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Abstract 

In this paper, a new methodology for time domain analysis of buildings on raft founda-
tions considering soil – structure interaction is proposed. Sub-structuring technique 
is used to separate the building as super-structure and the underneath soil as sub-
structure. The super-structure can be modeled using any numerical method. However, 
in this paper the super-structure is modeled via the BEM to consider the real interac-
tion area between column and slabs. The dynamic load is considered as an earthquake 
acceleration record that can be transformed to equivalent dynamic loads acting on the 
super-structure floors. The sub-structure is analyzed using the dual reciprocity bound-
ary element method as closed domain. New iterative coupling technique is proposed 
between the super and sub-structures to reduce the computational effort and required 
storage. An example is presented to demonstrate the strength and the practicality of 
the proposed methodology.

Keywords: Dynamic analysis, , Soil – structure interaction, Iterative solution, Sub-
structuring, Dual reciprocity method

Introduction
Dynamic analysis of structures including soil-structure interactions (SSI) affects the 
structural design process. In recent research [1], dynamic analysis including SSI is effec-
tive in performance-based design. In addition, control of buildings with dampers is 
affected by considering SSI [2]. Time domain analysis is more reasonable for transient 
response of structures as the response variance with time can be directly obtained [3]. 
The time domain analysis of buildings including SSI can be carried out using sub-struc-
turing technique. The super-structure and the sub-structure are analyzed separately and 
then coupling analysis between the super and sub-structure is considered.

The super-structure can be modeled using FEM, most common numerical method, or 
using BEM. FEM model of the super-structure requires domain discretization for floors. 
In addition, vertical elements can be modeled as 1D frame element as presented in [4–
6], for simplicity, or using 3D solid elements as presented in [7]. Modeling the columns 
using 3D solid elements ensure better area contact modeling compared to frame element 
but it is more complicated model in practical problems. On the other hand, BEM can 
be used to model the super-structure to ensure area contact modeling between vertical 
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elements and slabs in addition no domain discretization is required [8, 9]. The effect of 
the super-structure vertical elements model is discussed in Sect.  5. In this paper, the 
wave excitation at foundation level is transformed to equivalent elastodynamic loading 
as presented in [10].

The soil model, in the building analysis including SSI, can be presented using simpli-
fied [11], FEM [12–15], continuous [16, 17], half space [18–22], dual reciprocity method 
(DRM) [23–30], and time differencing models [31, 32]. The elastic soil media can be 
modeled with simplified physical model, equivalent spring-dashpot system, as pre-
sented in [11]. The soil elastic media model using FEM presents the fact of semi-infinite 
domain. Where the soil volume should be extended to sufficient distance from the load-
ing area [4–6] or applying equivalent infinite elements on the boundaries [12–15].

The soil is extended to sufficient distance after the building foundation in the dynamic 
analysis of two adjacent buildings presented in [5] and the case study building in Lis-
bon is presented in [6]. Perfect matched layer and domain reduction methods can be 
employed on the boundary to reduce the extended soil volume as presented in [4].

Concerning the semi-infinite domain in FEM, Lysmer and Kuhlemeyer [12] firstly 
discussed using the viscous boundary to represent infinite modeling of soil. Smith and 
Warwick [13] proposed non-reflecting boundaries to avoid wave reflection that affects 
the boundary conditions (traction and displacement). Bakhtaou et al.[14] presented 2D 
analysis of elastic block on soil using infinite elements coupled with absorbing layer. 
While Su and Wang [15] proposed an equivalent dynamic infinite element that consider 
the advantages of elastodynamic infinite element presented in [12] and viscous bounda-
ries in [13]. The implementation of infinite element and extending the soil volume are 
not practical ways due to the required large computational efforts.

BEM can be employed in elastic soil media modeling using different methods [33]. 
The continuous model that tends to calculate the dynamic stiffness of foundation by 
semi-analytical solution of the differential equation as presented in [16]. A simple prob-
lem of disc on elastic half space is presented in [16] with relaxed boundary conditions 
where as a strip foundation is analyzed with full bond of the soil is presented in [17]. 
The continuous model can be presented only for simple cases of loading and boundary 
conditions [33].

