 
configuration and the response obtained under 
bidirectional seismic action.  

 
Hisada et al. [7] conducted numerical simulations 

using simplified SDOF and MDOF models to evaluate 
orthogonal effects, focusing on how bidirectional 
ground motions influence internal forces and 
response patterns. They emphasized the importance 
of considering orthogonal components in seismic 
design, as well as the absolute values of the input 
motions and the design methods used for structural 
elements. Moscoso [8] analyzed the impact of 
bidirectionality and seismic incidence angle on 
reinforced concrete structures through linear and 
nonlinear time-history analyses, using multiple 
Peruvian ground motions and deriving amplification 
factors based on the comparison with spectral modal 
analysis. 
 

In any case, it is necessary to review the E.030 
standard regarding component simultaneity and 
propose simple rules to allow for safe estimates of 
possible effects. 
 

3. METHODOLOGY 
 

In this paper, simplified three-degree-of-freedom 
models and existing building models with different 
levels of irregularity were studied using linear analysis 
with both real and artificial seismic records. 

 
 
3.1. Seismic records 
The seismic events used in the analysis occurred 

in Perú and Chile, with magnitudes ranging from 7.9 
to 9.9 Mw, hypocentral depths between 24 and 40 
km, and epicentral distances from 125 to 415 km. The 
fault mechanisms of these events were of the 

interface subduction type. The ASCE 7 [10] defines 
near-field records as those recorded within 15 km of 
the source (for magnitudes greater than 7 Mw). In 
this study, the records used would be classified as far-
field and were corrected by baseline and bandwidth 
filter. TABLE I contains the information about the 
records used in this work. Additional information is 
presented in reference [15]. 

 
3.2. Characterization of the Three-Degree-of-

Freedom Simplified Model 
 

Numerical models of real buildings are complex 
and have many degrees of freedom, which would 
require considerable effort to perform a parametric 
analysis relating the degree of torsional irregularity to 
the effect of simultaneous seismic components. 
Additionally, each model presents specific stiffness 
distributions and types of irregularities, making 
generalization of results difficult. For this reason, as 
the first stage of the study, single-story models with 
regular geometric floor plans are proposed. The floor 
plan model has two main axes, X and Y. The floor plan 
eccentricity of the model is represented by a lateral 
stiffness configuration, which shifts the center of 
rigidity (CR) a distance 𝑒𝑥 from the center of mass 
(CM). This model enables the evaluation of the 
effects of the simultaneous application of seismic 
components in relation to the floor plan eccentricity, 
which defines the degree of torsional irregularity 𝐺𝑡𝑖. 
 

The simplified model has three degrees of 
freedom: two translational (in the X and Y directions) 
and one rotational (around the Z-axis). The 
eccentricity of the floor plan model is defined as the 
distance 𝑒𝑥. A graphical representation of the model 
is shown in Fig. 1. 
 

The proposed model can be geometrically 
characterized by a dimension in plan called 𝐵, and a 
side ratio 𝛼𝑝. In terms of its stiffness properties, these 

will be parameterized using a lateral vibration period, 
𝑇𝑥, which correspond to the model vibration in the X 
direction. Additionally, a rigidity ratio, 𝛼𝑘, is 

TABLE I 
Summary table of Record Classification Based on Soil Profile 

Seismic 
Event 

Magnitude 
(Mw) 

Record 𝑉𝑠30 Classification 
NTE E.030 

Maule 8.8 
Angol 334 S2 
Maipu 450 S2 

Atico 8.4 CVV 764 S1 
Pisco 7.9 UNICA 250 S2 

Huacho 8.1 PRQ 857 S1 

 
Note: The values of 𝑉𝑠30 were calculated according to the E.030 

standard [1], using the information from shear wave velocity 
profiles of the corresponding accelerometric stations. 

[11],[12],[13],[14] 

 

Fig. 1. Simplified model with three degrees of freedom. 
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introduced, representing the proportion between 
the lateral periods in the Y and X directions.  

 
The model mass distribution per unit area, 𝜌𝑎, is 

also considered, and the mass of the model is 
calculated with equation (1). 

 
The lateral stiffness in X, 𝑘𝑥, is calculated using 

equation (2). 
The torsional moment of inertia around the 𝑍 axis 

is given by equation (3).   
The torsional stiffness is calculated with equation 

(4). This property depends on the lateral stiffness, 𝑘𝑥, 
the dimension 𝐵, and a torsional stiffness factor 𝑓. 
This factor is the product of a shape factor, 𝑓𝑠, which 
is calculated with equation (5), and a distribution 
factor 𝑓𝑑  , which is based on the distribution of lateral 
stiffness in both directions in plan. Extreme values of 
𝑓 = 0.10 and 𝑓 =0.5 were considered, which include 
with wide margins the expected values in real 
structures. 

In Fig. 2(a), the stiffness is assumed to be 
localized at the boundary, representing a theoretical 
case. In this scenario, the distribution factor is 0.5, the 
maximum expected value for this factor. Fig. 2(b) 
illustrates a case where lateral stiffness is located at 
internal axes, and for this case the value of 𝑓𝑑  is lower 
than 0.5.  

