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Abstract. The aim of the present paper is to verify the effectiveness of the artificial neural 

network (ANN) in predicting the peak lateral displacement of multi-story building during 

earthquakes, based on the peak ground acceleration (PGA) and building parameters. For the 

purpose of the study, the lumped-mass multi-degree-of-freedom structural model and different 

earthquake records have been considered. Firstly, values of stories mass and stories stiffness 

have been selected and building vibration period has been automatically calculated. The ANN 

algorithm has been used to determine the limitation of the peak lateral displacement of the 

multi-story building with different properties (height of stories, number of stories, mass of 

stories, stiffness of stories and building vibration period) exposed to earthquakes with various 

PGA. Then, the investigation has been focused on critical distance between two adjacent 

buildings so as to prevent their pounding during earthquakes. The proposed ANN has logically 

predicted the limitation of the peak lateral displacement for the five-story building with 

different properties. The results of the study clearly indicate that the algorithm is also capable 

to properly predict the peak lateral dis-placements for two buildings so as to prevent their 

pounding under different earthquakes. Subsequently, calculation of critical distance can also be 

optimized to save the land and provide the safety space between two adjacent buildings prone 

to seismic excitations. 

1. Introduction 

It is obviously seen that insufficient separation distance between buildings may provide serious 

damages due to collisions during earthquakes [1,2]. This phenomenon, called structural pounding, 

occurs when critical distance cannot cover relative movements of structures and large lateral 

displacements exceed the in-between separation gap [3-6]. In order to investigate pounding in 

buildings, many researchers have experimentally tested collisions between structures and structural 

models with real and unreal scales, and also, have numerically presented different equations to 
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calculate impact damping ratio for evaluating pounding and separation distance (see, for example, [7-

10]). 

The sufficient separation distance preventing pounding between two adjacent build-ings during 

earthquakes has been mathematically determined by various authors. On the other hand, the majority 

of building codes have suggested appropriate formulae to deter-mine minimum gap for providing 

enough space in order to prevent building collisions (see [11-13]). For this challenge, the absolute sum 

method (ABS) and the sum of the squares of the modal response (SRSS) are usually used [11,12]: 

i jS  = +
 (1) 

2 2
i jS  = +

 
(2) 

where S is the gap size between buildings, i  and j  denote peak lateral displacement of buildings i 

and j, respectively. It should also be mentioned that some codes, considering structural height, h, 

recommend separation distance between buildings as follows [13]: 
0.05( )i jS h h= +

 (3) 

A number of researchers indicated that period of buildings and also, inherently structural damping 

coefficient must be considered in order to calculate separation distance as buildings show nonlinear 

behavior during seismic excitation (see, for example, [14-17]). 

Different studies were focused on numerical methods to suggest equations based on building codes to 

provide separation distance between structures. They also considered damages due to pounding 

between buildings and indicated that the critical distance is the most important issue to study methods 

of preventing collisions during earthquakes. Naderpour et al. [7,8] studied a series of impacts to 

calculate impact damping ratio and estimate impact velocity based on the coefficient of restitution. 

Subsequently, they suggested an equation of impact damping ratio to calculate impact between two 

bodies and the effect of gap size to avoid collisions. Lopez-Garcia [9,10] focused deeply on separation 

distance and suggested some parameters to prevent pounding between structures. Kiureghian [14] 

suggested a new equation to calculate separation distance based on period and damping ratio of 

buildings. Jeng et al. [15] proposed the spectral difference method based on random vibration theory 

that considers the first mode approximation for displacements of elastic multi-story buildings. 

Filatrault et al. [18] improved the equation of separation distance by using effect of damping ratio. 

Penzien [19] also recommended calculating an effective period to use original period. Rahman et al. 

[20] studied mitigation measures for earthquake-induced structural pounding.  

Therefore it is noticeable that the most important parameter in zone of building pounding is the lateral 

displacement, which can be decreased or controlled by different methods. Thus, the aim of the present 

paper is to predict the peak lateral structural displacement during different earthquakes based on the 

peak ground acceleration (PGA) and building vibration period. The artificial neural network (ANN) 

has been applied for this purpose. Using the discrete multi-degree-of-freedom numerical models of 

buildings, different cases have been studied (various stories mass, stories stiffness, building vibration 

period and earthquake records) so as to obtain the best strategy to predict peak lateral displacement for 

each model. 

