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ABSTRACT 

Seismic isolation systems exposed to far-fault earthquakes can reduce floor accelerations and 
story drift ratios to acceptable levels. However, they exhibit different structural performances 
in each earthquake due to different excitation frequency contents. By optimizing the isolation 
system parameters, their performance may be maintained at the best level under different far-
fault earthquakes. In this study, the optimization of the parameters of the nonlinear isolation 
system of a 5-story benchmark building is performed by Teaching-Learning Based 
Optimization (TLBO) algorithm to minimize peak floor accelerations under historical far-
fault earthquakes with and without exceeding a specified base displacement limit. According 
to the results of the analyses, it can be said that TLBO algorithm is a robust algorithm with 
low standard deviations for determining optimum nonlinear isolation system parameters. 
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1. INTRODUCTION 

Seismic isolation is one of the structural control techniques used to protect buildings against 
severe earthquake effects and improve their structural performance. The main principle of 
seismic isolation is based on lengthening the fundamental period of the structure via the use 
of laterally flexible isolation elements placed between the foundation and the structure. As 
the structure period is moved away from the dominant earthquake period, effective 
earthquake forces acting on the structure are reduced. In addition, earthquake energy can be 
dissipated due to the hysteretic damping during the earthquake; thus, the energy transmitted 
from the foundation to the structure can be limited. Also, the superstructure moves like a 
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rigid block on the isolation system, which helps to reduce the inter-story drifts further. This 
way, inter-story drifts and floor accelerations can be reduced simultaneously [1]. Thus, 
structural and/or non-structural damages that may occur in the superstructure can be avoided.  

Seismic isolation technique is used for both improving seismic performance of existing 
structures and earthquake-resistant design of new structures. This method is mostly preferred 
in hospitals, financial centers, telecommunication centers, etc. where serviceability is 
essential during and after earthquakes. Seismic isolation has attracted significant attention 
from researchers during the last forty years and is practically applied especially in the US, 
Japan, China, New Zealand, Italy, and Turkey [2]. The isolators used in the seismic isolation 
systems can be categorized into two main groups as rubber-based and friction-based. Rubber-
based seismic isolators are also divided into three main types as low damping rubber bearings 
(LDRB), high damping rubber bearings (HDRB), and lead-rubber bearings (LRB). Among 
them, high damping rubber bearings (HDRB) and lead-core rubber bearings (LRB) exhibit 
nonlinear hysteretic behavior. The behavior is typically close to bi-linear, which is clearly 
observed in the force-displacement relationships of such isolators [3]. 

Properly designed seismic isolation systems can be very successful by effectively reducing 
floor accelerations and inter-story drift ratios to acceptable levels without causing excessive 
base displacement demands when they are especially subjected to typical far-fault 
earthquakes. The observed performances of seismically isolated buildings under historical 
earthquakes support this finding. For example, the peak top floor acceleration of the 
seismically isolated USC hospital building under the 1994 Northridge earthquake was 
reduced to 50% of the maximum ground acceleration. Peak inter-story drifts were also found 
to be less than 30% of the value specified in the design code [4]. Likewise, seismically 
isolated West Japan Computer Center Building performed well in the 1995 Kobe earthquake 
[1]. On the other hand, seismically isolated buildings can be exposed to far-fault earthquakes 
with different frequency contents which would lead to different base displacement and floor 
acceleration demands. In this case, by optimizing the isolation system parameters, it can be 
ensured that optimum seismic performance is attained under different far-fault earthquakes. 

Optimum isolation system parameters can be obtained by using metaheuristic optimization 
algorithms that provide successful results in many engineering problems. Metaheuristic 
optimization algorithms employ processes in which one or more objective functions that are 
determined explicitly specific to the problem and are maximized or minimized within the 
allowed number of cycles. Examples of metaheuristic algorithms, most of which are inspired 
by nature, are given as Genetic Algorithm (GA) [5], Ant Colony Optimization (ACO) [6], 
Particle Swarm Optimization (PSO) [7], Artificial Bee Colony Optimization (ABC) [8] and 
Teaching-Learning Based Optimization (TLBO) [9]. 