 
The structural analysis of the simplified models 

was performed as pseudo-three-dimensional. The 
translation of the center of mass of the model in the 
𝑋 direction was defined as degree of freedom DOF 1, 
its translation in the 𝑌 direction as DOF 2, and the 
rotation of the diaphragm about the 𝑍 axis as DOF 3. 

 
The corresponding stiffness and mass matrices 

are calculated according to equations (6) and (7). 
 
The torsional irregularity degree of the model, 

𝐺𝑡𝑖 , is defined as the ratio between the maximum 
displacement ∆𝑚𝑎𝑥  and the displacement of the 
center of mass ∆𝐶𝑀, subjected to a static load 𝑃 in the 
direction orthogonal to the eccentricity. Fig. 3 shows 
a diagram of the static analysis performed on the 
model to define the torsional irregularity degree. 

 
Considering the behavior of the rigid diaphragm, 

the torsional irregularity degree was calculated by 
solving the equilibrium equations. Equation (8) 
illustrates the relationship between the degree of 
torsional irregularity and the model properties. From 
this equation, it can be observed that the torsional 
irregularity degree depends only on the relative 
eccentricity, the rigidity ratio, and the torsional 
stiffness factor. 

𝑚 =  𝛼𝑝𝜌𝑎𝐵2 ..........................................(1) 

 

𝑘𝑥 =  
4𝜋2𝑚

𝑇𝑥
2  .............................................. (2) 

 

𝑘𝑟 =  𝑓𝑘𝑥𝐵2 ........................................... (4) 

𝐽 =  
𝑚𝐵2(1+𝛼𝑃

2)

12
 ....................................... (3) 

 

𝑓𝑠 =  
𝛼𝑝

2+𝛼𝑘

2
 ............................................ (5) 

𝑴 =  [
𝑚 0 0
0 𝑚 0
0 0 𝐽

] .................................. (6) 

 

𝑲 =  [

𝑘𝑥 0 0
0 𝑘𝑦 𝑘𝑦𝑒𝑥

0 𝑘𝑦𝑒𝑥 𝐽
] ........................ (7) 

 

𝐺𝑡𝑖 =  1 +
𝛼𝑘(

𝑒𝑥
𝐵

)

2𝑓
 ..................................... (8) 

 

𝑴𝑢̈ + 𝑪𝑢̇ + 𝑲𝑢 =  −𝑴(𝟏𝒙𝑢̈𝑔𝑥 + 𝟏𝒚𝑢̈𝑔𝑦) ... (9) 

 

𝑢 = ∑ 𝑎𝑖𝝓𝒊
3
𝑖=1  ........................... (10) 

 

 

 
(a) 

 
(b) 

 
Fig. 2. Stiffness distribution models 
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3.3. Time history analysis of Three-Degree-of-
Freedom Simplified Model 

 
The time-history linear analysis was performed as 

a superposition of the responses of each vibration 
mode for each time step. The dynamic equation of 
motion with bidirectional ground acceleration is 
presented in equation (9). 

Where:  
- 𝑪: Damping Matrix. 
- 𝑢: Displacement vector of the center of mass 
- 𝑢̇: Velocity vector of the center of mass 
- 𝑢̈: Acceleration vector of the center of mass 
- 𝟏𝒙: First column of the 3𝑥3 identity matrix. 
- 𝟏𝒚: Second column of the 3𝑥3 identity matrix. 

- 𝑢̈𝑔𝑥: Ground acceleration record in the X 

direction. 
- 𝑢̈𝑔𝑦: Ground acceleration record in the Y 

direction. 
 
By solving equation (9) using modal 

superposition, the displacement vector can be 
expressed  

Where: 
 

- 𝑎𝑖: Modal coordinate of the vibration mode 𝑖. 
- 𝝓𝒊: Shape vector of the vibration mode 𝑖. 
 
By substituting equation (10) into equation (9) 

and multiplying both sides by 𝝓𝒊
𝑻, the decoupled 

vibration equation for each vibration mode 𝒊  results 
in the following expression. 
Where: 

 
- 𝜔𝑛𝑖: Circular natural frequency of vibration 

mode  𝑖. 
- 𝜁𝑖: Critical damping fraction of vibration mode 

𝑖 which will be considered equal to 5% for all 
modes. 

- 𝑎̇𝑖: Time derivative of the modal coordinate of 
the vibration mode 𝑖. 

- 𝑎̈𝑖: Time derivative of order 2 of the modal 
coordinate of the vibration mode 𝑖. 

- Γ𝑥: Participation factor in 𝑋 direction. 

- Γ𝑦: Participation factor in 𝑌 direction. 

 
The mode shapes of the simplified model 

correspond to a purely translational mode in the 𝑋 
direction and two modes that are combination of 

translation along the 𝑌 axis and rotation around the 
𝑍 axis and they are defined as follows: 

 
𝑠 is determined solving the eigenvalue and 

eigenvector problem, and it depends on the plan 
eccentricity 𝑒𝑥 and the ratio between the circular 
frequencies 𝜔𝑛 and  𝜔𝑦 as follows:  

𝜔𝑛  is obtained solving the characteristic 
polynomial. Once 𝑠 is calculated, the participation 
factors are determined for each mode.  