The soil can be modeled as elastic half space in the analysis of foundations as pre-
sented in [18–22]. The proposed formulation in [18–22] employs Stoke’s solution that is 
time dependent solution, in which, the kernels and matrices are calculated at each time 
step which is not suitable for practical applications.

Alternatively, the soil can be modeled using DRM as 3D closed domain by employing the 
static fundamental solutions instead of time dependent fundamental solution. The imple-
mentation of static fundamental solution in dynamic analysis leads to domain integral for 
the body inertia terms. Solving the domain integral requires domain discretization [34] or 
transforming the domain integral to the boundary using DRM [23–30]. DRM is presented 
in 2D dynamic analysis as presented in [23–26]. Partidge et al.[27] presented employing the 
DRM in 3D elastodynamic problem. Beskos et al.[28] applied the DRM in free and forced 
vibration of 3D elastic solids. Kog and Gaul [29] employed the DRM in the time domain 
analysis of anistropic solids instead of using the complex dynamic fundamental solution. 
Galvis et al.[30] presented an open-source 3D BEM software using DRM for the dynamic 
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analysis of solids. The implementation of DRM in [27–30] is to approximate the domain 
integral instead of domain discretization for closed domain problems. Therefore, for practi-
cal time domain analysis, the DRM can be applied to model the soil as closed domain with-
out domain discretization.

The coupling of the super and sub-structures can be directly as presented in [4–6] or 
using iterative method [35, 36]. Direct coupling of the super and sub-structures leads to 
large memory required and consumes larger computational effort [4–6]. Alternatively, iter-
ative coupling permits the analysis of the two structures separately with different software 
packages. In addition, iterative coupling reduces the required storage compared to that of 
the direct coupling. Iterative coupling is presented in dynamic analysis in the work of Lei 
et al.[35] between FEM and BEM in 2D analysis. Iterative coupling is presented in [36] to 
couple the super-structure and elastic half space under static loading.

In this paper, a new proposed methodology for time domain analysis of 3D buildings 
including SSI is presented. The earthquake acceleration excitation is transformed to equiva-
lent dynamic loads acting on the super-structure as presented in [10]. The super-structure 
can be modeled using any numerical method. In this paper, the super-structure is mod-
eled using BEM to represent the real area model between vertical elements and slabs. The 
sub-structure is analyzed using boundary element formulation based on the static funda-
mental solution. The dual reciprocity method is employed to transform the domain integral 
to the boundary. New proposed iterative coupling scheme is presented between the super 
and sub-structures. Numerical example is presented to demonstrate the practicality of the 
proposed methodology. The effect of varying the number of coupling area cells is discussed.

Methods
Time domain analysis of super‑structure

In this section, the time domain analysis of the super-structure is presented. The super-
structure is modeled as slabs supported on vertical elements. The vertical elements are 
supported on raft foundation. The building can be modeled using any numerical method 
to compute its relevant stiffness and mass matrices. Each floor is modeled as a diaphragm 
with three degrees of freedom (DOF), two translations and one rotation. The building stiff-
ness and mass matrices are condensed at the diaphragm DOFs in addition to the vertical 
coupling DOFs at raft – soil interface as shown in Fig. 1. In the proposed model, the raft 
foundation is a part of the super-structure. The raft is modeled using BEM and its stiff-
ness matrix is calculated condensed at coupling DOFs following the proposed formulation 
in [37, 38]. The tall building stiffness and mass matrices are calculated as presented in [8]. 
Therefore, the super-structure stiffness matrix is formed by assembling the tall building and 
raft foundation stiffness matrices and can be written as follows:

(1)Ksuper N1×N1
=

Ksuper11 3NFL×3NFL
Ksuper12 3NFL×NCells

Ksuper21 NCells×3NFL
Ksuper22 NCells×NCells

(2)
[
Msuper

]
N1×N1

=

[ [
Msuper11

]
3NFL×3NFL

[0]3NFL×NCells

[0]NCells×3NFL

[
Msuper22

]
NCells×NCells

]
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It has to be noted that, at the raft – soil interface, the sub-matrix 
[
Ksuper22

]
NCells×NCells

 is 
the assembly of two matrices:

where 
[
Ksprings

]t+�t is set to be zeros only in the first time step. Whereas, in the follow-
ing time steps, 

[
Ksprings

]t+�t is calculated based on the sub-structure displacement using 
the proposed iterative coupling technique as presented in Sect. 4.