2. Different methods to calculate critical distance 

In order to determine required separation distance between two buildings, various authors tested 

different methods. Separation distance depends on the peak lateral displacements, as shown in 

equations (1) and (2), which have to be calculated for each building in order to determine critical 

distance between adjacent structures. Jeng et al. [15] suggested a new equation, based on SRRS 

formula, which can be written as: 

2 2 2i j op i jS     = + −
 

(4) 

where op
 is the cross-correlation coefficient determined as [15]: 
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(5) 

where Ti, Tj are the elastic vibration periods and i , j  are the damping ratios of buildings. Moreover, 

Penzien [19] proposed the following equations for the nonlinear vibration period, i nonT − , and the 

nonlinear damping ratio, i non − , of building i: 

i non i iT T − =
 

(6) 

i non i i  − = +  (7) 

where i  and i  are demonstrated by formulae: 

( )

i
i

i i




   
=

+ −  

(8) 

( )(1 )2

( ( ))

i i
i

i i i

  


     

− −
=

+ −  

(9) 

where i  is the displacement ductility,   is a parameter with recommended value equal to 0.65 and 

i  is the ratio of ultimate stiffness to the initial one. Substitution of subscript i by j gives the 

corresponding expressions for building j. 

Based on equations (6) and (7), Jeng et al. [15] suggested a new equation to calculate the nonlinear 

values of structural period and damping ratio: 

(1 0.18( 1))i i = + −  (10) 

0.90.16( 1)i i = −
 

(11) 

Finally, Naderpour et al. [21] numerically generated a new equation for the cross-correlation 

coefficient, based on a cyclic process, by using periods of both buildings, and investigated the 

accuracy of the formula: 

( )10.5
j

op j i
i

T
T T

T
 = − −

 

(12) 

Khatami et al. [22] also suggested the equation to calculate the nonlinear effective period of building 

as equal to: 

0.385(1 ) ( 1)n i i i iT T    = + → = −
 

(13) 

In this equation,   denotes the displacement ductility and 0.93 0.97  . It can be clearly seen from 

the above equations that calculation of sufficient gap size between adjacent structures in order to 

prevent building pounding depends significantly on the peak lateral structural displacements during 

the earthquake. 

3. Application of ANN 

There are different methods which can be used to predict various types of phenomena, including 

decision trees and risk analysis (see [23]), statistics and random algorithms (for example [24]) or 

artificial intelligence and machine learning (see [25-28]). The process of prediction of the peak lateral 
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displacement of building under earthquake excitation is presented in this paper using the ANN and the 

investigation is conducted to confirm the accuracy of the method.  

Many researchers (see [29-31] for example) have confirmed that the use of ANN is an effective tool to 

predict different phenomena. In order to create an algorithm predicting the peak lateral structural 

displacement, it is necessary to build an artificial neuron. The process of building network consists of 

three basic steps: learning, validation and testing. The first step is to create a database necessary to 

start building of the algorithm. For this purpose, the properties of the structural model are firstly 

presented. Then, numerical study, focused on collecting samples to the network, is shown. In the last 

step, the created networks are presented. 

3.1. Properties of structural model 

Investigation of the best prediction of the peak lateral displacement has been carried out by using the 

lumped-mass multi-degree-of-freedom model of five-story building (see Figure 1). It has been 

assumed that the model is able to capture vibrations in all directions due to seismic excitation; but two 

directions (X and Y) have been estimated to have similar responses. Hence, X direction has been 

assumed to be the main one and the results for different cases have been directly compared with each 

other.  

In the study, numerical analyses have been carried out so as to investigate the peak lateral 

displacement and predict the optimum separation distance between two adjacent buildings. The height 

of each story of building has been assumed to be 3.00 m and the plan of the structure is considered to 

be square. Different stories masses, from 15000 kg to 55000 kg with step of 1000 kg, and stories 

stiffness, from 0.1×106 N/m to 5×106 N/m with step of 5×104 N/m, have been assumed for each model. 

The numerical analysis has been conducted for six earthquake records, i.e. El Centro (1940), Parkfield 

(1966), San Fernando (1971), Loma Prieta (1989), Kobe (1995) and Kocaeli (1999) - see Table 1. For 

this challenge, values of stories mass and stories stiffness have been selected and building vibration 

period has been automatically calculated. Then, the model has been analyzed and the peak lateral 

displacement has been depicted.  

 

Fig. 1 Schematic model of five-story building used in the investigation. 