 
The response at each time 𝑡 is obtained by 

superimposing the three modes, as shown in 
equation (15). 

 
Here, 𝑑𝑖(t) represents the solution to the second-

order differential equation for the general problem of 
a system with one degree of freedom per vibration 
mode. The ground acceleration in the 𝑋 direction is 
applied to vibration mode 1, while the ground 
acceleration in the 𝑌 direction is applied to vibration 
modes 2 and 3.  

 
3.4. Structural Analysis of the Three-Degree-of-

Freedom Simplified Model 
 
In this section, the simplified models of a square 

plant and of rectangular plant with a 1:2 aspect ratio 
are analyzed to examine the influence of calculating 
the maximum responses in the analysis considering 
the simultaneity of components. Models with equal 
lateral stiffness in both directions were considered. 

 

 
Fig. 3. Static analysis of simplified model 

   

   

   

    

 

  

   

   

   

   

    

   

 
 
 
 
 
 
 
 
  
 
  
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
 
 
 
  
 

                                       

 
 
 
 
 
 
 
 
  
 
  
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
  
 
 
 
  
 

                                       

𝑎̈𝑖 + 2𝜁𝑖𝜔𝑛𝑖𝑎̇𝑖 + 𝜔𝑛𝑖
2𝑎𝑖 = −Γ𝑥𝑢̈𝑔𝑥 − Γ𝑦𝑢̈𝑔𝑦 ... (11) 

 

𝝓𝟏 = [
1
0
0

] ........................... (12) 

 

𝑠 =
(

𝜔𝑛
𝜔𝑦

)
2

−1

𝑒𝑥
 ........................... (14) 

 

𝑑̈2,3 + 2𝜁2,3𝜔𝑛2,3𝑑̇2,3 + 𝜔𝑛2,3
2𝑑2,3 = −𝑢̈𝑔𝑦 ...... (16) 

 

𝒖(𝑡) = 𝑑1(𝑡)𝝓𝟏 + (
𝑚

𝑚+𝑠2
2𝐽

) 𝑑2(𝑡)𝝓𝟐 +

(
𝑚

𝑚+𝑠3
2𝐽

) 𝑑3(𝑡)𝝓𝟑 .................................. (15) 

 

𝝓𝟐,𝟑 = [
0
1
𝑠

]  ........................... (13) 
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According to the NTE E-030 [1], the limit values 
that determine the degree of irregularity of a building 
are 1.3 and 1.5. For a simplified model with 𝛼𝑘 = 1 and 
𝛼𝑝 = 1, i.e., 𝑓𝑓 = 1, each model can be classified 

according to its relative eccentricity 
𝑒𝑥

𝐵⁄  and its 

torsional rigidity factor 𝑓 = 𝑓𝑑  as per equation (8). 
 
TABLE II shows the classification of simplified 

models with a square plan and equal lateral stiffness 
in each direction. The colors represent the degree of 

irregularity of each simplified model, with torsional 

rigidity factor 𝑓 and relative eccentricity 
𝑒𝑥

𝐵⁄ . 

 

To evaluate the maximum effects that the 
structures with irregularity degrees equivalent to the 
simplified models could have, acceleration records 
were used as they were originally recorded, and these 
are described in TABLE I. Fig. 4 presents the load 
cases to be compared. The maximum ratio between 

the displacements of case 2 and case 1 (
∆𝑥2

∆𝑥1
⁄ ) was 

calculated for each model defined in TABLE II. To 
eliminate the uncertainty of orientation, the model 
was rotated from 0° to 359° as shown in Fig. 5. 

 

The values of (
∆𝑥2

∆𝑥1
⁄ ) were calculated as the 

maximum for the range of lateral periods from 0.1 𝑠 
to 1 𝑠, rotation range from 0° to 359°, and the real 
acceleration records considered in this work. These 
values are shown in TABLE III, where each model is 

represented by its relative eccentricity 
𝑒𝑥

𝐵⁄  and its 

torsional rigidity factor 𝑓, displaying the range of 

amplification values (
∆𝑥2

∆𝑥1
⁄ ) that each model could 

have.  
 
For the records studied in this work, the analyzed 

simplified models show maximum amplifications of 
3.02 for models classified as regular according to the 
NTE E.030 criteria, and 3.66 for models classified as 

TABLE II 
Classification of simplified models with a square plan and equal lateral stiffness in each direction 

 f 

ex/B 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

0.025          

0.05          

0.075          

0.1          

0.125          

0.15          

0.175          

0.2          

0.225          

0.25          

 

Torsional 
Irregularity 

Regular 

 

 

Fig. 4. Diagram of comparative analysis of the simultaneity of 
components  

 

 

Fig. 5. Rotation of the simplified model 
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structures with torsional irregularity. In models 
classified as structures with extreme torsional 
irregularity, amplifications of up to  14.26 were 
calculated for the case of lateral stiffness 
concentrated near the center of mass. 