The dynamic loading is considered as acceleration time history records. In the pro-
posed analysis, the acceleration time history is transformed to equivalent dynamic loads 
on the super-structure  Pt+∆t. The equivalent dynamic loads are calculated as the product 
of mass matrix and ground acceleration record [10]. Concerning the numerical accuracy, 
the vertical elements modeling has a strong effect on the lateral response of the build-
ing [39]. The vertical elements using BEM can be modeled as one area cell. Increasing 
the number of area cells gives a better response. A numerical verification of this point is 
presented in Sect. 5.

Time stepping DRM analysis of sub‑structure

In this paper, the sub-structure (soil) is modeled using 3D BEM formulation based on 
static fundamental solution. The Dual Reciprocity Method (DRM) is employed to trans-
form the domain integral to the boundary. The dynamic loading on the sub-structure 
is the reactions (coupling forces) from the super-structure Rt+�t(recall Fig.  1) where 

(3)
[
Ksuper22

]t+�t

NCells×NCells
=

[
K

fixed
super22

]

NCells×NCells

+
[
Ksprings

]t+�t

NCells×NCells

Fig. 1 Proposed sub-structuring analysis
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(t + ∆t) is a certain time step. In this paper, the sub-structure is modeled as an extended 
closed domain to avoid the wave reflections at boundaries.

The solution of the differential equation presented in Eq. (4) can be separated into par-
ticular solution and complementary solution. After substituting the particular solution 
with an approximating function [25], the boundary integral equation can be written in a 
matrix form as presented in Eq. (5).

Simplifying Eq. (5), the equation can be written in a form of FEM as follows:

where [Msub] is a new equivalent mass matrix calculated using the DRM formulation as 
follows:

By implementing a suitable finite difference scheme, Houbolt finite difference scheme 
[39], Eq. (6) at time step (t + ∆t) can be written as follows:

To solve the system of equations in Eq. (8), the matrices 
[

2
�t2

[Msub] + [H sub]

]
,[Msub ], 

and [ Gsub ] must be rearranged according to known and unknown fields. The final matrix 
form of the transient analysis is presented as follows:

The sub-structure corresponding matrices [ Asub ], [G1sub] , [Msub ] are calculated to be 
implemented in the iterative coupling presented in next section.

The proposed iterative coupling

The coupling between super and sub-structures can be performed using direct or itera-
tive techniques. The iterative technique reduces the required storage and computational 

(4)µui,jj + (�+ µ)uj,ji = ρüi

(5)

[

Hsub

]

3M×3M

{

usub

}

3M×1
−
[

Gsub

]

3M×3M

{

tsub

}

3M×1

= −ρ

(

[

Hsub

]

3M×3M

[

�u
]

3M×3K
−
[

Gsub

]

3M×3M

[

�t

]

3M×3K

)

[F ]−1
3K×3M

{

üsub

}

3M×1

(6)[Msub]3M×3M{üsub}3M×1 + [Hsub]3M×3M{usub}3M×1 = [Gsub]3M×3M{tsub}3M×1

(7)

[Msub]3M×3M = −ρ

(
[Hsub]3M×3M[û]3M×3K − [Gsub]3M×3M

[
t̂
]

3M×3K

)
[F ]−1

3K×3M

(8)

[

2

Δt2
[Msub]3M×3M + [Hsub]3M×3M

]

{ut+Δt
sub

}
3M×1

= [Gsub]3M×3M

{

t
t+Δt

sub

}

3M×1

+

[

Msub

]

3M×3M

Δt2
[5{ut

sub
}
3M×1

− 4{ut−Δt

sub
}
3M×1

+ {ut−2Δt
sub

}
3M×1

]

