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Abstract.  Digital simulation has recently become the preferred method for designing complex and 
dynamic systems. Simulation packages provide interactive, block-diagram environment for modeling and 
simulating dynamic models. The block diagrams in simulation models are flowcharts which describe the 
components of dynamic systems and their interaction. This paper is the first part of the study for determining 
the seismic behavior of soil systems. The aim of this part is to present the constructed block diagrams for 
discrete-time analysis of seismic site amplification in layered media for vertically propagating shear waves. 
Detailed block diagrams are constructed for single and multiple soil layers by considering wave propagation 
with and without damping, respectively. The block diagrams for recursive filter to model attenuation in 
discrete-time form are also constructed. Finite difference method is used for strain calculation. The block 
diagrams are developed by utilizing Simulink which is a software add-on to Matlab. 
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1. Introduction 
 

The seismic damages are generally larger over soft soils than on bedrock outcrops. Because, 
amplitudes of seismic waves increase significantly as they propagate through the soft soil layers 
near the surface. This phenomenon is known as site amplification, and it strongly influences the 
damage to structures. Site amplification must be analyzed because many urban settlements have 
been constructed over such young and soft surface deposits. 

In literature, a large number of investigations about site amplification have been studied (Kanai 
1957, Guttenberg 1957, Idriss and Seed 1968, Borcherdt 1970, 1994, Seed et al. 1988, Safak 
1989). 

Phillips et al. (2012) have investigated several interpolation methods used to reduce the ground 
motion time step and improve the calculation of linear-elastic response spectra, and linear-elastic 
and nonlinear site response. Bolisetti et al. (2014) have investigated the applicability of some 
industry-standard equivalent linear (SHAKE) and nonlinear (DEEPSOIL and LS-DYNA) 
programs. Kaklamanos et al. (2015) have made comparison of 1D linear, equivalent-linear, and 
nonlinear site response models at six KiK-net validation sites. They have used the equivalent- 
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linear site response program SHAKE, the nonlinear site response program DEEPSOIL, and a 
nonlinear site response overlay model within the general finite element program Abaqus/Explicit 
for numerical simulations. Johari and Momeni (2015) have proposed a probabilistic procedure for 
estimating the one-dimensional site response of soil deposits with uncertain properties and applied 
to four real sites in south of Iran. 

One dimensional site response analysis is mostly used for determining site amplification 
(Choudhury and Savoikar 2009, Philips and Hashash 2009, Hashash et al. 2010, Roullé and 
Bernardie 2010, Rota et al. 2011, Boaga et al. 2012). Many computer programs have been 
developed to estimate seismic site amplification in layered soil media (Schnabel et al. 1972, Idriss 
and Sun 1992, Bardet et al. 2000, Yang and Yan 2006, Robinson et al. 2006). Most of these 
programs have been developed in frequency domain. Safak (1995) has investigated site 
amplification in layered media by using discrete-time wave propagation technique and developed 
theoretical formulations in time domain. He incorporated soil damping, of discrete-time wave 
propagation techniques to the problem of seismic site amplification. In this study, dynamic 
simulation models for single soil layers and multiple soil layers subjected to seismic waves by 
considering propagation with and without damping are presented, respectively. The recursive filter 
simulation model representing the damping is also presented. The block diagrams are constructed 
following the theoretical formulations given by Safak (1995). The models are produced by using 
the software Matlab-Simulink (MATLAB 2009, SIMULINK 2009). The main advantage of 
Simulink is updating material properties at each time step during simulation. 

The main contribution of this study is giving an opportunity to researchers for observing system 
behavior real time by changing system parameters. The soil parameters such as density, wave 
velocity, thickness etc. can be changed while the system analysis is going on. By this way, the 
most efficient parameters for site amplification can be determined during the analysis process. The 
developed block diagrams solve the system in time domain and it gives an interactive media for 
dynamic system simulation. 

 
 

2. Matlab/Simulink environment 
 
With the advances in computer technologies, the computer aided design has been developed. 

Matlab is one of the representatives of high-performance language for the CAD. Simulink is an 
add-on software package to Matlab for modeling, simulating, and analyzing dynamic systems. It 
supports linear and non-linear systems, modeled in continuous and discrete time. Simulation is an 
interactive process, so the parameters may be altered while the simulation is running and the 
system response may be immediately monitored. 