Optimum isolation system parameters can also be determined by systematically changing 
these parameters and monitoring the seismic performance. In such studies [10-12], isolation 
system parameters that yield the best seismic performance are selected and labeled as the 
optimum. However, true optimization can only be reached by using optimization methods. 
There exist a very limited number of studies in the literature in which the optimum values of 
the isolation system parameters are determined using optimization methods. In a study 
conducted in this context [13], the parameters of the linear isolation system of seismically 
isolated buildings exposed to historical earthquakes were optimized by the Harmony Search 
(HS) method. In the study conducted by Çerçevik and Avşar [14], Crow Search algorithm 
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was used to determine the optimum linear isolation system parameters of the same 
benchmark seismically isolated building. For optimizing nonlinear isolation systems, the 
Genetic Algorithm (GA), which is another old optimization algorithm, was applied by 
Pourzeynali and Zarif [15] to high rise shear-type seismically isolated building under strong 
ground motions. Unlike these studies, in this study, optimization of nonlinear isolation 
system parameters via Teaching-Learning Based Optimization (TLBO) algorithm is 
presented in the context of a medium-rise prototype building exposed to historical far-fault 
earthquakes. The optimization process has been realized using TLBO because this algorithm 
typically gives more consistent results compared to many other meta-heuristic algorithms. 
Furthermore, unlike many other meta-heuristic algorithms, TLBO does not require any 
algorithm-specific parameters [16-19]. The objective function in determining the optimum 
values of the isolation system parameters in this study is set as minimizing peak top floor 
acceleration with and without exceeding a specified base displacement limit. Thus, the 
robustness of TLBO is evaluated for obtaining optimum values of the non-linear isolation 
system parameters. 

In this context, primarily the formulation of nonlinear seismic isolation system is introduced 
in Section 2. The properties of the TLBO algorithm used in the study are briefly given in the 
next section. Then, the implementation of TLBO algorithm to the optimization of nonlinear 
isolation systems is described in Section 4. Finally, optimization process is performed for a 
numerical example and the results are presented. 

 

2. STRUCTURAL MODEL 

The structural model of the seismically isolated building used in this study consists of a 
superstructure and a non-linear base isolation system containing rubber bearings with non-
linear behavior (Figure 1 (b)) [10]. A stick model with floor stiffnesses k1=k2=k3=k4=k5 and 
floor masses m1=m2=m3=m4=m5=mizo is used for which the superstructure floor stiffness and 
floor mass values are adjusted so that the first-mode fixed-base fundamental period of the 
superstructure is 0.5 s. The modal damping ratio of the superstructure is taken as 3% for all 
modes. Besides, it is assumed that the displacements in the superstructure stay within elastic 
limits during the earthquake simulations. 

The nonlinear behavior of isolation systems can be defined mathematically by the Bouc-Wen 
model [20] shown in Figure 1 (a). The main mechanical parameters of the rubber isolators 
are the pre-yield stiffness (K1), the post-yield stiffness (K2), the characteristic force (Q), the 
yield force (Fy) and the yield displacement (Dy). Here, the maximum strength (Fmax) 
corresponds to maximum base displacement (D). The total post-yield stiffness (K2t) can be 
calculated using Equation 1, depending on the target isolation system period (T0) and the total 
mass of the building (mt) [10]. 

 1/2
0 22 /t tT m K  (1) 

In determining the total characteristic force (Qt) of the isolation system, the target total 
characteristic force ratio (Qt/W) is taken into account. By considering the total characteristic 
force (Qt) and the yield displacement (Dy), the total pre-yield stiffness is calculated as [1]: 



Teaching-Learning Based Optimization of Nonlinear Isolation Systems under Far … 

11490 

1 2/t t y tK Q D K   (2) 

The post-yield to pre-yield stiffness ratio is obtained by Equation (3).  

2 1/t tK K   (3) 

Depending on the total pre-yield stiffness (K1t) and the yield displacement (Dy), the total 
yield force (Fyt) is calculated as in Equation (4) 

1yt y tF D K  (4) 

Then, by dividing K1t, K2t, Qt/W, and Fyt by the total number of isolators, the pre-yield 
stiffness K1, the post-yield stiffness K2, the characteristic force (Q) and the yield strength Fy 
are obtained for each individual rubber bearing. 