(9)

[

Asub

]

3M×3M

{

x
t+Δt

sub

}

3M×1
= [G1sub

]
3M×3M

{b
t+Δt

sub
}
3M×1

+

[

Msub

]

3M×3M

Δt2
[5{ut

sub
}
3M×1

− 4{ut−Δt
sub

}
3M×1

+ {ut−2Δt
sub

}
3M×1

]
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efforts as the super and sub-structures can be analyzed separately and permits using dif-
ferent models. In this section, an iterative coupling technique is proposed where the 
time domain analysis is performed in each iteration on the super and sub-structures. It 
has to be noted that the super- and sub-structures should be analyzed using the same 
time step for coupling. The time step of the sub-structure is commonly the dominant 
time step; therefore, the time step is determined by trials for the sub-structure first then 
considered in the overall analysis. An initial time step is determined as Δt = L√

E
ρ

 [40] 

where L is the mesh element length, E is material modulus of elasticity, and ρ is material 
density. The time domain analysis of super-structure using Houbolt’s numerical scheme 
[39] can be written in matrix form as follows:

The dynamic analysis is carried out on the super-structure at each time step to com-
pute the reactions (coupling forces) Rt+�t . Hence, the calculated reactions are applied 
as dynamic loads acting on the sub-structure as presented in Eq. (9). Equivalent cou-
pling spring stiffness, at each coupling area cell, is calculated by dividing the dynamic 
load (coupling force) by the displacement of this cell at each time step. Hence, the 
super-structure stiffness matrix 

[
Ksprings

]
(recall Eq. (3)) is updated. In other words, the 

sub-matrix 
[
Ksuper22

]
 is updated in each time step during each iteration.

The proposed iterative coupling technique is implemented in a computer code. The 
super-structure stiffness and mass matrices are extracted via any numerical method 
as presented in Eqs. (1 and 2). The sub-structure required matrices (recall Eq. (9)) are 
extracted via 3D boundary element method. Figure 2 demonstrates a flow chart of the 
proposed iterative technique. In the first iteration, the super-structure reactions (cou-
pling forces) are calculated by analyzing the building over fixed base or 

[
Ksprings

t+�t
]
 

can be initially assumed. Concerning the convergence in the proposed iterative analy-
sis, the variation of the super-structure lateral displacement values is considered as 
the convergence condition. The convergence tolerance in the proposed analysis can 
be considered as user input value and the default value is set to be 5%.

Numerical effects of vertical elements different models

In order to demonstrate the effect of the employed numerical model on the results, a 
five-story building presented in Fig. 3 is considered on fixed base to study the appro-
priate super-structure model. The slab thickness is 20 cm, and each floor is supported 
on 16 square columns having the same dimensions (a × a). The raft foundation thick-
ness is 40  cm. The material properties of the super-structure are considered with 
Young’s modulus 2 ×  107 kN/m2 and Poisson’s ratio equals to 0.2. The top lateral dis-
placement is presented to discuss the effect of vertical elements area modeling. The 
super-structure is analyzed on fixed base under linear increasing acceleration of 
0.5 m/sec2 at 2 Sec.

(10)

[

2

Δt2

[

Msuper

]

N1×N1

+ [Ksuper]N1×N1

]

{ut+Δt
super

}
N1×1

= {Pt+Δt}N1×1
+

[Msuper]N1×N1

Δt2

[

5{ut
super

}
N1×1

− 4{ut−Δt
super

}
N1×1

+ {ut−2Δt
super

}
N1×1

]
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Fig. 2 Flowchart of the proposed iterative coupling technique

Fig. 3 Three-dimensional model of five stories building on raft foundation
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The dynamic analysis of building on fixed base is carried out with different square 
column dimensions (a × a); 0.1 × 0.1, 0.3 × 0.3, 0.5 × 0.5 m. Each case is analyzed twice 
using FEM (frame element, and 2 × 2 solid elements) and twice using BEM (one area 
cell, and 2 × 2 area cells). The top lateral displacements for three cases 0.1 × 0.1  m, 
0.3 × 0.3 m, and 0.5 × 0.5 m are demonstrated in (Figs. 4, 5 and 6).

