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Abstract. Numerical studies for a structural dynamic system are performed in Matlab and Simulink 
environments. Six different earthquakes filtered and corrected using Seismosignal software, are used as seismic 
loads during implementation. In the first part of this study, the fourth order Runge-Kutta based Matlab code 
(RK4M) and Simulink Model-Based Design (SMD) are appropriately developed. Both RK4M and SMD are used 
to solve the governing equations for single storey structure isolated by Lead Core Rubber Bearing (LCRB). The 
second part compares the developed modelling methods in terms of outputs’ accuracy and Time of 
Implementation (TI). It is shown that both methods agree well in terms of resulting floor accelerations and 
displacements with slight but justifiable average differences of only 1.3 and 0.98 % respectively; thus, indicating 
that any of these techniques can be adopted. However, concerning TI, it is observed that SMD is in general 
quicker to display results as compared to the developed RK4M, which is approximately 58s longer. This leads to 
suggesting that SMD can be more effective, particularly for earthquakes with long-duration, and most importantly 
for cases where time is a governing factor during implementation. Besides, long-period and long-duration 
earthquakes are observed to have particular influence on structural behaviour. This reveals a need for special 
consideration requirements that are currently not taken into account. 

1. Introduction 
Simulink provides a block diagram environment that is used as a platform for model-based design. 

Matlab provides an environment for developing codes relevant to the type of model that is being investigated. 
The time required to develop the code can be high due to a number of factors, which mainly depend on the 
type of the structure being modelled. Contrary to Matlab environment, Simulink-model based design can save 
time of implementation, mainly because of the presence of built-in-blocks that are easy and ready to use. Both 
Matlab and Simulink environments can be used to solve governing equations of motion of a structural dynamic 
system, such as active and passive seismically isolated structures. 

A significant number of solution methods for differential equations governing a dynamic motion of 
passive seismically isolated structures have been adopted in the existing literature. For example, a number of 
researchers have adopted the Wilson Theta method [1, 2], Newmark Beta method [3–6], and Runge-Kutta 
Methods [3, 4, 7–11]. The latter has been observed to be the most stable, modern and popular method 
according to most of researchers [3, 4]. However, there is a substantial need to conduct comparative studies 
on the performance level of methods adopted during implementation. Two of the major performance factors 
that can be considered are: the accuracy of the results and time required to display desired responses.  

Despite a significant number of existing programming software such as Matlab, Python, and Ansys; 
there is still a substantial need to clarify the easy and fastest software and technique. Such a software and 
technique can reduce the time required to obtain structural responses during implementation, while providing 
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accurate results in a short time. Matlab has been significantly reported to possess the ability to perform better 
compared to other existing programming software used in solving the governing differential equations for 
dynamic motion of seismic base isolation systems [3, 4, 11]. With this in mind, the use of Matlab and its 
embedded part (Simulink) to predict the system accuracy and TI can be more reasonable than using other 
existing programming software. Particularly, when examining a seismic isolation system, significant studies 
have previously reported Matlab to be effective [7, 12]. Furthermore, studies by use of Simulink have been 
conducted by a significant number of researchers for solving the governing equations of dynamic motion of 
seismically isolated structures [12–17]. Specifically, Numerical studies have been conducted on LCRB 
performance by using both Matlab and Simulink including [7, 8, 12, 18] among others. 

The potentiality of adopting Simulink to solve the governing differential equations in seismically isolated 
structures was reported in [12], where calibration of isolator parameters under long-period motions was mainly 
targeted. In [19], governing equations of a dynamic system were solved by four different types of methods 
including Matlab and Simulink environments. It was reported that the latter can be a better technique as it only 
requires knowledge of blocks’ functionality already designed for solving related equations without much 
knowledge in coding or/and advanced mathematics.  