 
Figure 1 - (a) Bi-linear hysteretic model that represents nonlinear isolation system 

behavior, (b) Schematic representation of the structural model  

 

3. TEACHING-LEARNING BASED OPTIMIZATION (TLBO) ALGORITHM 

Optimization algorithms are processed in a way where  one or more objective functions 
determined in a problem-specific manner are maximized and/or minimized within the 
allowed number of cycles. One of the metaheuristic algorithms is “Teaching-Learning Based 
Optimization” (TLBO) algorithm presented by Rao et al. [9] who were inspired by the 
learning process. According to TLBO, the learning process is divided into ‘teacher phase’ 
and ‘learner phase’. The first stage represents the learners’ learning process from the teacher. 

(a) (b)
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At this stage, a teacher attempts to increase the average success of the class in the subject 
taught by her/him and new solutions are generated using Equation (5) 

 new old teacher F meanX X rnd X T X      (5) 

where Xnew is a new value, Xold is the former value, rnd is the random number generated 
between 0 and 1, Xteacher is the value of the best solution, TF is the teaching factor, and Xmean 
is the mean value of all candidate solutions. Teaching factor takes a value of either 1 or 2 and 
is formulated as: 

 1FT round rnd   (6) 

 
Figure 2 - The flowchart of the TLBO algorithm 
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The second stage represents the learners’ learning experience through out-of-class and group 
work. In other words, a learner develops his/her knowledge by randomly interacting with 
other learners. The population determined within the algorithm consists of learners and 
teachers. New solutions are generated as below at the learner phase: 

 
 

( ) ( )

( ) ( )
old i j i j

new

old j i j i

X rnd X X if f X f X
X

X rnd X X if f X f X

     
   

 (7) 

where Xi and Xj are randomly selected solutions that are different from each other. If the new 
solutions are better than the previous related solutions, they are replaced with each other. The 
flowchart for the teaching-learning based optimization (TLBO) algorithm is depicted in 
Figure 2. 

 

4. IMPLEMENTATION OF TLBO FOR THE NON-LINEAR ISOLATION  
    SYSTEM OPTIMIZATION 

The scope of the optimization problem examined in this study is to determine the optimum 
value of the non-linear seismic isolation system parameters of a seismically isolated building 
via the use of TLBO algorithm. For this scope, three independent design variables (X1, X2, 
X3) are used to describe the mechanical parameters of the non-linear isolation system, as given 
in Section 2. Among these mechanical parameters, the isolation system period (X1= T0), the 
yield displacement (X2= Qt/W), and the total characteristic force ratio (X3= Dy) are optimized 
by selecting them as design variables. Once the design variables are optimized, the dependent 
variables K1t, K2t, Fyt, and α are obtained via Equations (1)-(4). 

 

4.1. Constraints 

During the solution of the optimization problem, there may also be parameters set as 
constraints. A set of constraints to which the solution is subjected to can generally be 
expressed as follows: 

( ) , 1,jlower bound g X upper bound j m    (8) 

in which m is the number of constraints, where m is equal to 2 in this study.  

While optimizing the independent design variables, the post-yield to pre-yield stiffness ratio 
(α) is determined as a constraint (g1(X)) to avoid values beyond reasonable limits representing 
rubber bearings. In this study, the upper and lower limits of g1(X) are determined as: 

10.025 ( ) 0.40g X   (9) 
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The other constraint of the optimization problem (g2(X)) is considered as the peak base 
displacement limit (Dlimit). In this study, g2(X) is determined as 15 cm, which may be 
considered as an economical design displacement value for far-fault regions. 

2 ( ) 15g X cm  (10) 

Further information on the constraints used the in optimization problem is given in the 
Numerical Example Section. 

 

4.2. Objective Function 

In this study, the objective function f(X) is determined under the above-mentioned constraints 
(g1(X), g2(X)) during the optimization of the nonlinear isolation system as follows: 

( ) min( ( ))f X ptfa X penalty   (11) 

where X is the design variable vector. The design variable vector comprises of total 
independent design variables. The information about the design variables of this study is 
given in the Numerical Example Section. 