 In general, higher amplification values are 
observed. For a simplified rectangular plan model, a 
side ratio of 𝛼𝑝 = 2 was considered, as it is a common 

proportion in buildings. For the calculation of the 
torsional irregularity degree 𝐺𝑡𝑖, the maximum 
displacement would occur in the 𝑋 direction. 
Equation (8) would be rewritten as: 

For the simplified models with 𝛼𝑘 = 1 and 𝛼𝑝 = 2 

the value of 𝑓𝑓  is 2.5; each model can be classified 

according to its relative eccentricity and its torsional 
rigidity factor using equation (17). Since 𝑓𝑑  can take a 
maximum value of 0.5, f can reach a value of up to 
1.25. The classification of each model is shown in 
TABLE IV. 

 
For models with 𝛼𝑝 > 2, it can be assumed that 

the amplification ranges will be of the same order of 
magnitude. Therefore, it is observed that the effect 
of considering the simultaneity of seismic 
components is important even for structures 
classified as regular, and the procedures established 
in the NTE E.030[1] must be reconsidered. 

 
3.5. Structural Analysis of a Simplified Multi-

Level Model 
 
To evaluate the influence of the number of levels, 

nine square plan models were proposed with equal 
lateral stiffness in both the 𝑋 and 𝑌 directions. All 
models have a plan eccentricity in the 𝑋 direction of 
0.25 for all levels. In the structural analysis, 
deformations in the 𝑍 axis were not considered, the 
slabs were treated as membrane-type elements, and 
the shear walls were modeled as frame type 
elements. The configuration of each floor is shown in 
Fig. 6. 

 

Let 𝐾 be the lateral stiffness of the floor, which is 
equal in both the 𝑋 and 𝑌 directions. Since the plan 
eccentricity is in the 𝑋 direction, the shear walls 
oriented in this direction have the same lateral 
stiffness (0.5𝐾) and are equidistant from the center 
of mass (𝐶𝑀). The factor 𝛽 defines the proportion of 
stiffness that the shear wall with the smaller section 
oriented in the Y direction possesses. The plan has a 
side length of 𝐵 = 10𝑚 in both directions, and the 
mass is considered concentrated at the 𝐶𝑀. Using 
equation (1) and an area density of 1000 𝑘𝑔/𝑚2 a 
mass of 100 𝑡𝑜𝑛 per level was calculated. The 

torsional moment of inertia was calculated using 
equation (3), resulting in a value of J equal to 
1666.67 𝑡𝑜𝑛. 𝑚2 per level. 

 

𝐺𝑡𝑖 =  1 +
𝛼𝑘𝛼𝑝(

𝑒𝑥
𝐵

)

2𝑓
 ................................... (17) 

 

TABLE III 
Amplification of the simplified models with a square plan. The table also shows the amplification ranges obtained from the analysis for each 

rotation angle of the model 

 f 

ex/B 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

0.025 <1.14,1.80> <1.15,2.04> <1.11,1.64> <1.07,1.36> <1.03,1.21> <1.03,1.22> <1.02,1.17> <1.02,1.13> <1.02,1.11> 

0.05 <1.28,2.47> <1.34,2.71> <1.25,2.11> <1.14,1.67> <1.08,1.47> <1.06,1.44> <1.05,1.35> <1.05,1.26> <1.04,1.22> 

0.075 <1.41,2.83> <1.47,3.02> <1.32,2.45> <1.19,2.05> <1.14,1.66> <1.11,1.66> <1.09,1.52> <1.07,1.38> <1.06,1.33> 

0.1 <1.5,3.01> <1.48,3.34> <1.37,2.81> <1.25,2.43> <1.19,1.83> <1.13,1.86> <1.13,1.69> <1.11,1.50> <1.08,1.43> 

0.125 <1.53,3.39> <1.50,3.29> <1.44,2.77> <1.31,2.69> <1.28,2.06> <1.15,2.04> <1.15,1.86> <1.14,1.62> <1.10,1.51> 

0.15 <1.57,5.15> <1.54,3.50> <1.45,2.89> <1.31,2.68> <1.30,2.23> <1.21,2.18> <1.20,2.01> <1.15,1.73> <1.13,1.59> 

0.175 <1.5,7.73> <1.51,3.68> <1.53,3.01> <1.34,2.87> <1.35,2.34> <1.24,2.33> <1.23,2.14> <1.20,1.83> <1.17,1.65> 

0.2 <1.62,8.26> <1.59,3.66> <1.56,3.59> <1.44,2.85> <1.40,2.40> <1.32,2.46> <1.26,2.24> <1.23,1.91> <1.20,1.70> 

0.225 <1.64,9.02> <1.63,5.22> <1.54,3.68> <1.56,3.07> <1.45,2.49> <1.33,2.48> <1.30,2.25> <1.28,1.95> <1.21,1.75> 

0.25 <1.53,14.26> <1.66,8.23> <1.67,3.41> <1.50,3.66> <1.47,2.69> <1.39,2.45> <1.30,2.19> <1.30,2.00> <1.25,1.80> 

 