Simulink is a graphical platform developed to construct flowcharts of the proposed algorithms. 
It has been developed for multi domain simulation and model-based design. It can be used for 
dynamic and embedded systems. Simulink provides an interactive graphical environment. A 
customizable set of block libraries may be used. The researchers can design, simulate, implement, 
and test a variety of time-varying systems like signal processing by using Simulink. 

 
2.1 Block diagrams 
 
As indicated before, dynamic systems can be simulated using Simulink. Dynamic systems are 

described with block diagrams. Each block diagram performs a mathematical operation and has 
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Fig. 1 Blocks used for digital simulation of seismic site amplification in time domain (SIMULINK 2009)
 
 
 
 

input, output, and some constants (i.e., the block parameters). The detailed expression of each 
block diagram used in this study is presented in Fig. 1. The objectives of these blocks are 
summarized as follows (Simulink 2009): 

 

 The Sum block performs addition or subtraction on its inputs. This block can add or subtract 
scalar, vector, or matrix inputs. It can also collapse the elements of a signal. 

 The Gain block multiplies the input by a constant value (gain). The input and the gain can 
each be a scalar, vector, or matrix. 

 The Product block multiplies and divides scalars and nonscalars or multiplies and inverts 
matrices. 

 The Transport Delay block delays the input by a specified amount of time. It can be used to 
simulate a time delay. 

 The From Workspace block reads data from a workspace and outputs the data as a signal 
 The Constant block generates a real or complex constant value. 
 The Integrator block outputs the integral of its input at the current time step. 
 The Scope block displays its input with respect to simulation time. 
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3. Dynamic simulation models for single soil layers 
 
3.1 Single soil layer without damping over bedrock 
 
A single soil layer over bedrock is schematically presented in Fig. 2. The nomenclature used in 

formulations is as follows (Safak 1995): 
 

 u (t) : Upgoing wave at the top of the layer 
 d (t) : Downgoing wave at the bottom of the layer 
 τ : One-way travel time of the waves in the layer 
 x (t) : Recorded ground motion at the surfaces of a rock outcrop 
 y (t) : Recorded ground motion at the surfaces of a soil site 
 r : Reflection coefficient of the rock-soil interface for upgoing waves 
 ρr : Mass density in the rock 
 vr : Shear-wave velocity in the rock 
 ρs : Mass density in the soil 
 vs : Shear-wave velocity in the soil 
 
The reflection coefficient r for upgoing waves is calculated as follows (Aki and Richards 1980, 

Safak 1995) 
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                                (1) 

 
This expression applies to displacement, velocity, and acceleration waves (for stress waves, the 

reflection coefficient is – r). Then, the transmission coefficient for upgoing waves is 1 + r, the 
free-surface reflection coefficient is one and the reflection coefficient for downgoing waves is – r. 
By using these rules, the following equations may be obtained (Safak 1995) 
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Fig. 2 Single layer over bedrock with rock- and soil- site recordings, x(t) and y(t), and upgoing 
and downgoing waves, u(t) and d(t) 
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);()(  tutd                             (2b) 
 

);(2)( tuty                               (2c) 
 

The Simulink model for these equations is presented in Fig. 3. In block diagrams, (τ) is named 
as tau. To execute this model, firstly the reflection coefficient (r) and the one way travel time of 
the layer (τ) must be calculated and must be loaded to workspace. The functions produced for 
these calculations are presented in Appendix I. 

If Eqs. (2b), (2c) is substituted in Eq. (2a), the surface motion equation is directly obtained 
depending on the surface motion of the rock site as follows (Safak 1995) 
 

)()1()2()(   trtryty                       (3) 
 

As it can be seen, Eq. (3) is a recursive filter for calculating the surface motions of the rock site, 
assuming no damping in the soil. The block diagram for this recursive filter is presented in Fig. 4. 