 1 2 3, ,X X X X  (12) 

In the optimization process, if the specified constraints are violated, penalties having a 
considerable value are assigned to the objective function. Penalty values are calculated 
separately for the base displacement constraint and the post-yield to pre-yield stiffness ratio 
(α) constraint as follows: 

    2
limit limit

limit

1000 1 1
0

pbd D if pbd D
penalty D

if pbd D

      


 (13) 

Here, penalty(D) is the displacement penalty function, pbd is the peak base displacement, 
Dlimit is the base displacement limit. 

 

  
  

2
max max

2
min min

min max

1000 1 1

1000 1 1
0

if

penalty if

if

   

    

  

     

     
  

 (14) 

Where, penalty(α) is the penalty function for post-yield to pre-yield stiffness ratio, αmax is the 
upper limit for α and αmin is the lower limit for α. At the end of the optimization process, the 
final result is reached when the penalty value is equal to 0. In other words, reaching a penalty 
value of 0 means that the specified constraints are met. 
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5. NUMERICAL EXAMPLE 

In order to obtain the optimum values of non-linear seismic isolation system parameters of 
the 5-story benchmark seismically isolated building (Figure 1) exposed to historical far-fault 
earthquakes, the non-linear time-history analyses are performed in 3D-BASIS software [21]. 
As seen in Figure 3, the optimization process is carried out by recursively running 3D-BASIS 
software simultaneously with the optimization program generated in MATLAB in the context 
of this study that employs TLBO algorithm. In the TLBO algorithm, whose flowchart is 
shown in Figure 2, parameters are determined with design constants and lower and upper 
limits of design variables. Design constants consist of the mathematical model of the 
superstructure and the number of isolators, while the design variables consist of the main 
mechanical parameters of the seismic isolation system. 

 
Figure 3 - Schematic illustration of optimization process via use of 3DBASIS and MATLAB 

software 

A range of values is to be specified for each design variable that indicate the upper and lower 
limit values for the independent design variables. Among the design variables, the isolation 

1st stage:  
 determine the design constants: 

consisting of superstructure and isolation system parameters   
 determine the independent design variables:  

X1=T0, X2=Dy, X3=Qt/W 
 determine the design constraints:                        
  0.025≤g1(X)≤ 0.40; g2(X)≤15 cm 
 determine the objective function: f(X)=min(ptfa(X))+Σpenalty 

2nd stage: 
 considering the independent variables within the upper and lower limits, dependent 

variables (K1t, K2t, Fyt, and α) are calculated via Equations (1)-(4).  
limits*: 2 s ≤T0 ≤4 s; 10 mm ≤ Dy ≤ 25 mm; 5% ≤ Qt/W≤15% 
 An input file is generated using the design constants and independent and dependent 

variables. 
 3DBASIS is executed** via use of TLBO and the structural responses are written as 

an output file.  

M
A
T
L
A
B 

*While optimizing the independent design variables, α is determined as a constraint (g1(X)). 
** with keeping base displacements below 15 cm (g2(X)≤15cm). 

3rd stage 
The results (ptfa) are compared to the objective function taking the constraints into 
account.  
If the value of the constraints is away from the specified constraints, the process 
returns to 2nd stage. 
If the specified constraints and objective function are met, the optimization process is 
finished, therefore optimized variables are obtained.
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system period (X1=T0) is specified to remain in the range of 2 s to 4 s, which is a typical range 
for practical applications [22]. Similarly, the yield displacement (X2=Dy) is selected to be 
optimized within the range of 10 mm to 25 mm which is a suitable range for rubber isolators 
([10], [23]), while the characteristic force ratio (X3=Qt/W) is taken in the range of 5% to 15% 
which are typically the smallest and largest values in practical applications ([24], [25]).  

While optimizing the independent design variables, the post-yield to pre-yield stiffness ratio 
(α) is determined as a constraint since otherwise it may attain values beyond reasonable limits 
representing rubber bearings. According to a study presented by Dicleli and Buddaram [24], 
the post-yield stiffness to pre-yield stiffness ratio values of 0.025 to 0.10 are attributed to 
lead-rubber bearings, and the values of 0.133 to 0.40 are attributed to high-damping rubber 
bearings. Thus, the assumed range of post-yield stiffness to pre-yield stiffness ratio values in 
this study encompasses a range that represents rubber-based isolators (i.e. both lead-rubber 
and high-damping rubber bearings). In this study, α is bound by a lower limit of 0.025 and 
an upper limit of 0.40 (0.025 ≤g1(X)≤ 0.40).  