TABLE IV 
Classification of simplified models with a rectangular plan and equal lateral stiffness in each direction. The table also shows the amplification 

ranges obtained from the analysis for each rotation angle of the model 

 f 

ex/B 0.20 0.35 0.50 0.65 0.80 0.95 1.10 1.25 

0.025 <1.07,1.49> <1.14,1.82> <1.08,1.52> <1.05,1.26> <1.02,1.16> <1.02,1.15> <1.02,1.11> <1.01,1.09> 

0.05 <1.15,1.97> <1.27,2.53> <1.17,1.99> <1.10,1.51> <1.05,1.34> <1.04,1.31> <1.04,1.22> <1.03,1.18> 

0.075 <1.23,2.38> <1.34,3.07> <1.30,2.39> <1.15,1.75> <1.09,1.51> <1.06,1.46> <1.06,1.33> <1.05,1.27> 

0.1 <1.32,2.84> <1.51,3.59> <1.44,2.75> <1.20,2.03> <1.13,1.69> <1.09,1.61> <1.08,1.44> <1.06,1.36> 

0.125 <1.39,3.48> <1.69,4.00> <1.48,3.11> <1.25,2.34> <1.18,1.88> <1.12,1.76> <1.10,1.55> <1.08,1.44> 

0.15 <1.44,4.53> <1.61,4.11> <1.53,3.44> <1.30,2.64> <1.20,2.07> <1.16,1.90> <1.13,1.65> <1.10,1.52> 

0.175 <1.50,6.36> <1.62,4.08> <1.54,3.53> <1.38,2.97> <1.26,2.25> <1.18,2.03> <1.16,1.75> <1.11,1.59> 

0.2 <1.54,8.33> <1.73,4.18> <1.61,3.34> <1.41,3.14> <1.32,2.42> <1.19,2.18> <1.18,1.85> <1.13,1.65> 

0.225 <1.60,8.71> <1.73,4.28> <1.63,3.48> <1.41,3.10> <1.39,2.57> <1.23,2.33> <1.20,1.94> <1.16,1.72> 

0.25 <1.64,9.42> <1.78,4.54> <1.66,3.56> <1.41,3.22> <1.44,2.68> <1.27,2.47> <1.23,2.03> <1.18,1.77> 

 
 

 

Fig. 6. Plan configuration of simplified multi-level models.  
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In the analysis of the lateral stiffness of the shear 
walls, only the contribution of shear stiffness was 
considered. The contribution of each wall to the 
lateral stiffness is defined by the ratio of their 
thicknesses, which is equivalent to the factor 𝛽. The 
four walls have a length of 4𝑚 and a height of 3𝑚 per 
level. The walls oriented in the 𝑋 direction have a 
thickness of 30𝑐𝑚, and the thicknesses 𝑡𝑦1 and  𝑡𝑦2  

of the walls oriented in the 𝑌 direction must sum to 
60𝑐𝑚 and be related to the factor 𝛽. TABLE V 
presents the values that define the plan configuration 
of the simplified models for each value of 𝑓. 

 

It was assumed that each model has a 
fundamental period 𝑇𝑋 = 0.08𝑁, where 𝑁 is the 
number of levels in the model, and  𝑇𝑋 is expressed in 
seconds. The modulus of elasticity of the material of 
the walls was adjusted so that the lateral vibration 
modes of the models have periods of 0.4 𝑠, 0.8 𝑠 and 
1.6 𝑠 for the 5, 10, and 20-level models, respectively. 
Fig. (7) shows the lateral vibration mode of the 
simplified 10-level model with a factor 𝑓 = 0.3 and a 
vibration period of 0.795 𝑠. 

 

Analogous to the analysis conducted in the 
previous sections, linear time-history analyses were 
performed using the Angol and UNICA records, with 
rotations every 30° from 0° to 90°. The maximum 
drifts in the X direction were calculated. TABLE VI 
presents the summary of the amplification ranges for 
the nine simplified models. 

By comparing TABLE II and TABLE VI it is 
concluded that the amplifications are smaller for 

multi-level models. In the case of 𝑓 = 0.1, the 
amplifications are much lower, decreasing from 
14.26 to 2.85. This significant difference requires 
further study. Amplifications remain significant for 
torsional irregularity factors of  0.3 and 0.5.  

 
3.6. Analysis of structures with different 

degrees of irregularity 
 
The cases analyzed in this section correspond to 

existing building structures evaluated in a 2020 report 
by SENCICO [15]. The study evaluated how 
considering the simultaneity of seismic components 
affects the calculation of maximum responses used in 
seismic design. Additionally, the procedures outlined 
in NTE E.030[1] were reviewed. 

 
The buildings were selected with varying degrees 

of torsional irregularity, ranging from minor to major 

as shown in the TABLE VII. Basements were modeled 
as additional floors, and the weight of the structure 
was calculated as the sum of 100% of the dead load 
and a percentage of live load, depending on the 

TABLE V 
Values that define the plan configuration for different torsional 

rigidity factors 

𝑓 𝑥𝑝(𝑚) 𝑦𝑝(𝑚) 𝛽 𝑡𝑦1(𝑐𝑚) 𝑡𝑦2(𝑐𝑚) 

0.1 3.00 1.00 0.08 5 55 
0.3 4.90 2.45 0.24 15 45 
0.5 5.00 5.00 0.25 15 45 

 
 

 

 

Fig. 7. Lateral vibration mode of the simplified model with a 
torsional irregularity factor f=0.3 and 10 levels. 