Despite a large number of the existing literature about numerical studies on seismically isolated 
structures with LCRB, there has been a remarkable gap in searching for the best technique to use during the 
numerical analysis. Such a technique can be easier, faster and be seen as a prerequisite for practical use, 
most importantly for projects which prioritize the accuracy of the responses while saving TI. In [20], a numerical 
algorithm that is based on the finite element model of contact and step-by-step analysis method was used to 
model a base-structure contact interaction during dynamic loads. It was observed that such a modelling 
technique can save time compared to the existing well-known iteration algorithm. Similar studies for the sake 
of developing a modelling method with time-saving, cost-effective, and energy efficient properties were also 
conducted in [21, 22]. However, these studies were not addressing seismically isolated structures. Therefore, 
there is a need to develop a modelling technique with the above properties for seismically isolated structures. 

With regard to the loading nature, a substantial number of studies have been conducted adopting the 
normal or short-period earthquakes, as well as short-duration [5, 23–25]. However, a few studies have 
considered the effect of long-period earthquakes on responses of isolated structures [26–29]. Most notably, 
the combining effect of long-period and long-duration earthquakes on isolated structures seems to have not 
been investigated in the existing literature.  

In this study, authors aim to compare SMD and RK4M techniques in terms of accuracy of results and 
TI of resulting responses for a structure that is seismically isolated by LCRB. The accuracy of these techniques 
is checked based on the resulting outputs, while TI is controlled by carefully recording the elapsed time for 
each method. Besides, the study aims to examine the effect of earthquake nature on the responses of 
seismically isolated structures, particularly the long-period and long-duration earthquakes. The main 
contribution of this work lies in assessing the easiest to use and time-saving technique, which authors believe 
can mainly be beneficial in reducing the time required during numerical analysis of seismically isolated 
structures. Besides, the study contributes in revealing the severity of long-period and long-duration 
earthquakes on seismically isolated structures.  

The remainder of this study is structured as follows. Section 2 presents the methodology and description 
of numerical simulations, and governing differential equations solved in both RK4M and SMD techniques; in 
Section 3, numerical case study is provided for deep understanding of section 2 and its applicability; in section 
4, numerical case study results are discussed; and conclusions are drawn in Section 5.  

2. Methods 
2.1.  Defining Governing Equations 

The governing equations for dynamic motion of structures with multiple degrees of freedom, fixed or 
controlled by LCRB at the base level can be detailed as follow [12, 30]:  

The equation of a fixed base structure exposed to seismic load can be expressed as 

[ ]{ } [ ]{ } [ ]{ } [ ]{ }( )  . S S S S S S S gM U C U K U M R u+ + =−

  (2.1)  

A structure isolated by LCRB at its base level can be governed by equations (2.2) and (2.3). 

a) The superstructure part is governed by the equation: 

[ ]{ } [ ]{ } [ ]{ } [ ]{ }( )  , S S S S S S S g bM U C U K U M R u u+ + =− + 

  (2.2)  

where [MS], [CS] and [KS] are the mass, damping and stiffness matrices of the superstructure, respectively; 
{US} = {U1, U2, …, Uj}T, { }SU  and { }SU  are the unknown floor displacement, velocity and acceleration 
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vectors respectively; Uj is the lateral displacement of jth floor relative to the base mass; bu  and gu  are the 

relative acceleration of base mass and earthquake ground acceleration respectively; and {R} is the vector of 
influence coefficients. 

b) For the base floor level of the building, the equation of motion can be expressed as:  

1 1 1 1    , b b b b gm u F k u c u m u+ − − =−   (2.3)  

where mb and Fb are base mass and restoring force developed in the isolation system, respectively; k1, c1, 
u1, and 1u  are the stiffness, damping, displacement, and velocity of first storey floor. The value for hysteretic 
restoring force Fb can be calculated as shown below: 

( )   .  1b b b b b yF c u k u f Zα α= + + −  (2.4)  

In equation (2.4), fy refers to yield force, α stands for the ratio of post-yield to pre-yield stiffness; kb, cb, 
ub,  ,bu  are stiffness, damping, displacement, and velocity of the bearing, respectively; and Z is a component 
of Wen’s non-linear model shown in (2.5). 