Since the goal of seismic isolation is set as reducing floor accelerations while keeping base 
displacements below practical and economic limits, the other constraint of this optimization 
problem (g2(X)) is considered as the peak base displacement (pbd). In the literature (e.g. 
[26]-[28]), it has been observed that the base displacements of the buildings with seismic 
isolation systems under far-fault earthquakes vary between 10 and 20 cm. Thus, the peak 
base displacement constraint is determined as 15 cm for far-fault earthquakes which may be 
considered as an economical design displacement value for far-fault regions. It should be 
noted that this limit may vary on a project basis. In this study, the optimization process is 
carried out by minimizing the peak top floor accelerations (ptfa) while keeping base 
displacements below 15 cm (g2(X)≤15cm). The optimization is also carried out without 
considering the peak base displacement constraint (only for 0.025 ≤g1(X)≤ 0.40). 

 
5.1. Earthquake Records 

Five different far-fault earthquakes given in Table 1 are used in the optimization process. 
They are suggested by FEMA P695 [29] and retrieved from the PEER database [30]. In Table 
1, information such as recording station, ground motion component name, and peak ground 
acceleration (PGA), peak ground velocity (PGV), earthquake magnitude (Mw), and closest 
distances to the fault (r) values are presented. In the time-history analyses, the determined 
components are applied uni-directionally. 

 

Table 1 - Properties of historical earthquake records 

Earthquake Date Station Component
PGA 
(g) 

PGV 
(m/s) Mw 

r 
(km) 

Imperial Valley-06 10/15/1979 Delta H-DLT262 0.35 0.33 6.53 22 
Kocaeli  8/17/1999 Düzce DZC270 0.36 0.56 7.51 15.4 
Landers 6/28/1992 Coolwater CLW-TR 0.42 0.43 7.28 19.7 
Northridge 1/17/1994 Canyon Country LOS270 0.47 0.41 6.69 12.4 
Northridge-01 1/17/1994 Beverly Hills MUL279 0.49 0.67 6.69 17.2 
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5.2. Optimum Population Size 
Unlike many other algorithms, TLBO does not need any algorithm-specific parameters. The 
population size, which is the common control parameter of all heuristic algorithms, is 
adequate for TLBO to run. Population size affects algorithm performance and the appropriate 
population size for the type of problem should be determined. Therefore, eight different 
population sizes are investigated as 5, 10, 15 20, 25, 30, 35, and 40.  Results of meta-heuristic 
optimization algorithms need to be statistically evaluated because they work with randomly 
generated numbers. For this reason, one hundred independent optimization processes are 
performed for each population size under five different far-fault earthquake records given in 
Table 1. The statistical results of the optimization processes, which include the maximum, 
the minimum, and the mean values and the standard deviations of the peak top floor 
acceleration (ptfa), are presented in Table 2.  
 

Table 2 - The peak top floor acceleration (ptfa)1 results obtained from 100 independent 
optimization process considering different population size without the peak base 

displacement constraint. 

Earthquake 
Record  

Population Size 
5 10 15 20 25 30 35 40 

CLW-LN 

Min. (m/s2) 1.22 1.22 1.22 1.22 1.22 1.22 1.22 1.22 
Max. (m/s2) 2.06 1.22 1.22 1.22 1.22 1.22 1.22 1.22 
Mean (m/s2) 1.26 1.22 1.22 1.22 1.22 1.22 1.22 1.22 
St. Dev. 0.17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

DZC270 

Min. (m/s2) 1.44 1.44 1.44 1.44 1.44 1.44 1.44 1.44 
Max. (m/s2) 1.86 1.55 1.69 1.61 1.44 1.44 1.44 1.44 
Mean (m/s2) 1.51 1.44 1.45 1.45 1.44 1.44 1.44 1.44 
St. Dev. 0.09 0.02 0.03 0.02 0.00 0.00 0.00 0.00 

H-DLT362 

Min. (m/s2) 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
Max. (m/s2) 1.50 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
Mean (m/s2) 0.99 0.97 0.97 0.97 0.97 0.97 0.97 0.97 
St. Dev. 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