 
 

 
Fig. 3 Block diagram created for calculating surface motion, upgoing and downgoing wave of 

the single layer without damping subjected to earthquake motion 
 
 

 
Fig. 4 Block diagram created for calculating surface motion of the single layer without damping 

directly from the earthquake motion 
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3.2 Single soil layer with damping over bedrock 
 
Seismic waves attenuate as they propagate through soil layers, because of the damping in the 

soil. The transfer function is converted into a time domain recursive filter to incorporate 
attenuation in the time domain formulation of wave propagation. Since transfer function has the 
form of a low-pass filter, it can be approximated by a recursive filter of the following form 
(Cadzow 1973, Safak 1995) 
 

 )()()1(5.0)()( TtutuTtutu iioo                    (4) 
 
where ui (t) and uo (t) are the input and output series of the filter and T is the time interval in the 
series. The filter parameter α is determined from the following equations (Safak 1995) 
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As it can be seen above, the attenuation as defined by the parameter Q, known as the quality 
factor (Knopoff 1964). Q is a measure of the energy loss per cycle during a sinusoidal deformation 
(O’Connell and Budiansky 1978). It can be expressed as follows (Safak 1995) 
 

Q
2

1
                                   (6) 

 
The upgoing and downgoing waves shown in Fig. 2 should pass through the recursive filter 

every time they cross the layer. By considering this filtering equation and applying some 
mathematical operations, the damped values of u(t) and d(t) (i.e., )(tu and ))(td  is obtained as 
follows (Safak 1995) 
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where λ is the filter representing the damping, and is defined as follows (Safak 1995) 
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The parameter q denotes the backward time-shift operator, such that q−ju(t) = u(t − jT). Since 

this recursive filter is used in many times, a simpler and more efficient way would be to construct 
a subsystem and to use this subsystem block in other Simulink models. A subsystem may be 
imagined as a function in object oriented programming. If a function about any mathematical 
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progress is developed and added into the library, it may be called by other functions and there is 
no need to write it again. Subsystem logic is very similar to that. There are input and output 
channels in subsystem and it is used by other blocks. The subsystem block diagram of this 
damping recursive filter is presented in Fig. 5. In block diagrams, (α) is named as alfa. As shown 
in Fig. 5, there is one input and one output signal (ui (t), uo (t)) as given in Eq. (4). The input signal 
passes through the filter and goes out through the output channel. Once the subsystem’s inputs and 
outputs are identified, the block diagram can be condensed to a single block, i.e., the damping 
filter subsystem block, as shown in Fig. 6. This block is used whenever damping filter is needed in 
simulation modeling. 

The Simulink model for determining the surface motion, upgoing and downgoing wave of the 
single layer with damping subjected to earthquake motion is presented in Fig. 7. Eqs. (7a)-(7c) is 
taken into account to construct this block diagram. To execute this model, firstly the one way 
travel time of the layer (τ), time interval in the series (T) and the filter parameter (α) must be 
calculated and must be loaded to workspace. The functions produced for these calculations are 
presented in Appendix II. 

If Eqs. (7b) and (7c) is substituted in Eq. (7a), the surface motion equation is directly obtained 
depending on the surface motion of the rock site as follows (Safak 1995) 

 
 

 

Fig. 5 Inside of the subsystem block diagram of recursive filter representing the damping 
 
 

 

Fig. 6 Subsystem block diagram of recursive filter which may be called in any model 
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Fig. 7 Block diagram for calculating surface motion, upgoing and downgoing wave of the single 
layer with damping subjected to earthquake motion 

 
 

Fig. 8 Block diagram for calculating surface motion of the single layer with damping directly 
from the earthquake motion 

 
 

As it can be seen, Eq. (9) is a recursive filter for calculating the surface motion, considering 
damping in the soil. This equation is updated for a programming tool as follows 
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The block diagram for this recursive filter is presented in Fig. 8. To execute this model, firstly 

the one way travel time of the layer (τ), time interval in the series (T), the filter parameter (α) and 
k1, k2, k3 and k4 coefficients must be calculated and must be loaded to workspace. The functions 
produced for these calculations are presented in Appendix III. 

If the bedrock motion instead of the surface rock motion is given, then a gain block which has 
parameter 0.5 is added to the model and ground acceleration line is connected to that. 
 