Fig. 4 Top lateral displacement for the case of column dimensions 0.1 × 0.1 m

Fig. 5 Top lateral displacement for the case of column dimensions 0.3 × 0.3 m

Fig. 6 Top lateral displacement for the case of column dimensions 0.5 × 0.5 m
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From the presented results, the area modeling of column is critical in the lateral 
response of the structure. For the case of slender column, BEM and FEM give the 
same response. On the other hand, increasing the column dimensions increases the 
difference between FEM and BEM results. FEM model with frame elements gives 
inaccurate results as the columns dimensions increases. The frame element model 
error with respect to solid elements model is 26%, 225% for 0.3 × 0.3, 0.5 × 0.5  m 
respectively. The BEM one area cell model error with respect to four area cells is 11%, 
38% for 0.3 × 0.3, 0.5 × 0.5 m respectively. Therefore, the solid elements modeling of 
column in FEM is essential to get more realistic response which is more compatible 
with 2 × 2 area cells in the proposed BEM analysis.

Results and discussion
In this section, a verification example for the proposed analysis is presented. In addi-
tion, a numerical example is presented and compared with results obtained from FE 
analysis to demonstrate the strength of the proposed technique. The effect of the 
number of coupling cells is presented.

Verification example

In this section, the same building that previously considered in Sec. 5 is reconsidered 
here for verification purpose of the proposed model. The case 0.1 × 0.1  m columns is 
carried out to minimize the effect of column modeling on the numerical results. The top 
lateral displacement is presented in Fig. 7. The response from the proposed analysis is in 
a good agreement with FEM results.

Fig. 7 Top lateral displacement including SSI effect

Fig. 8 Earthquake acceleration record considered in example 7.1 case 3
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Five stories building on raft foundation

The five stories building in section (recall Fig. 3a) is reconsidered to be analyzed includ-
ing SSI where columns are 0.5 × 0.5 m. The sub-structure properties are considered with 
Young’s modulus of 100,000 kN/m2 and Poisson’s ratio equals to 0.3. The dynamic analy-
sis is carried out using time step = 0.02 Sec.

To demonstrate the efficiency of the proposed technique, the building is analyzed 
under the following three different load cases:

1- Case 1: Linear acceleration with maximum value of 0.5 m/sec2 at 2 s.
2- Case 2: Harmonic cosine acceleration with an amplitude of 10 m/sec2 and frequency 

20 rad/sec.
3- Case 3: Earthquake acceleration record presented in Fig. 8.

In this paper, FEM models are presented to validate the results of the proposed anal-
ysis. In this example, two FEM models with different meshes are carried out. In the 
first mesh, columns are modeled as solid elements (0.25 × 0.25 × 0.50 m). Slab mesh 
is considered 0.5 × 0.5  m with transient elements around columns. The soil under-
neath the raft is modeled as solid elements 0.5 × 0.5 × 0.5  m and 2.0 × 2.0 × 1.0  m 
outside the raft using transition elements. In the second mesh, columns are mod-
eled as solid elements (0.25 × 0.25 × 0.50 m). Slab mesh is considered 0.25 × 0.25 m. 
The soil underneath the raft is modeled as solid element 0.25 × 0.25 × 0.5  m and 

Fig. 9 Top lateral displacement on fixed base under linear load in example 7.1

Fig. 10 Top lateral displacement on fixed base under harmonic cosine load in example 7.1
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1.0 × 1.0 × 1.0 m outside the raft using transition elements. Concerning the soil vol-
ume considered, different volumes are analyzed to determine an appropriate soil vol-
ume as presented in Appendix.

Fig. 11 Top lateral displacement on fixed base under earthquake load in example 7.1

Fig. 12 Top lateral displacement including SSI under linear load in example 7.1

Fig. 13 Top lateral displacement including SSI under cosine load in example 7.1
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Two boundary element meshes are presented. Columns are modeled as four area 
contact cells. The sub-structure is modeled as 3D boundary element with 5 × 5 m and 
3 × 3 m for the first and second mesh respectively.