 

Table 1 Ground motion records used in the analysis. 
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Earthquake Date Magnitude Station Component PGA 

(cm/s2) 

Kocaeli  17.08.1999 7.6 Sakarya EW 369.28 

Kobe 17.01.1995 7.2 JMA NS 817.82 

Parkfield 28.06.1966 6.2 Jennings (CG) NS 462.00 

El Centro 18.05.1940 6.9 El Centro NS 307.00 

San Fernando 09.02.1971 6.6 Pacoima Dam N16W 1202.62 

Loma Prieta 17.10.1989 6.9 Rinaldi Re St. EW 631.00 

3.2. Numerical study 

For the purpose of the study, a five-story lumped-mass model with different stories mass and stories 

stiffness and also six mentioned earthquake records have been considered. Linear elastic numerical 

models have been used in the analyses. Previous studies have shown that inelastic behavior can 

significantly increase the lateral displacement responses of low-rise (short-period) buildings, whereas, 

for tall (long-period) buildings, inelastic behavior can reduce the lateral displacement responses only 

up to some extend (see [32-34] for example). In this study, soil-structure-interaction effects have been 

neglected. The inherent damping of the building has been modeled using 5% Rayleigh damping. It 

should be added that, for the case of inelastic buildings, modified versions of Rayleigh damping have 

been proposed in the literature (see [35-37]). 
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Fig. 2 Peak lateral displacements for different models of buildings under various earthquakes. 

 

Firstly, the structural model with various stories mass and stories stiffness has been analyzed under six 

earthquake records and the top story peak lateral displacement of each model has been determined. 

The examples of the results are shown in Figure 2 and Table 2. As it could be expected, different 

properties of the model (i.e. stories mass and stories stiffness), under a specified earthquake record, 

show substantially different values of the peak lateral displacement. In particular, Figure 2 and Table 2 
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indicate that the peak lateral displacement of the model under the El Centro earthquake record is equal 

to 43.89 cm while the building vibration period is 2.91 s. Furthermore, the peak lateral displacement of 

the model for the Kobe earthquake record is 33.76 cm while the building vibration period is 4.11 s. 

Investigation of the peak lateral displacement of the model for the Kocaeli earthquake record has 

showed a value of 69.2 cm when the building vibration period is equal to 1.95 s. The peak lateral 

displacement of the model under the Kocaeli earthquake record is the highest one among all used 

earthquake records (69.2 cm) while it has the lowest building vibration period comparing to other 

models. The peak lateral displacement of the model analyzed under the Loma Prieta earthquake record 

is 59.9 cm and also the building vibration period is 4.22 s. Values of building vibration period of 4.23 

s and the peak lateral displacement of 59.9 cm have been obtained for the Parkfield earthquake record. 

 

Table 2 Maximum peak lateral displacements for different models of buildings under various 

earthquakes. 

Earthquake record 
PGA 

(cm/s2) 

Story 

mass (kg) 

Story 

stiffness 

(N/m) 

Building 

vibration 

period (s) 

Maximum  

peak lateral 

displacement 

(cm) 

El Centro 

307 

15000 0.89×106 

2.91 

43.89 

 25000 1.45×106 

 
35000 2.00×106 

45000 2.61×106 

55000 3.15×106 

  15000 0.42×106   

  25000 0.7×106   

Kobe 817 35000 1×106 4.11 33.76 

  45000 1.3×106   

  55000 1.6×106   

  15000 1.9×106   

  25000 3.2×106   

Kocaeli 369 35000 4.45×106 1.96 69.2 

  45000 5.62×106   

  55000 7.05×106   

  15000 0.4×106   

  25000 0.7×106   

Loma Prieta 631 35000 0.9×106 4.22 59.9 

  45000 1.2×106   

  55000 1.5×106   

  15000 1.5×106   

  25000 2.5×106   

Parkfield 462 35000 3.4×106 2.23 35.4 

  45000 4.5×106   

  55000 5.5×106   

  15000 0.25×106   

  25000 0.45×106   

San Fernando 1202 35000 0.65×106 5.17 32.38 

  45000 0.82×106   

  55000 1.00×106   

 

Additionally, Table 3 presents values of the peak lateral displacement for the structural models with 

the same story mass of 35000 kg applied for all stories. As it can be seen from the table, the peak 

lateral displacement is equal to 69.2 cm, 59.9 cm, 43.89 cm, 35.4 cm, 33.76 cm and finally, 32.38 cm 

for the stories stiffness of 4.45×106 N/m, 0.9×106 N/m, 2.00×106 N/m, 3.4×106 N/m, 1.00×106 N/m 
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and finally, 0.65×106 N/m, respectively. These results indicate that the largest stories stiffness results 

in the maximum peak lateral displacement and, subsequently, the lowest stories stiffness has 

demonstrated the minimum peak lateral displacement among all models. 