1 1Ż ,n n
b b b yAu u Z Z u Z uβ τ− − = − −     (2.5)  

where uy is yield displacement, and can be calculated for particular structure as described in ASCE 41-13. β, 
A and  τ are dimensionless parameters which are defined based on laboratory experiments. n is a constant 
value, and this controls the transition from elastic to plastic behavior of the model.  

The above equations can be solved by one of the most commonly used techniques such as Runge-Kutta 
4th order algorithm, Wilson Theta Method, and Newmark Beta Method, assuming a linear variation over smaller 
time interval (dt = 0.001s). Properties of LCRB such as stiffness (kb), damping (cb), damping ratio (ξb), yield 
strength (𝐹𝐹𝑦𝑦), normalized yield strength (Fo), and yield displacement (𝑢𝑢𝑦𝑦) can be calculated based on following 
equations [12, 31]: 

( )
2

2 2   ;,b sup b b
b b

k M m w
T T
π π ⋅ ⋅

+ = 
 

⋅=  (2.6)  

( ) ,2  9.81;b b sup b bc M m w gξ= ⋅ + ⋅ =⋅  (2.7)  

  , 0.15, 0.0159, ,, y
y y b

b

F
F Fo W u Fo W M g

k
ξ= ⋅ = = = = ⋅  (2.8)  

where mb, wb, Tb, g and W are bearing mass, natural frequency, natural period, acceleration of gravity and 
total weight of structure, respectively. Msup is the total mass of superstructure. 

2.2.  RK4M Technique 
In this research, RK4M is adopted to solve the equations (2.1) to (2.3), as shown by a number of 

researchers [3, 4, 10, 18]. This algorithm is based on Runge-Kutta 4th order, which is applied in Matlab 
environment by coding line by line. The equations defining this algorithm are shown in (2.9) to (2.13), 

( )1 2 3 4
1 

2 2
,  

6k k

h f f f f
y y+

+ + +
= +  (2.9)  

where f1, f2, f3, f4, are slopes of the given function within a single time step size (h). yk and yk+1 are the 
previous and current variables for each step size h. 

( )1 , ;  k kf f t y=  (2.10)  

2 12
;,

2k k
h hf f t y f = + + 

 
 (2.11)  

3 22
;,

2k k
h hf f t y f = + + 

 
 (2.12)  
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( )4 3, . k kf f t h y hf= + +  (2.13)  

The above algorithm will output first order ODEs to be solved by one of the Matlab built-in-function such 
as ode45, ode23s among others. In this method, preallocation is used wherever possible in order to speed up 
the code execution time. This process is made through preallocating maximum amount of space required for an 
array. However, RK4M can only provide displacements and velocities. Therefore, accelerations can be derived 
from the already obtained velocity values by using one of the existing popular techniques known as numerical 
derivative. This can be implemented either through forward difference, backward difference, or central difference 
methods shown in equations (2.14), (2.15), and (2.16) respectively [3, 11]. 

( ) ( ) ( )1

1  

 
  

 
;k k

k
k k

f x f x
f x

x x
+

+

−
≈

−
′  (2.14)  

( ) ( ) ( )1

 1 

 
  ;

 
k k

k
k k

f x f x
f x

x x
−

−−
′

−
≈  (2.15)  

( 1) ( 1)
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( )
)

)
.
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(

(
k k

k
k k

f x f x
f x

x x
+ −

+ −

−
′ ≈

−
 (2.16)  

In this study, forward difference method is adopted and the Matlab built-in function (diff) is used to solve 
equation (2.14). Additionally, input parameters for RK4M (mass of structure [Ms], structure stiffness [Ks]) can 
be generalized as shown in equations (2.17) and (2.18). 