 
4. Dynamic simulation models for multiple soil layers 
 

4.1 Multiple soil layers without damping over bedrock 
 
For an m-layer soil media given in Fig. 9, the following equations starting with the m’th layer 

directly above the bedrock may be obtained as follows (Safak 1995) 
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)()1()()( 1 jjjjjjj turtdrtu                     (11c) 

 
)()()1()( 111 jjjjjjj turtdrtd                     (11d) 

 
)()1()()( 1211111   turtdrtu                    (11e) 

 
)()( 111  tutd                           (11f) 

 
where the subscripts indicate the layer number. The motion at the free surface of the soil is y(t) = 
2u1(t). 

The block diagram for the above set of equations can be constructed directly by developing the 
block diagram for each equation (similar to that for a single layer system), and connecting them 
appropriately to account for the coupling between layers. As indicated before, in such repeated 
cases, subsystem option should be taken into account for fast and easy programming. 

Firstly, the block diagram for j. soil layer without damping is developed as shown in Fig. 10. 
As it can be seen from Fig. 10, the constants of the block diagram are, {r(j)}, {1 – r (j − 1)}, {r (j − 
1)} and {1 + r(j)}, respectively. The r(j) and τ(j) must be calculated and loaded to workspace before 
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Fig. 9 Multiple soil layers over bedrock with rock- and soil- site recordings, x(t) and y(t), and 
upgoing and downgoing waves, u(t) and d(t) 

 
 

running the model. In Fig. 10, a gain block which has the parameter of a_coef(j) is seen. This 
block is placed there to give chance the users to apply ground acceleration as bedrock motion or 
rock outcrop motion. If it is bedrock motion, the gain parameter for m’th layer is equal to 0.5 (i.e., 
a_coef (n) = 0.5) and if it is a rock outcrop motion, the gain parameter for m’th layer is equal to 1 
(i.e., a_coef (n) = 1). For other layers, it’s value would be one to make it ineffective (i.e., a_coef (n) 
= 1). 

 
 

Fig. 10 Inside of the subsystem block diagram for j’th layer of a multi-layered soil media subjected to 
earthquake motion 
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Fig. 11 Subsystem block diagram for j’th layer of a multi-layered soil media subjected to earthquake 
motion 

 
 
The equations for the j’th layer are coupled to the equations for the layers above through the 

downgoing wave {d(j − 1)} and below through the upgoing wave {u(j + 1)}. These downgoing 
wave from upper layer and upgoing wave from lower layer are needed at every time step in order 
to solve the equation for this layer; hence they represent the two inputs for the subsystem 
representing this layer. For m’th soil layer, upgoing wave of below layer would be ground 
acceleration. The two inputs are marked in Fig. 10. The two outputs of the subsystem are upgoing 
and downgoing waves of the layer, which are also marked in Fig. 10. These two outputs will be 
the inputs for the subsystems for the layers above and below. Once the subsystem’s inputs and 
outputs are identified, the block diagram can be condensed into a single block, i.e., the layer 
subsystem block, as shown in Fig. 11. Each layer of the soil may be modeled by using this single 
block. 

For the first soil layer, there is not a downgoing wave from upper layer; therefore, the 
subsystem block for this layer should be modified as shown in Fig. 12. This block diagram is 
constructed depending on the Eqs. (19e) and (19f) The equations for the first layer are coupled to 
the equations for the second layer upgoing wave {u(2)}. This upgoing wave from lower layer 2 is 
needed at every time step in order to solve the equation for first layer; hence this represents the 
input for the subsystem representing first layer. The input is marked in Fig. 12. The two outputs of 
the subsystem are upgoing and downgoing waves of the layer, which are also marked in Fig. 12. 

 
 

 

Fig. 12 Inside of the subsystem block diagram for first layer of a multi-layered soil media subjected 
to earthquake motion 
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Once the subsystem’s inputs and outputs are identified, the block diagram can be condensed into a 
single block, i.e., the first layer subsystem block, as shown in Fig. 13. 