 

Table 3 Peak lateral displacement for the stories mass of 35000 kg. 

Mass (kg) Story stiffness (N/m) 

Building 

vibration 

period (s) 

Peak lateral 

displacement (cm) 

35000 0.65×106 5.17 32.38 

 0.9×106 4.22 59.9 

 1×106 4.11 33.76 

 2×106 2.91 43.89 

 3.4×106 2.23 35.4 

 4.45×106 1.96 69.2 

3.3. ANN model 

In the study, the ANN has been used so as to predict the peak lateral displacement of the multi-story 

buildings with different properties (height of stories, number of stories, mass of stories, stiffness of 

stories and building vibration period) exposed to earthquakes with various PGA. The schematic 

diagram of the ANN model is shown in Figure 3. 

 

Fig. 3 Schematic architecture of the ANN model. 

The following parameters (independent variables) have been considered to be the input signals: 

• height of stories; 

• number of stories; 

• mass of stories; 

• stiffness of stories; 

• building vibration period; 

• PGA. 

The output signal is the predicted peak lateral displacement value of the multi-story building. As a 

consequence, the created network has the following structure: 6-n-1, so there are six inputs, n hidden 

neurons and one output. Different lumped stories mass from 15000 kg to 55000 kg, different stories 

stiffness from 0.1×106 N/m to 5×106 N/m, and also six earthquake records with various PGA values 

from 300 cm/s2 to 1200 cm/s2, have been considered in the investigation using the ANN. 

The details of the ANN analysis for a specified set of inputs can be found in a number of other 

publications (see [39-40], for example). Nevertheless, in order to describe the methodology of the 

method, it should be mentioned that the input category is generally made by the ANN, and all of them 

are coordinated to find an iterative procedure between each other and automatically analyzed in the 

second layer. The learning process is conducted through the internal processing functions. Then, the 

activation functions and the input signal are processed to obtain the output signal, which is compared 

with the actual result given by the system wizard (validation process) (see [38]).  

In the study described in the present paper, the output has been obtained as the value of the peak 

lateral displacement of each model with different properties exposed to earthquake records with 
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various PGA. For this purpose, all analyses (after learning) have informed all inputs to start and create 

a trend to be evaluated by ANN, and finally, the results of predicted lateral displacement based on all 

analyses has been predicted. The examples of the results of the ANN analysis are graphically depicted 

in Figure 4 and compared with the previously calculated peak lateral displacements using numerical 

simulations. The comparison between the calculated and predicted values confirms the accuracy of the 

ANN algorithm used. 
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Fig. 4 Comparison between the calculated and predicted peak lateral displacements. 

3.3.1. ANN learning and validation process 

Using the ANN, with the schematic diagram shown in Figure 3, the peak lateral displacement has been 

determined for different structural arrangements and earthquake records. Data summarized in Table 3 

have been used to start the procedure. Based on all inputs and learned trend of solution to determine 

the peak lateral displacement, the ANN has been applied to select a value of stories mass, stories 

stiffness and building vibration period. Then, considering the number and height of stories, the process 

has been mathematically started to determine the peak lateral displacement. The results of the first 

stage of the analysis, in the form of the graphical relation between the limitation of the peak lateral 

displacement and PGA of the ground motion, and also building vibration period, are presented in 

Figure 5. It can be seen from the figure that the ANN has logically predicted the limitation of the peak 

lateral displacement for a five-story building with different properties. These results have been applied 

in further investigation. For example, the five-story building with a value of 2.65 s vibration period 

has been selected to be exposed to the earthquake record with PGA of 1150 cm/s2. 
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(b) 

Fig. 5 The limitation of the peak lateral displacement with relation to a) PGA and b) Period. 

Different dominates have been suggested based on a relation between PGA and building vibration 

period, T, as defined by the formula: 

PGA

T
 =

 

(14) 

For different ranges of  , the domination of the peak lateral displacement is presented as follow: 

140 50 (cm)

140 165 60 (cm)

165 190 70 (cm)

190 40 (cm)

 

 

 

 

 → 


  → 




   → 


 →   

(15) 

3.3.2. ANN testing process 

In order to fully verify the accuracy of the method, the study has been extended for buildings with 

different values of mass, stiffness of each story and PGA values of earthquake record. For the 

validation purposes of the process, the stories mass and stories stiffness have been firstly investigated 

so as to determine the peak lateral displacement. Then, the study has been focused on critical distance 

between two adjacent buildings so as to prevent their pounding during earthquakes. 