[ ] ( )

1

2

3

0 0 0  0 0
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[ ] ( )

1 2 2

2 2 3 3

3 3 4 3

0 0   0   0
0  0   0

0    0   0
  N / m

0   0   ... 0
0   0   0 .
0   0  0  0

,S

i

i i

k k k
k k k k

k k k k
K

k
k k

+ − 
 − + − 
 − + −

= 
… …+ … 
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−  

 (2.18)  

where i is the number of floors in the investigated structure. In this study, damping matrix [Cs] was derived 
from [Ms] and [Ks] based on Rayleigh Method [7, 12], which is defined as shown in (2.19). 

[ ] [ ] [ ]1  .  S o S SC M Kα α= +  (2.19)  

The coefficients α0 and α1 can be obtained by solving equation (2.20) 

0

1

,

1
1  

12

i
i i

j
j

j

w
w

w
w

ξα
ξα

 
      =         
 

 (2.20)  

where wi, wj, ξi, ξj, are natural frequencies and damping ratios of fixed base structure for ith and jth mode 
respectively. Damping ratios at ith and jth are assumed to be similar to facilitate the calculation of the concerned 
coefficients [2, 12]. 
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2.3. SMD Technique 
Contrary to the above mentioned RK4M method, SMD is adopted to solve equations (2.1) to (2.3) by 

logically connecting Simulink built-in blocks. Referring to researchers in [12, 32–37], equations (2.1) to (2.3) 
can be combined into a single equation (2.21) to represent the structure as a whole, and then transformed into 
a state-space form of first order equations i.e., a continuous-time state-space model of the system as shown 
in equations (2.22) and (2.23).  

[ ] ( ){ } [ ] ( ){ } [ ] ( ){ } [ ] ( ){ } ;  m u t c u t k u t d f t⊕+ + =  (2.21)  

( ) [ ] ( ) [ ] ( ){ };c cz t A z t B f t⊕= +  (2.22)  

( ){ } [ ] ( ) [ ] ( ){ }  .y t C z t D f t⊕= +  (2.23)  
The components shown in the above equations are explained in Table 2.1 
Table 2.1 Definition of state space model components. 

Variant parameter symbol Definition Matrix size 

z Space vector n1 by 1 

z  States n1 by n1 

f⊕  Input force vector r1 by 1 

y Desired responses vector m1 by 1 

Ac Feedback matrix n1 by n1 

Bc İnput matrix n1 by r1 

[C] Output influence matrix m1 by n1 

[D] Direct transmission matrix m1 by r1 

[d] İnput influence matrix n2 by r1 

n1 = 2n2;  n2 is the number of independent coordinates. r1 is the number of inputs, m1 is the number of 
outputs. [𝑑𝑑] characterizes the locations and type of known inputs ( )f t⊕  [8, 12, 18, 38, 39].  

[ ]
[ ] [ ]

[ ] [ ] [ ] [ ]1 1 ;
0

 c

I
A

m k m c− −

 
=  

− −  
 (2.24)  

[ ] [ ]
[ ]1

0
; cB

m d−

 
=  
 

 (2.25)  

( ){ } ( )
( )

. 
u t

z t
u t
 

=  
 

 (2.26)  

The sizes of matrices [C] and [D] can be adjusted depending on the desired output [16]. The Simulink-
Model Based Design can be constructed as shown below: 

 
Figure 2.1. Simulink Master Block diagram for modeling isolated structure by LCRB isolator. 
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Figure 2.2. Calculation of Z (Subsystem 3). Figure 2.3. Calculation of Fb (Subsystem 1). 
Blocks used to form SMD are chosen based on references [3, 12] Model configuration parameters are 

set based on the recommendations shown in [15] for solving equation of a dynamic system. 

2.4. Numerical case study 
In this study, the responses of an isolated one storey structure under various earthquakes are investigated. 