LOS270 

Min. (m/s2) 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 
Max. (m/s2) 1.75 1.32 0.99 0.99 0.99 0.99 1.00 1.00 
Mean (m/s2) 1.02 1.00 0.99 0.99 0.99 0.99 0.99 0.99 
St. Dev. 0.11 0.05 0.00 0.00 0.00 0.00 0.00 0.00 

MUL279 

Min. (m/s2) 1.66 1.66 1.66 1.66 1.66 1.66 1.66 1.66 
Max. (m/s2) 1.99 1.66 1.66 1.66 1.66 1.66 1.66 1.66 
Mean (m/s2) 1.67 1.66 1.66 1.66 1.66 1.66 1.66 1.66 
St. Dev. 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

1ptfa values higher than the minimum value and standard deviations greater than 0 are shown in bold. 
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It is seen that the minimum values of ptfa under CLW-LN, DZC270, H-DLT362, LOS270, 
and MUL279 records are obtained as 1.22 m/s2, 1.44 m/s2, 0.97 m/s2, 0.99 m/s2, and 1.66 
m/s2, respectively. While minimum ptfa values do not change for different population sizes, 
the maximum values depend on the size of the population. For example, if the population 
size of 5 is used under CLW-LN record, the minimum ptfa value is 1.22 m/s2 while the 
maximum ptfa value is 2.06 m/s2. In this case, the maximum error ratio is calculated as 69%. 
Considering the population size of 10 and above, the minimum and maximum ptfa values 
equalize and thus, the standard deviation value is equal to 0. In case of DZC-270 record, 
when 5, 10, 15, and 20 populations are considered, the maximum values of ptfa are 29%, 8%, 
17%, and 12% higher than those of minimum ptfa values. If the population size is taken as 
25 and above, the maximum ptfa value is equal to the minimum ptfa value, and the standard 
deviation value is 0. Optimization analyses performed with a population size of 5 under H-
DLT362 and MUL279 records, the error ratios are obtained as 51% and 20% while the 
standard deviation values are calculated as 0.09 and 0.04, respectively. When the population 
size of 10 and above is taken into consideration, the standard deviation is obtained as 0. It 
has been observed that there is an error ratio of up to 77% for the population size of 5 and 10 
under LOS270 record. The minimum and maximum ptfa values are equal for all population 
sizes between 15 and 30. For the population size of 35 and 40, the maximum values of ptfa 
are 1% greater than those of minimum values, but the ptfa value is equal to the minimum 
value, accordingly the standard deviation is 0. Consequently, it is concluded that the 
population size of 25 and above would be reliable for all cases. 

The convergence rate of the optimization process can also be considered as a parameter to 
determine the performance of population sizes. The mean convergence curves are shown in 
Figure 4 to examine the effects of different population sizes on convergence rates. The figure 
depicts the variation of ptfa with respect to the number of analyses for the case where the 
base displacement limit is not taken into consideration. As seen from the convergence curves, 
the results obtained using a population size of 5 are significantly different from the other 
results. When the convergence rates are examined, it can be said that there is no significant 
difference in the population sizes of 10 or more. 

 

Table 3 - ptfa results obtained from 100 independent optimization process considering the 
base displacement limit of 15 cm. 

Statistical 
results 

Earthquake records 
CLW-LN DZC270 H-DLT362 LOS270 MUL279 

Min. (m/s2) 1.22 3.22 1.53 0.99 5.88 
Max. (m/s2) 1.22 3.22 1.70 0.99 5.88 
Mean (m/s2) 1.22 3.22 1.53 0.99 5.88 
St. Dev. 0.00 0.00 0.02 0.00 0.00 
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Figure 4 - Convergence curves obtained for different population sizes 
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As the population size of 25 and above gives reliable results, the 100 independent 
optimization process with a population size of 25 is performed for each of the five different 
far-fault earthquake records. The variation of ptfa with respect to the number of analysis is 
depicted in Figure 5 for the case where the displacement limit of 15 cm is taken into 
consideration. Each figure shows 100 different optimization processes. Since the base 
displacements obtained from the analyses under DZC270 and MUL279 records are well 
above the base displacement limit of 15 cm, penalty values are assigned to the objective 
function. Therefore, the objective values under DZC270 and MUL279 records are very high 
in the initial analysis. The statistical results in terms of ptfa obtained by the different 
optimization processes are presented in Table 3. Accordingly, since the standard deviation is 
0 in most cases (exception: H-DLT362 where the standard deviation is 0 .02), it is clear that 
the results are reliable under all earthquake records. 