The block diagram for the entire soil media is developed by combining the layer blocks 
according to the interaction between the layers, as defined by Eq. (19). The block diagram for 
three-layered soil media is presented in Fig. 14. As it can be seen from this figure, the interaction 
between the layers are illustrated by the fact that the outputs from one layer become inputs for the 
layers above and below. For the first layer, there is only one input, because there are no layers 

 
 

 

Fig. 13 Subsystem block diagram for first layer of a multi-layered soil media subjected to 
earthquake motion 

 
 

 

Fig. 14 Block diagram for a 3-layered soil media subjected to earthquake motion 
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above. The upgoing wave from the second layer is the input of the first layer. This illustration is a 
general presentation. If the soil media consists of n layers, the subsystems for j. layers may be 
duplicated and the Simulink model for n-layered soil media may be easily created and analyzed. 

For making analysis more effective, subsystems may be masked. The Simulink Mask Editor 
enables users to create a mask for any subsystem. A mask is a custom user interface for a 
subsystem that hides the subsystem's contents, making it appear to the user as an atomic block 
with its own icon and parameter dialog box (SIMULINK 2009). In this study, the layer number j is 
defined as a mask parameter for layer subsystems. In this way, all layer subsystems may use their 
constant parameters by assigning the layer number into the subsystems. This assignment may be 
carried out from commands in any functions, therefore the blocks may easily be controlled by any 
graphical user interfaced (GUI) program written in Matlab. 

 
4.2 Multiple soil layers with damping over bedrock 
 
For damped soil layers, damping is incorporated in each layer by using recursive damping filter. 

The only difference between damped and undamped soil layers is the recursive damping filter as it 
can be seen from the following equations (Safak 1995) 
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The downgoing and upgoing waves pass through the recursive damping filter every time they 

cross their layer. In Eq. (12), λj is defined as follows (Safak 1995) 
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As it can be seen from Figs. 5 and 6, a subsystem has been created for damping recursive filter. 
It should be updated to a general j. layer and may be used in subsystems for each soil layer. The 
block diagram for the recursive damping filter updated for j’th layer is presented in Fig. 15. The 
block diagram for j. soil layer with damping is developed as shown in Fig. 16. This block diagram 
is very similar to Fig. 10 which was developed for j. soil layer without damping. The only 
difference between these block diagrams is the damping filter. 
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After considering damping by using the recursive damping filter subsystem, all other procedure 
is the same with previous section applied for multilayered soil with no damping. If the soil media 
consists of n layers, the subsystem for j. layer may be used for representing other layers and they 
are linked as indicated above. After that, the Simulink model for n-layered soil media with 
damping may be easily created and analyzed. 

To execute the soil simulation model, firstly the reflection coefficient of each layer (rj), the one 
way travel time of each layer (τj), time interval in the series (Tj), the filter parameter for each layer 
(αj) must be calculated and must be loaded to workspace. The functions produced for these 
calculations are presented in Appendix IV. 

 
 

 

Fig. 15 Block diagram of recursive filter representing the damping for j’th layer 
 
 

Fig. 16 Block diagram for j’th layer of a multi-layered soil media with damping subjected to 
earthquake motion 
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While the simulation is running, the model parameters may be altered simultaneously. The 
simulation is in real time and interactive, which means that the system’s response can be observed 
as it develops, and the systems parameters can be changed abruptly (i.e., by pausing and changing 
their numerical values) or gradually (i.e., by using a graphical slider control while the simulation is 
in progress). The soil parameters such as thickness, mass density, shear wave velocity and quality 
factor for each soil layer may be changed by using slider or edit boxes while simulation is running 
as given in Fig. 17. The simulation of a given soil media with a parameter changing slider window 
is presented in Fig. 18. The soil parameters may be changed in real time and the system response 
may be observed simultaneously. 

 
 

Fig. 17 Real time parameter altering window 
 
 

Fig. 18 A view of the simulation of a given soil media with a parameter changing slider window 
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5. Strain calculation of soil layers 
 
The time history of shear strain γ and strain values at each time steps are used in site response 

analysis and calculated as follows 

z
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),(                              (14) 

 
The solution of differential equations is approximated by replacing derivative expressions with 

approximately equivalent difference quotients with Finite-difference methods (FDM). The FDM is 
very common technique and consists of transforming the partial derivatives in difference equations 
over a small interval. First order derivative may be approximated using a forward finite-difference 
approximation 
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The strain for i’th layer is calculated using finite difference formulation as follows 
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Fig. 19 “Model A” representation with a two layered soil media 
 