The engineering data for the above structure are as follows: m1 = 29 485 kg; mb = 6800 kg, k1 = 11 912 KN/m. 
The basic dynamic properties of the investigated structure are natural period: Tn1 = 0.1s; frequency: 
Fn1 = 10 Hz, and damping ratios: ξn1 = 0.05. The above characteristics have been previously adopted in [16]. 
Furthermore, the geometry properties of the considered lead core rubber bearing are: i) diameter = 700 mm, 
ii) thickness of plates: 56 mm, iii) total thickness of elastomer = 120 mm (each with 4 mm), iv) single steel shim 
thickness = 3.1 mm. These data have been also adopted in [40].This structure is exposed to a total of six 
earthquakes downloaded from PEER strong ground motions [41], filtered and corrected using Seismosignal 
Software (SS). The characteristics of these earthquakes are summarized in Table 2.2. The results for TI strongly 
depend on the type of computer being used during implementation. Therefore, the properties of the computers 
used in this study are as follow: Computer brand: hp ProBook 4540s, Processor: Intel(R) Core(TM) i3-3110M 
CPU@ 2.40GHz, system type: 64-bit Operating System, and RAM; 4.00GB.  

Table 2.2. Characteristics of used earthquakes. 
Earthquake Name PGA (m/s2) PGV(m/s) Duration (s) 

Elcentro 3.42 0.32 56.52 
Düzce 1.29 0.11 42.29 
Chuestsu 2.23 0.23 59.96 
Capemembe 1.47 0.42 286.65 
Iwate 1.78 0.10 179.97 
Kobe 8.18 0.82 49.93 

3. Results and Discussions 
3.1. Differences Between RK4M and SMD for the Resulting Responses of Structure 

Looking at peak values in Table 3.1 and Figure 3.1 to 3.9, it appears that both methods resulted in 
nearly similar responses with small but justifiable differences. For example, in Table 3.1, based on the results 
from RK4M under Elcentro earthquake, the maximum responses of BFA, TFA, BFD and TFD were observed 
to be 3.04 m/s2, 3.09 m/s2, 0.08 m, 0.08 m, whereas those from SMD were 3.07 m/s2, 3.10 m/s2,0.09 m, 
0.101 m, respectively. It follows that the average acceleration and displacement differences from both methods 
were approximately 1 and 1.5 %, respectively. These slight differences may have been caused by from 
workspace block in SMD, which failed to reproduce the input earthquake acceleration. It can therefore be 
suggested that this block needs revision for better performance. 

Similar interpretations can be done on the results from other earthquakes. For example, a careful 
analysis on responses from both methods under Duzce, Chuestsu, Capemembe, Iwate and Kobe earthquakes 
indicates that the average acceleration and displacement differences were: 1 and 1 %, 1.5 and 0 %, 1.5 and 
1.4 %, 2 and 1 %, and 1.5 and 1 %, respectively. Similar to Elcentro earthquake, these differences can be attributed 
to the inefficiency of from workspace block to reproduce the input earthquake acceleration. Overall, the average 
acceleration differences from both methods under all the earthquakes can be estimated to be 1.3 %, whereas for 
the displacements the average difference can be estimated to be 0.98 %.  
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Figure 3.1. Base floor accelerations under Duzce Earthquake: a) RK4M, and b) SMD. 

 
Figure 3.2. Base floor accelerations under lwate Earthquake: a) RK4M, and b) SMD. 

 
Figure 3.3. Top floor accelerations under Chuestsu Earthquake: a) RK4M, and b) SMD. 

 
Figure 3.4. a) Top and b) Base floor displacements under Churstsu earthquake for SMD. 
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Figure 3.6. Base floor displacements under Kobe Earthquake: a) RK4M, and b) SMD 

 
Figure 3.6. Top floor displacements under Kobe Earthquake: a) RK4M, and b) SMD. 

 
Figure 3.7. Base floor displacements under lwate Earthquake: a) RK4M, and b) SMD. 

 
Firure 3.8. Top floor displacements under lwate Earthquake: a) RK4M, and b) SMD 
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Figure 3.9. Comparison of maximum base and top floor accelerations from RK4M and SMD methods. 