 

TABLE VI 
Values that define the plan configuration for different torsional 

rigidity factors 

𝑁 
𝑇𝑥(𝑠) 𝑓 

0.1 0.3 0.5 

5 0.4 <1.03;2.85> <1.06;1.56> <1.08;1.26> 
10 0.8 <1.07;2.58> <1.01;1.7> <1.00;1.28> 
20 1.6 <1.03;3.37> <1.04;1.83> <1.01;1.25> 

 
 

TABLE VII 
Dynamic Properties and Degrees of Torsional Irregularity of 

Buildings Considered in the Study 

Model 𝑁 Fundamental 
Period T(s) 

𝐺𝑡𝑖𝑋 𝐺𝑡𝑖𝑌 𝐺𝑡𝑖 

1 5 0.106 1.006 1.052 1.052 

2 12 1.387 1.057 1.062 1.062 

3 21 1.692 1.022 1.097 1.097 

4 10 0.997 1.124 1.073 1.124 

5 18 2.556 1.075 1.248 1.248 

6 7 0.485 1.126 1.269 1.269 

7 7 0.575 1.276 1.084 1.276 

8 9 1.109 1.305 1.256 1.305 

9 17 2.030 1.353 1.155 1.353 

10 21 2.239 1.404 1.358 1.404 

11 5 0.376 1.243 1.427 1.427 

12 21 3.018 1.463 1.349 1.463 

13 16 1.699 1.470 1.449 1.470 

14 8 0.604 1.304 1.500 1.500 

15 11 1.160 1.552 1.285 1.552 

16 12 1.820 1.573 1.146 1.573 

17 8 1.428 1.642 1.206 1.642 

18 15 1.732 1.482 1.866 1.866 
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seismic category of the structure. Office and 
residential building models were classified as 
Category C buildings (ordinary structures) according 
to NTE E.030 [1], where 25% of the live load is 
considered for the estimation of the structural 
weight. The school building model was classified as a 
Category A building (essential structure) according to 
NTE E.030, where 50% of the live load is considered 
for the estimation of the structural weight. Dead and 
live load patterns vary for each building but are 
consistent with NTE E.020 [16]. 

 
For each building model, the degree of torsional 

irregularity 𝐺𝑡𝑖  of each diaphragm was calculated 
using dynamic analysis with spectral modal 
superposition, considering 5% accidental eccentricity. 
The representative value of 𝐺𝑡𝑖  for each building was 
taken as the maximum value calculated for any 
diaphragm. The degrees of torsional irregularity were 
also calculated considering the maximum responses 
in the 𝑋 and 𝑌 directions. 

 
The models presented were analyzed using the 

records from the Angol, UNICA and Atico stations 
described in 3.1. To evaluate the effect of the 
simultaneity of components, three loading cases 
were analyzed as follows: 

 
- Case 1: Application of the record components 

simultaneously, where the EW component is 
applied in the 𝑋 direction and the NS 
component in the 𝑌 direction. 

- Case 2: Application of the EW component of 
the record in the 𝑋 direction. 

- Case 3: Application of the NS component of 
the record in the 𝑌 direction. 

 
To assess the effects of the building orientation, 

the 𝑋 and 𝑌 axes were rotated by 30°, 60° and 90°, 
and the accelerations of the records were projected 
onto the rotated axes. 

 
For each model, a comparison of the maximum 

inter-story drifts was performed using time-history 
analysis with the following procedure: 

- Identify the level with maximum inter-story 
drift from Case 1, considering the maximum 
drift calculated for records whit no rotation 
and those rotated by 30°, 60° and 90°. 

- Once the level with maximum drift for each 
record is identified, apply Case 2 and Case 3. 

- Calculate the simultaneity ratios for each 
record. 

 
The relationship between the responses 
considering the simultaneity of components is 
represented by the simultaneity ratios 𝐴𝑋 and 𝐴𝑌, 
defined as follows:  

Where: 
 
- 𝐹𝑋,𝑈𝑛𝑖 : Maximum elastic response in the 𝑋 

direction produced by unidirectional seismic 
action.  

- 𝐹𝑌,𝑈𝑛𝑖: Maximum elastic response in the 𝑌 

direction produced by unidirectional seismic 
action.  

- 𝐹𝑋,𝑆𝑖𝑚: Maximum elastic response in the 𝑋 

direction produced by bidirectional seismic 
action.  

- 𝐹𝑋,𝑆𝑖𝑚: Maximum elastic response in the 𝑌 

direction produced by bidirectional seismic 
action.  

 
The results are presented in Fig. 8, Fig. 9 and Fig. 

10. 𝐿1 marks the threshold between structures 
classified as regular and irregular, according to NTE 
E.030. 𝐿2 represents the lower limit of extreme 
irregularity, also defined by NTE E.030 [1]. 