 

5.3. Optimum Nonlinear Isolation System 

The 100 independent optimization processes with the population size of 25 aiming to 
minimize the peak top floor accelerations are performed under five different far-fault 
earthquakes with and without exceeding the base displacement constraint. The optimization 
process consists of iterative analyses continued until the objective function is reached. When 
the objective function is satisfied, the optimum nonlinear isolation system parameters 
including isolation period (T0), characteristic force ratio (Qt/W), and yield displacement (Dy) 
are obtained. Then, the structural response in terms of peak top floor accelerations (ptfa) and 
peak base displacements (pbd) are calculated for the corresponding optimum nonlinear 
isolation system. The optimum nonlinear isolation system parameters and the peak structural 
responses of the buildings equipped with optimum nonlinear isolation systems are reported 
in Table 4 and 5 under all earthquake records for cases with and without exceeding the base 
displacement limits, respectively. It should be noted here that the mechanical parameters of 
the optimum nonlinear isolation system are within the typical range for practical applications. 

 

Table 4 - Optimum nonlinear isolation system parameters and seismic performance of the 
buildings equipped with optimum nonlinear isolation system not considering the base 

displacement limit of 15 cm. 

Earthquake 
records 

Peak structural response Optimum nonlinear isolation parameters 
pbd (cm) ptfa (m/s2) T0 (s) Qt/W Dy

 (mm) 

CLW-LN 10.35 1.22 3.7 0.05 25 
DZC270 21.89 1.44 4.0 0.05 25 
H-DLT262 15.91 0.97 4.0 0.05 25 
LOS270 9.36 0.99 3.5 0.05 24 
MUL279 24.62 1.66 4.0 0.05 25 
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Figure 5 - The variation of ptfa with respect to analysis number under far-fault earthquake 
records with exceeding the base displacement limit of 15 cm (different lines correspond to 

100 independent optimization process) 
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Table 5 - Optimum nonlinear isolation system parameters and seismic performance of the 
buildings equipped with optimum nonlinear isolation system considering the base 

displacement limit of 15 cm. 

Earthquake 
records 

Peak structural response Optimum nonlinear isolation parameters 
pbd (cm) ptfa (m/s2) T0 (s) Qt/W Dy

 (mm) 

CLW-LN 10.35 1.22 3.7 0.05 25 
DZC270 14.78 3.22 2.0 0.15 19 
H-DLT262 14.95 1.53 3.4 0.05 10 
LOS270 9.36 0.99 3.5 0.05 24 
MUL279 14.99 5.88 3.1 0.15 10 
 

As seen from Table 4, among the optimum nonlinear isolation system parameters that would 
perform best under all earthquakes (here the dominant earthquake record is MUL279), 
isolation period (T0), characteristic force ratio (Qt/W) and yield displacement (Dy) are found 
as 4.0 s, 5%, and 25 mm, respectively. The pbd and the ptfa are obtained under MUL279 via 
nonlinear time-history analyses of the building employing the optimum nonlinear isolation 
system, and they are calculated as 24.6 cm and 1.66 m/s2, respectively. When the 
optimization analyses are conducted under different far-fault earthquakes without exceeding 
the base displacement limit of 15 cm (see Table 5), T0, Qt/W, and Dy are determined as 3.1 s, 
15 %, and 10 mm, respectively. In this case, ptfa is obtained as 5.88 m/s2. Note that, 
considering the optimum independent variable values, dependent variable values (K1t, K2t, 
Fyt, and α) are calculated via Equations (1)-(4). Then, if desired, the isolation system elements 
can be dimensioned geometrically using these optimum isolation system parameters. 