Concerning the time instants (ti) for the occurrence of maximum peak responses, it can be observed 
from Figure 4.1 to 4.8 that RK4M and SMD methods kept ti approximately similar for each response. For 
example, under Duzce earthquake, both methods succeeded in providing maximum base floor acceleration 
values at exactly similar ti of 17.58s as shown in Figure 4.1. It follows from this observation that there was a ti 
difference of approximately 0s. Under Chuestsu, Kobe and Iwate earthquakes, the ti for maximum top and 
base displacements under both methods were nearly 29s, 10s, and 28s, respectively. This uniformity in ti for 
top and base floor responses indicates a good agreement between the used methods and high performance 
of the bearing. This similarity in ti reveals that both top and base floor displacements of the structure moved 
with reduced storey drifts. This observation can clearly be seen in Figure 4.4 where maximum displacements 
were similarly equal, and occurred at exactly ti of 28.53s for both floors. 

Table 3.1. Comparison of RK4M and SMD results for one storey structure. 

Earthquake Name/PGA/Direction Period 
(Tb) 

SR and 
TI MATLAB (RK4M) SIMULINK (SMD) RK4M&SMD 

Difference 

Elcentro Direction: NS 

3 

BFA (m/s2) 3.04 3.07 0.01 
TFA (m/s2) 3.09 3.10 0.01 

PGA (m/s2) 3.42 
BFD (m) 0.08 0.09 0.01 
TFD (m) 0.08 0.10 0.02 

TI (s) 17.54 1.51 16.03 

Duzce Direction: NS 
 
3 

BFA (m/s2) 1.22 1.23 0.01 
TFA (m/s2) 1.25 1.24 0.01 

PGA (m/s2) 1.29 
BFD (m) 0.03 0.02 0.01 
TFD (m) 0.03 0.02 0.01 

TI (s) 14.44 1.56 12.88 

Chuestsu Direction: NS 

3 

BFA (m/s2) 2.25 2.27 0.02 
TFA (m/s2) 2.28 2.27 0.01 

PGA (m/s2) 2.41 
BFD (m) 0.04 0.04 0.00 
TFD (m) 0.04 0.04 0.00 

TI (s) 25.91 1.63 24.28 

CAPEMEMBE Direction: NS 

3 

BFA (m/s2) 1.47 1.49 0.02 
TFA (m/s2) 1.49 1.50 0.01 

PGA (m/s2) 1.47 
BFD (m) 0.31 0.30 0.01 
TFD (m) 0.31 0.29 0.02 

TI (s) 82.29 2.11 80.18 

IWATE Direction: NS 

3 

BFA (m/s2) 1.71 1.73 0.02 
TFA (m/s2) 1.69 1.67 0.02 

PGA (m/s2) 1.78 
BFD (m) 0.05 0.04 0.01 
TFD (m) 0.05 0.04 0.01 

TI (s) 203.98 1.94 202.04 

KOBE Direction: NS 
 
3 

BFA (m/s2) 7.47 7.45 0.02 
TFA (m/s2) 7.53 7.52 0.01 

PGA (m/s2) 8.18 
BFD (m) 0.18 0.19 0.01 
TFD (m) 0.18 0.19 0.01 

TI (s) 12.75 1.55 11.20 

NS: North-South, PGA: Peak ground Acceleration, Tb: Isolation period, SR: Structural responses, TI: Time of 
Implementation, BFA: Absolute base floor acceleration, TFA: Absolute Top floor acceleration, BFD: Base floor 
displacement, TFD: Absolute Top floor displacement. 
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3.2. Differences in TI for RK4M and SMD Methods 
On the other hand, the differences in TI were observed to be significantly pronounced between RK4M 