 
A significant dispersion is observed in Fig. 8 and 

Fig. 9, in contrast to Fig. 10, where the maximum 
amplification in both directions is plotted against the 
torsional irregularity degree, as specified in NTE E.030 
[1]. 

𝐴𝑋 =  
𝐹𝑋,𝑆𝑖𝑚

𝐹𝑋,𝑈𝑛𝑖
 .............................. (17) 

 
𝐴𝑌 =  

𝐹𝑌,𝑆𝑖𝑚

𝐹𝑌,𝑈𝑛𝑖
 .............................. (18) 

 

 

Fig. 8. Simultaneity amplifications for each evaluated model 
calculated using the responses in the 𝑋 direction. 
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𝐴𝑆𝑋 − 𝛼% =  
𝛾𝑋,𝑋+𝛼%𝛾𝑌,𝑋

𝛾𝑋,𝑋
 .......... (19) 

 

 
3.7. Spectral Modal Analysis of the Studied 

Models 
 
The analysis considered the elastic design 

spectrum from the NTE E.030[1], with the following 
parameters: 𝑍 = 0.45, 𝑈 = 1, 𝑆 = 1, 𝑇𝑝 = 0.4 𝑠 and 

𝑇𝑙 = 2.5 𝑠, and inter-story drifts were compared with 
unidirectional analyses as specified in the standard. 
Additionally, drifts were calculated using sum type 
combination criterion, which involve applying 100% of 
the action in one direction and 30%, 85%, or 100% in the 
orthogonal direction. 

 
The maximum spectral amplification was 

calculated using the following equations: 
 
 
 

Where: 
 
- 𝛾𝑋,𝑋: Maximum inter-story drift in the 𝑋 

direction calculated from the unidirectional 
spectral modal analysis in 𝑋. 

- 𝛾𝑌,𝑌: Maximum inter-story drift in the 𝑌 

direction calculated from the unidirectional 
spectral modal analysis in 𝑌. 

- 𝛾𝑋,𝑌: Maximum inter-story drift in the 𝑋 

direction calculated from the unidirectional 
spectral modal analysis in 𝑌. 

- 𝛾𝑋,𝑌: Maximum inter-story drift in the 𝑋 

direction calculated from the unidirectional 
spectral modal analysis in 𝑌. 

- 𝛼%: Combination factor. 
- 𝐴𝑆𝑋 − 𝛼%: Spectral amplification calculated as 

the ratio of maximum drift in the 𝑋 direction 
for the sum combination of 𝛼%. 

- 𝐴𝑆𝑌 − 𝛼%: Spectral amplification calculated as 
the ratio of maximum drift in the 𝑌 direction 
for the sum combination of 𝛼%. 

- 𝐴𝑆𝑀𝐴𝑋 − 𝛼%: Maximum spectral amplification 
for the sum combination of 𝛼%. 

By conducting the analyses on the eighteen 
studied models, the results are presented in Fig. 11. 

 
In buildings with very low torsional irregularity, 

the seismic component in the transverse direction 
has minimal impact, and the analysis could be 

𝐴𝑆𝑌 − 𝛼% =  
𝛾𝑌,𝑌+𝛼%𝛾𝑋,𝑌

𝛾𝑌,𝑌
 ......... (20) 

 

𝐴𝑆𝑀𝐴𝑋 − 𝛼% = 𝑚𝑎𝑥(𝐴𝑆𝑋 − 𝛼%, 𝐴𝑆𝑌 − 𝛼%)  ... (21) 

 

 

Fig. 9. Simultaneity amplifications for each evaluated model 
calculated using the responses in the 𝑌 direction. 
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Fig. 10. Maximum Simultaneity Amplifications for Each Evaluated 
Model Compared to the Maximum Degree of Torsional 

Irregularity. 
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Fig. 11. Comparison of maximum amplifications of spectral analysis 
at the studied irregularity levels. 
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𝐴𝑆𝑌 − 𝐶𝑄𝐶3 =  
𝛾𝑌−𝐶𝑄𝐶3

𝛾𝑌,𝑌
 ............ (23) 

 
𝐴𝑆𝑀𝐴𝑋 − 𝐶𝑄𝐶3 = 𝑚𝑎𝑥(𝐴𝑆𝑋 −

𝐶𝑄𝐶3, 𝐴𝑆𝑌 − 𝐶𝑄𝐶3)  ....... (24) 

 

 

Fig. 12. Comparison of maximum amplifications between the 
results of spectral modal dynamic analysis using the 30% sum 

combination rule and time-history dynamic analysis. 
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Fig. 13. Comparison of maximum amplifications between the 
results of spectral modal dynamic analysis using the 85% sum 

combination rule and time-history dynamic analysis. 
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Fig. 14. Comparison of maximum amplifications between the 
results of spectral modal dynamic analysis using the 100% sum 

combination rule and time-history dynamic analysis 

1.00

2.00

3.00

4.00

5.00

1.0 1.5 2.0

A
m

p
lif

ic
at

io
n

Git

Story drift amplification with time-history analysis 
and spectral modal analysis (100%)

L1
L2
Asmax-100%
Amplificación máxima -Tiempo Historia

L1

L2

Asmax-100%

Time-history maximum amplification

Gti

𝐴𝑆𝑋 − 𝐶𝑄𝐶3 =  
𝛾𝑋−𝐶𝑄𝐶3

𝛾𝑋,𝑋
 ............ (22) 

 

performed considering only one of the components. 
However, this is not always the case for some 
buildings classified as regular according to NTE E.030. 