 

 
Fig. 20 “Model B” representation with a two layered soil media which is divided into equivalent 

sublayers for strain calculation 
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Where; di is i’th layer displacement. The accuracy of finite difference formulations depend on the 
mesh frequency between layers. The distance should be very small as it can be seen in Eq. (16). To 
supply such a suitable mesh, different solution alternatives may be considered. In this study, two 
alternative models are taken into account. In the first model, the finite difference formulation is 
applied by considering the upper and lower displacement values of each layer. The difference 
value of upper and lower displacement values of the layers are divided to layer heights and the 
strain time history of corresponding layer is calculated. The graphical representation of “Model A” 
for two layered soil media is presented in Fig. 19. The strain time history for these two layers is 
calculated as follows 
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In the second model, layers are divided into same sublayers which have the same geotechnical 
parameters of corresponding layers. The strain distributions of each sublayer are calculated. The 
graphical representation of “Model B” for two layered soil media is presented in Fig. 20. The 
strain time history for each layer is calculated as follows 
 

z

dd ii
i 




downup

                            (19) 

 
 

6. Block diagrams constructed for strain calculation 
 
In the previous section, two different models are given for strain calculation of soil layers. In 

this part, block diagrams for these models are constructed. In Figs. 21-23, the block diagrams 
developed to calculate strain time histories and site response of soil layers for “Model A” are 
presented. As shown in these figures, the strain time histories of the layers are calculated with 
Finite Difference Method by following the methodology described in previous section. The 
sub-layer displacements are calculated by using integrator blocks in the model. The Integrator 
block outputs the integral of its input at the current time step. The input data of integrator blocks 
are acceleration time history, and the two times integral of acceleration gives the displacement. 

A subsystem is constructed to compute strain time history from surface accelerations as shown 
in Fig. 21. The general presentation of this subsystem is given in Fig. 22. This subsystem is used 
for strain calculation of each layer. The block diagram for the entire soil media is developed by 
combining the total accelerations above and below the sublayers to the strain subsystem. The 
block diagram including strain calculation for three-layered soil media is presented in Fig. 23. This 
illustration is a general presentation. If the soil media consists of n layers, the subsystems for j. 
layers may be duplicated and the Simulink model for n-layered soil media may be easily created 
and analyzed. 

“Model B” block diagrams are constructed by using same methodology with the “Model A” 
block diagrams. The only difference is block parameters and block numbers. In “Model B”, the 
soil layers are divided into sublayers. Therefore, the layer number is increased in this model and 
the block diagram uses updated block parameters. 

161



 
 
 
 
 
 

Abdurrahman Sahin 

Fig. 21 Inside of the subsystem block diagram developed for “Model A” strain calculation of i. layer 
 
 

 

Fig. 22 Outside of the subsystem block diagram developed for “Model A” strain calculation of i. layer 
 
 

7. Conclusions 
 
Digital simulation provides superior tools for design, sensitivity analysis, system identification, 

and model calibration in real time. In this paper, digital simulation models formed for discrete time 
analysis of seismic site amplification in layered media for vertically propagating shear waves are 
presented. The block diagrams are developed for single and multi-layered soils, with and without 
damping. The simulation software Matlab-Simulink is used for dynamic simulations. Developed 
block diagrams in this study are not restricted to be used in just Matlab-Simulink. They are global 
charts and may be constructed in any simulation program and may be executed and tested. 

The key advantages of digital simulation are that the simulations are in real time and 
interactive; the development of models is intuitive and graphical; and the properties of the system 
can be changed and visualized while the response is in progress. By developing digital simulation 
models for seismic site amplification, the possibility of monitoring the soil behavior in real time is 
created. If ground acceleration affecting bedrock in the models is connected to system in real time, 
the behavior of the soil layer may be simultaneously observed by using developed block diagrams. 
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Fig. 23 “Model A” block diagram for a three-layered soil media developed for strain calculation of layers
 
 
There are many site amplification tools developed for seismic site amplification purpose. Most 

of these programs have been developed in frequency domain. In this study, Simulink block 
diagrams have been developed to calculate site amplification in layered media by using 
discrete-time wave propagation techniques. The site amplification is calculated in time domain and 
the soil parameters can be changed real time during the analysis process by using the advanced 
Simulink tools. The numerical applications have been carried out to check the reliability of 
developed algorithm in the second part of the paper. The results of the proposed Simulink 
diagrams are compared with SUA, EERA and NERA programs for the particular example 
problems and it can be said that there is a good harmony between the obtained results. 