and SMD methods. TI required for RK4M to display responses were observed to be 17.54, 14.44, 25.91, 
82.29, 203.98, and 12.75s under Elcentro, Duzce, Chuestsu, Capemembe, Iwate and Kobe earthquakes, 
respectively. However, a much more pronounced difference was observed for TI when SMD is adopted. 
That is, TI for SMD to display responses were observed to be 1.51, 1.56, 1.63, 2.11, 1.94, and 1.55s under 
Elcentro, Duzce, Chuestsu, Capemembe, Iwate and Kobe earthquakes, respectively. The observations from 
RK4M and SMD indicate that both methods resulted in differences of 16.03, 12.88, 24.28, 80.18, 202.04, 
and 11.20s under Elcentro, Duzce, Chuestsu, Capemembe, Iwate and Kobe earthquakes, respectively. In 
other words, the average TI value required for displaying responses under all earthquakes was 
approximately 59.50s for RK4M, while that of SMD was approximately 1.72s. It follows from this observation 
that there was nearly 58s (or 97 %) difference of TI between the used methods when all earthquakes are 
counted. Particularly, long-duration earthquakes like Capemembe and Iwate were observed to consume 
much more time for RK4M than for SMD as can be observed in Figure 3.10.  

 
Figure 3.10. Comparison of Tl for RK4M and SMD under various earthquakes. 

This pronounced difference provided insights about the paramount importance of adopting SMD rather 
than RK4M for such earthquakes. Overall, the substantial percentage difference in TI under both methods 
paves the way for suggesting SMD to be more effective than RK4M. The adoption of SMD is reasonable in a 
way that time is a governing factor in real life. For example, if a project is to take time t for its accomplishment 
when RK4M adopted, the adoption of SMD can substantially reduce that t. This reduction will result not only 
from the above mentioned percentage difference in TI, but also from saving time required to develop RK4M 
code, and sift through lines of the code in order to understand. This will probably result in labor cost-savings 
through substantial reduction of required working hours. 

3.3. Effect of Earthquake Nature on the Resulting Responses 
The results in Table 3.1 provide information about the effect of earthquake nature on the responses of 

the investigated structure. Interestingly, under Capemembe earthquake with PGA of 1.47 m/s2, base and top 
floor displacements were observed to be higher than those resulting from Kobe earthquake with PGA of 
8.18 m/s2. For example, base and top floor displacements from RK4M under Capemembe earthquake 
appeared to be similar and equal to 0.31 m, whereas those under Kobe earthquake were similar and equal to 
0.18 m. The fact that Capemembe is a long-period and long-duration earthquake in its nature could have been 
the underlying cause of higher displacements compared to Kobe earthquakes’. Analysis from Seismosignal 
Software “intensity parameters” indicates that Capemembe earthquake displacement (shown in Figure 3.11) 
has a predominant period of 3.4s, which makes this earthquake to be of long-period nature. Furthermore, 
Figure 3.11 shows that this earthquake lasted for nearly 300s, which makes it of long-duration earthquake 
nature. It is evident from time duration of this earthquake that it possesses many load cycles. Because it had 
been previously reported that the number of load cycles contributes to bearing damage [42], the presence of 
many load cycles for this earthquake can dramatically cause severe damage. It can be observed from 
Table 3.1 and Figure 3.12 that due to the combining effect of long-period and long-duration characteristics of 
the Capemembe, the maximum displacements of the structure were amplified nearly 10 times the earthquake 
maximum displacement.  
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Figure 3.11. Displacement of Capemembe Earthquake. 

Another observation from Figure 3.11 is the repetition of peak displacements with almost equal 
magnitudes (i.e. nearly 0.03 m for each peak) at approximately 72.9, 95.1, 118, 177, and 182.4s. In fact, these 
peaks occurred in-between 50 and 100 s, 100 and 150s, and 150 and 200s. This shows that earthquake 
severity on the structure lasted for long, which probably led to development of large isolator strains, and hence 
large floor displacements. With regard to EN 1337-3 [43], the formula for calculating shear strains (εqE) due to 
earthquake-imposed horizontal displacement is  , /qE bd qd Tε =  where dbd is the earthquake imposed design 

displacement and Tq is the total thickness of the elastomer. 