 
When comparing the maximum amplifications 

from time-history analysis with those calculated using 
the combination of spectral responses, it is observed 
that the 100% rule yields amplification values that are 
closer to those obtained from time-history analysis in 
most cases. 
 

The following graphs show that for regular 
structures, the 100% − 30% rule could be used, 
although it is not always conservative. For irregular 
structures, especially those with extreme irregularity, 
it would be necessary to perform the analysis with 
simultaneous action of 100% in both directions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.8. CQC3 Combination criterion 

 
The CQC3 combination criterion involves 

calculating the maximum bidirectional response 
using the Complete Quadratic Combination (CQC). 
This response is determined by evaluating the 
response for an incidence angle known as the critical 
angle [17]. 

 
The maximum spectral amplification was 

calculated using the following formulas: 
 
 
 
 
 
 
 
 
 
 
 
Where: 
 
- 𝛾𝑋−𝐶𝑄𝐶3: Maximum inter-story drift in the 𝑋 

direction calculated from the unidirectional 
spectral modal analysis in 𝑋.  

- 𝛾𝑌−𝐶𝑄𝐶3 : Maximum inter-story drift in the 𝑌 

direction calculated from the unidirectional 
spectral modal analysis in 𝑌.  

- 𝐴𝑆𝑀𝐴𝑋 − 𝐶𝑄𝐶3: Maximum spectral 
amplification for the CQC3 combination.  

 
The inter-story drift of the models were calculated 

using the CQC3 combination and compared with the 
maximum amplification from the time-history 
analyses. The results are presented in Fig. 15. 
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From Fig. 15, comparing the maximum 
amplifications from time-history analysis with those 
calculated using the CQC3 combination, it is observed 
that the amplifications calculated with the time-
history linear analysis are greater than those 
calculated with the CQC3 combination in most cases. 
It is also noted that, with respect to the degrees of 
torsional irregularity, the amplifications calculated 
using the CQC3 combination rule show an increasing 
trend for regular structures and those with moderate 
torsional irregularity. However, this trend starts to 
decrease for structures with extreme torsional 
irregularity. 
 
CONCLUSIONS 

- When considering the simultaneity of 
components in the simplified three-degree-
of-freedom models, amplifications are 
observed to increase with the relative plan 
eccentricity and decrease with torsional 
rigidity.  

- For the records used in this work, the 
simplified models analyzed in 3.4 show 
maximum amplifications on the order of 3 for 
models classified as regular according to the 
criteria of NTE E.030, around 4 for models 
with moderate torsional irregularity. In 
models with extreme torsional irregularity, 
amplifications greater than 14 are calculated 
for the theoretical case of lateral stiffness 
concentrated near the center of mass. In 
general, higher amplification values are 
observed. The amplification values presented 
in TABLE III for square-plan structures 
maintain the same order of magnitude for 
models with a side ratio of 1:2, as presented in 
TABLE IV. 

- Comparing TABLE III and TABLE VI, it is 
concluded that the amplifications for the 
multi-story simplified models are lower than 
those for the single-story simplified models. 
For a torsional irregularity factor of 𝑓 = 0.1, 
the amplifications are much smaller, 
decreasing from 14.26 to 2.85. Amplifications 
remain significant for torsional irregularity 
factors between 0.3 and 0.5. 

- For structures analyzed in 3.6, the maximum 
simultaneity ratios do not show a clear trend 
with the degree of torsional irregularity. A 
ratio of up to 2.96 was obtained for the 
maximum inter-story drift in the one of the 
models, which has a torsional irregularity 
degree of 1.463. Structures with higher 
degrees of torsional irregularity have 
simultaneity ratios of up to 1.265. The 
maximum simultaneity ratios in existing real 
structures maintain the same order of 
magnitude as the amplifications calculated 
using simplified models. However, their 
variation is not as clearly correlated with the 
degree of torsional irregularity. 

- It is concluded that the effect of simultaneity 
of seismic components in structures with 
torsional irregularity is significant and should 
be considered in the calculation of design 
responses. 

- The summation combination rule with a 100% 
combination factor is the rule that best 
describes the potential amplification 
response of maximum design responses. 

- There is no clear correlation between the 
amplification caused by the effect of 
simultaneous seismic components and the 
torsional irregularity index calculated in the 
same direction of analysis. However, a 
relationship was observed between the 
maximum amplification and the torsional 
irregularity index as defined in the E.030 
standard, as shown in Figure 10. 

- The amplifications calculated with the CQC3 
combination rule show an increasing trend 
for regular structures and those with 
moderate torsional irregularity. However, this 
trend starts to decrease for structures with 
extreme torsional irregularity. 
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Fig. 15. Comparison of maximum amplifications between the 
results of spectral modal dynamic analysis using the CQC3 

combination rule and time-history dynamic analysis  
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