In here, five-story model with a lumped stories mass of 25500 kg and stories stiffness of 3.15×106 

N/m has been considered to be exposed to the Kocaeli earthquake record. The building vibration 

period of the model has been taken as equal to 1.98 s and the PGA of earthquake record as 369 cm/s2. 

Thus, the value of 186.36 =  has been calculated based on equation (14) and the domination of the 

peak lateral displacement has been assessed as smaller than 70 cm (see equation (15)). The 

representative example of the results of the analysis in the form of the lateral displacement time 

history for the Kocaeli earthquake record is shown in Figure 6. As it can be seen from the figure, the 

peak lateral displacement of 65.48 cm (smaller than 70 cm) has been obtained in this case. 
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Fig. 6 The lateral displacement time history under the Kocaeli earthquake record. 

 

The second part of the investigation has been focused on critical distance between two adjacent 

buildings so as to prevent their pounding during earthquakes. For this challenge, two five-story 

buildings have been considered to be located close to each other. The first building has stories mass 

equal to 49530 kg and stories stiffness of 1.45×106 N/m while the second one has stories mass equal to 

22430 kg and the stories stiffness of 0.55×106 N/m. The vibration periods of two structures are equal 

to 4.08 s and 4.45 s while the value of   is 154 and 141, respectively. Therefore, it can be predicted 

that the domination of the peak lateral displacements for both structures is smaller than 60 cm (see 

equation (15)). The examples of the results obtained for the Loma Prieta earthquake record (PGA=631 

cm/s2) are presented in Figure 9. It can be seen form Figure 9a that the peak lateral displacement is 

equal to 58.4 cm and 56.5 cm (smaller than 60 cm) for the first and the second building, respectively. 

Having the peak lateral displacement of both models and using equation (2), sufficient separation 

distance between two five-story buildings has been calculated as equal to 81.3 cm. Figure 7b shows 

that the value is large enough to prevent pounding under the Loma Prieta earthquake. 
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(b) 

Fig. 7 The lateral displacement time histories of buildings under the Loma Prieta earthquake record: a) 

without separation; b) with separation - seismic gap of 82 cm. 

 

It has been assumed in the final stage of the investigation that close to the existing (old) five-story 

building with stories mass of 35500 kg and stories stiffness of 0.58×106 N/m, a new structure will be 

constructed at the distance of 40 cm. The old building vibration period has been calculated as equal to 

5.46 s. Based on the process of the ANN, the limitation of the peak lateral displacement of this 

building has been determined as equal to 37.25 cm. Moreover, the vibration period of new building 

has been calculated as equal to 5.2 s which can be organized by stories mass of 34000 kg and stories 

stiffness of 0.67×106 N/m.  

In order to confirm the process of using the ANN and verify the results of the calculated stories mass 

and stories stiffness for a new building, two buildings have been considered to be exposed to different 

seismic excitations. The representative results of the analysis obtained for the Loma Prieta and El 

Centro earthquake records are shown in Figure 8a and Figure 8b, respectively. As it can be seen from 

the figures, the separation distance of 40 cm is large enough to prevent structural pounding for both 

earthquakes considered. 
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(b) 

Fig. 8 The lateral displacement time histories of buildings separated by the seismic gap of 40 cm: a) 

under the Loma Prieta earthquake; b) under the El Centro. 

4. Concluding remarks 

The process of predicting the peak lateral displacement of the multi-story building under earthquake 

excitations using the ANN has been proposed in this paper. Firstly, the investigation on determination 

of the peak lateral displacement has been conducted for the model of five-story building. For this 

purpose the lumped-mass structural model with various stories mass and stories stiffness has been 

analyzed under six earthquake records with different PGA. Then, the ANN has been applied so as to 

determine the limitation of the peak lateral structural displacement. The input signals have been 

assumed to be the structural parameters (height of stories, number of stories, mass of stories, stiffness 

of stories, building vibration period) and the PGA of ground motion. The output signal has been 

predicted in the form of the peak lateral displacement of the building. The created algorithm, as well 

as the validation and testing of the ANN model, have been presented. Then, the study has been 

focused on critical distance between two adjacent buildings so as to prevent their pounding during 

earthquakes.  

It should be underlined that the proposed ANN has logically predicted the limitation of the peak lateral 

displacement for the five-story building with different properties. The results of the study clearly 

indicate that the ANN is also capable to properly predict the peak lateral displacements for two 

buildings so as to prevent their pounding under different earthquakes. Subsequently, calculation of 

critical distance can also be optimized to save the land and provide the safety space between two 

adjacent buildings prone to seismic excitations. 
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