Previous studies [40, 44, 45], have reported that large displacements due to strong ground motions can 
cause the bearing to experience larger shear strains in the elastomer than the allowed strains (100 %) as per 
EN 1337-3 [43]. This is in agreement with the shear strains obtained from strong Kobe earthquake (i.e.150 %). 
However, it seems that long-period long-duration earthquakes can also cause excessive shear strains in the 
bearing regardless of their PGA as shown by Capemembe earthquake which causes shear strains in the 
elastomer of about 258 %. With regard to previous study conducted by [40], shear strains exceeding 125 % can 
cause the tensile stresses above 5G, where G is the shear modulus of the elstomer. However, the code 
provisions limit tensile stresses in the bearing up to 2G in BS EN 15129 [46] and EN 1337-3 [43], up to 2–3G  in 
ASHTO [47], and up to 1G  in JRA [48]. It is, therefore, evident that shear strains from Capemembe earthquake 
can cause tensile stresses higher than those recommended in the codes. This can lead to development of cracks, 
buckling, and even rupture during seismic loadings, thus leading to poor performance of isolation system. 
Therefore, it is of paramount importance to mention that the isolator material properties should be adjusted to 
avoid such unusual displacements from the aforementioned combining effect of long-period and long-duration 
earthquakes. This can reduce the cost of damage due to large displacements as had been previously reported 
by [21], and can result in a sustainable bearing able to last for long period of time. 

 
Figure 3.12. Comparison of base and top floor displacements under various earthquakes. 
Overall, there was occurrence of nearly similar values of both top and base floor responses under both 

methods as shown in Figure 3.1 to 3.9. This similarity indicates not only a good agreement between RK4M 
and SMD methods, but also the effective performance of the bearing. This is because the similarity in top and 
base responses normally indicates that the structure moves as a rigid body, thus preventing interstorey drifts 
as well as unwanted cracks during earthquake. However, SMD was observed to be more time-saving than 
RK4M. On the other hand, the unusual floor displacements observed for long-period and long-duration 
earthquakes can be an indication that special consideration requirements are necessary. For example, 
changing the bearing material constituents can be one of possible solutions. 
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4. Conclusion 
In this study, RK4M and SMD methods were adopted for solving differential equations governing a 

dynamic motion of a structure isolated by LCRB. The resulting responses from both methods were analyzed 
and compared. For comparison purposes, one storey structure exposed to earthquakes (filtered and corrected 
using SS) with significant differences in their PGA was investigated. Besides, the combining effect of long-
period and long-duration earthquakes on the isolated structures was analyzed. The major findings are listed 
as shown below: 

1. The dynamic responses of the investigated structure were nearly similar under both RK4M and SMD 
methods. This indicates that there was a good agreement between these methods. However, the developed 
SMD modelling technique was found to be much easier and faster than RK4M. Therefore, SMD is shown to 
be a promising method for saving time required during numerical analysis of seismically isolated structures, 
and can be adopted especially for projects where time is a governing factor. 

2. For all earthquakes, the average acceleration difference from both methods was estimated to be 
1.3 %, whereas the average displacement difference was estimated to be 0.98 %. The resulting differences 
are negligible, hence indicating that the accuracy of outputs was comparable.  

3. Concerning the TI, it was observed that SMD is more effective in terms of reducing the elapsed time 
as compared to RK4M. This was demonstrated by TI from RK4M which was approximately 58s longer than 
that from SMD.  

4. SMD was observed to slightly reduce the input earthquake acceleration compared to the acceleration 
data obtained from SS. This leads to suggesting that “From workspace” block should be revised for better 
performance. 

5. Long-period and long-duration earthquakes need careful and deep investigation, as they showed 
unusual floor displacements and elastomer shear strains, though their PGAs were small. Therefore, PGA 
should not necessarily be a good indicator of large floor displacements, unless combined with the earthquake 
nature. Future studies should deeply investigate the influence of earthquake nature, not only on the responses 
of the isolated structure but also on the isolator itself such as its material properties.  
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