A new graphical user interfaced (GUI) program called DTASSA standing for Discrete-Time 
Analysis of Seismic Site Amplification is developed. In this software, automatic block diagram 
producing system is developed and seismic site amplification for multiple soil layers may easily be 
investigated in real time. The general description of the developed program, data input and 
numerical verifications are given in the second part of the study. 
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Appendix I 
 
function tau = travel_time(h,vs) 

tau = h/vs; 

function r = f_ref_coef(vs , qs, vr , qr) 

pay = qr*vr-qs*vs; 

pyd = qr*vr+qs*vs; 

r = pay/pyd; 

 

function block_parameters (h, vs, vr, qs, qr) 

tau = travel_time(h,vs) 

r = f_ref_coef(vs , qs, vr , qr) 

assignin('base','r',r);  % assign r into Matlab Workspace 

assignin('base','tau',tau); % assign tau into Matlab Workspace 
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Appendix II 
 
function [T,teta, alfa] = f_filter_param(tau,Q) 

T = pi*tau/(Q*log(2)); 

T = T*0.1; 

teta = log(2)*Q*T/tau; 

cs = cos(teta); 

pay = 1-sqrt(1-cs^2); 

pyd = cs; 

alfa = pay/pyd; 

 

function block_parameters(h,vs,qs,vr,qr,Q) 

tau = travel_time(h,vs); 

[T,teta, alfa] = f_filter_param(tau,Q); 

assignin('base','tau',tau); % assign tau into Matlab Workspace 

assignin('base',T,T);  % assign T into Matlab Workspace 

assignin('base','alfa',alfa); % assign alfa into Matlab Workspace 
 
 
 
 
 
 
 
 
Appendix III 
 
function block_parameters (h,vs,qs,vr,qr,Q) 

tau = travel_time(h,vs); 

[T,teta, alfa] = f_filter_param(tau,Q); 

k1 = 2*alfa; 

k2 = alfa^2; 

k3 = 0.25*(1-alfa)^2*r; 

k4 = 0.5*(1-alfa)*(1+r); 

assignin('base','tau',tau); % assign tau into Matlab Workspace 

assignin('base',T,T);  % assign T into Matlab Workspace 

assignin('base','alfa',alfa); % assign alfa into Matlab Workspace 

assignin('base','k1',k1); % assign k1 into Matlab Workspace 

assignin('base','k2',k2); % assign k2 into Matlab Workspace 

assignin('base','k3',k3); % assign k3 into Matlab Workspace 

assignin('base','k4',k4); % assign k4 into Matlab Workspace 
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Appendix IV 
 
function [alfa]=f_alfa(teta) 

cs = cos(teta); 

pay = 1-sqrt(1-cs^2); 

pyd = cs; 

alfa = pay/pyd; 

 

function block_parameters (h,vs,qs,vr,qr,Q,n) 

% n: number of layers 

for j = 1 : n-1 

r(j) = f_ ref_coef (vs(j) , qs(j), vs(j+1) , qs(j+1) ); 

end 

r(n) = f_ ref_coef (vs(n) , qs(n), vr , qr); 

assignin('base','r',r);  % assign r into Matlab Workspace 

for j = 1:n 

    tau(j) = travel_time (hs(j),vs(j)); 

end 

assignin('base','tau',tau); % assign tau into Matlab Workspace 

for j = 1:n 

    T(j) = pi*tau(j)/(Q(j)*log(2)); 

end 

tmin = min(T); 

T(1:n) = tmin; 

assignin('base','T',T);  % assign T into Matlab Workspace 

for j = 1:n 

    teta(j) = log(2)*Q(j)*T(j)/tau(j); 

end 

for j = 1:n 

    [alfa(j)] = f_alfa(teta(j)); 

end 

assignin('base','alfa',alfa); % assign alfa into Matlab Workspace 
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