It can also be seen from Table 4 that pbd values under DZC270, H-DLT262, and MUL279 
exceed the base displacement limit of 15 cm where the optimum characteristic force ratio 
(Qt/W) is 5 %. Considering base displacement limit (Table 5), the peak base displacements 
obtained under all earthquake records remain below 15 cm while the optimum characteristic 
force ratio (Qt/W) is calculated as 15 %. Due to the high damping obtained by increasing the 
characteristic force ratio (from 5 % to 15 %), ptfa values of the seismically isolated buildings 
under the earthquake records of DZC270, H-DLT262, MUL279 given in Table 5 are 
increased compared to the results obtained by not considering the base displacement limit 
given in Table 4.  

The performance of the optimum nonlinear isolation system parameters considering the base 
displacement limit of 15 cm is also tested under other historical earthquake records and the 
results are given in the Table 6. As expected, when the seismically isolated buildings with 
optimum parameters obtained under the most challenging earthquake record (MUL279) ae 
subjected to other earthquakes, they perform better than the MUL279 record. 

Finally, for verifying the optimization process via TLBO, time-history analyses of non-linear 
isolation systems created by using parameters that deviate ±10% and ±20% from optimum 
isolation system parameters are performed under the governing earthquake record, MUL279. 
The results obtained from TLBO optimized cases are compared to those with non-optimum 
isolation system parameters and presented in Table 7. The results show that the parameters 



Teaching-Learning Based Optimization of Nonlinear Isolation Systems under Far … 

11502 

of the non-linear isolation system larger or smaller than the optimum values cause either 
higher peak base displacement (pbd) or higher peak top floor accelerations (ptfa) than 
optimum analysis results.  

 

Table 6 - Analysis result of nonlinear isolation systems with optimum parameters under 
MUL279 (T0=3.1 s, Qt/W=0.15, Dy=10 mm) 

Earthquake 
records 

Peak structural response 

pbd (cm) ptfa (m/s2) 

CLW-LN 10 5.46 
DZC270 14.4 4.75 
H-DLT262 7.4 4.78 
LOS270 12.2 4.86 
MUL279 14.99 5.88 

 

Table 7 - Analysis result of nonlinear isolation system parameters deviating from optimum 
under MUL279. 

Deviation of isolation 
system parameters from 

optimum 

Non-linear isolation 
system parameters 

Peak structural 
response 

T0 (s) Qt/W Dy
 (mm) pbd (cm) ptfa (m/s2) 

optimum  3.1 0.15 10 14.99 5.88 
−10% 2.79 0.14 9 15.46 5.63 
+10% 3.41 0.17 11 14.55 6.20 
−20% 2.48 0.12 8 16.55 5.45 
+20% 3.72 0.18 12 14.28 6.54 

 

6. CONCLUSIONS 

In this study, optimization of nonlinear isolation system parameters via Teaching-Learning 
Based Optimization (TLBO) algorithm is presented in the context of a medium-rise prototype 
building exposed to historical far-fault earthquakes. The objective function in determining 
the optimum values of the isolation system parameters is set as minimizing peak top floor 
acceleration with and without exceeding a specified base displacement. Main 
accomplishments and findings can be listed as follows: 

 A methodology is developed where the optimization process is carried out by 
recursively running 3D-BASIS software, which performs non-linear time-history 
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analyses, with an in-house optimization program, which is constructed in 
MATLAB, that employs TLBO algorithm. 

 Population size affects algorithm performance and the appropriate population size 
for the problem at hand should be determined individually. For the problem 
evaluated in this study, a population size of 25 was found to be the minimum size 
required for obtaining a reliable solution.  

 As an alternative, the convergence rate of the optimization process can also be 
considered as a parameter to determine the performance of population sizes.  

 The standard deviation of the objective function is obtained as almost 0 for even 
very small population sizes (i.e 10), indicating that the metaheuristic optimization 
algorithm TLBO is robust in determining optimum nonlinear isolation system 
parameters.  

 It is shown that using an appropriate population size, TLBO is a robust optimization 
method that yields optimum values of the non-linear isolation system parameters for 
achieving minimum peak floor accelerations without exceeding a specified peak 
base displacement limit under a set of far-fault earthquakes. 

 For the benchmark building evaluated here, specifying a base displacement limit 
resulted in increased characteristic force ratios which indirectly caused increases in 
peak floor accelerations compared to the case where no limit was specified for the 
base displacement. 
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