The top lateral displacement of the structure analyzed on fixed base is presented in 
(Figs. 9, 10 and 11) due to linear, harmonic, earthquake dynamic loads respectively. It 
has to be noted that, the response gives some difference between FEM and BEM due 
to column modeling issue that is discussed in Sect. 5.

The top lateral displacement of the building including SSI effect is presented in 
(Figs.  12, 13 and 14) under the same three different load cases. Ten and five coupling 

Fig. 14 Top lateral displacement including SSI under earthquake loading example 7.1

Table 1 Comparison of time and storage in example 7.1

FEM BEM

Mesh 1 Mesh 2 Mesh 1 Mesh 2

No. of DOFs 90,000 448,000 9,546 28,890

Analysis Time (Mins) 32 188 17 90

Memory (Gigabyte) 22.2 130 8 47

Fig. 15 Top lateral displacement considering different number of coupling cells in example 7.1
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iterations for the two different models are performed respectively until the convergence 
criteria (5%) is achieved. The SSI effects increase the displacement by around 15%. The 
proposed analysis gives results in good agreement with the results obtained from FE 
analysis and that difference appears due to the area model issue (recall Sect. 5).

Concerning the practicality of the proposed technique, three computational param-
eters are compared. The number of degrees of freedoms (DOFs), analysis time, and 
required storage for each model are presented in Table  1. The proposed technique 
analysis time is almost 50% of the analysis time using FEM models. The required stor-
age is around 36% of the storage required using FEM model which is not convenient in 
practical examples. In addition, the FE solid elements modeling for vertical elements is 
extremely difficult in practical examples.

Effect of coupling area cells for the practical building

In this example, the previous example in Fig. 3 is reconsidered to demonstrate the num-
ber of coupling area cells effect. Three different meshes of coupling cells are considered. 
The three meshes are 5 × 5 m, 3 × 3 m, 1 × 1 m coupling cells. The top lateral displace-
ment is demonstrated in Fig. 15. The top lateral displacement changed slightly and local-
ized with different coupling cells. The required number of iterations for the convergence 
limit (5%) is 10, 5, 3 iterations for the three coupling cells meshes respectively. Therefore, 
the number of coupling cells affects the number of iterations required for convergence.

Conclusions
Time domain analysis of buildings considering soil-structure interaction is presented. 
Sub-structuring technique was proposed for two separate structures. An iterative cou-
pling scheme was proposed to allow using different software and to decrease the com-
putational efforts. The super-structure was modeled using BEM to consider the real area 
model to calculate the relevant stiffness and mass matrices. The sub-structure was mod-
eled using DRM as closed domain without domain discretization. It was demonstrated 
that the numerical model of the vertical element of the super-structure is strongly 
affecting the lateral response. The FEM frame element model gives inaccurate response 
compared to solid elements with an error about (26 – 225) %. The BEM one area cell 
gives inaccurate response compared to four area cells with an error about (11 – 38) %. 

Fig. 16 Top lateral displacement under different soil volumes
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The number of coupling cells in the proposed analysis effect is not significant. Practical 
example under different dynamic excitations is presented. The effect of SSI increases the 
lateral response by about 15% computed to those of the fixed base analysis. The pro-
posed practical dynamic analysis reduces the time of the analysis to about 50% of that of 
FEM analysis time and consumes storage around 36% of that used in FEM models.

Appendix
In this appendix, the effect of the soil volume considered in the analysis is presented. The 
soil block under the building considered in example 6.1 is extended after the raft founda-
tions to 1, 1.5, 2 times of the foundation width. The lateral top displacement is presented 
in Fig. 16. The results are in a good agreement. The effect of soil block width after 1.5 
times the foundation width is neglected. Therefore, in the presented examples, the soil 
block is extended 1.5 times the foundation width.

Abbreviations
DOFs  Degree of freedoms
[Ksuper]   Super-structure stiffness matrix
[Msuper]  Super-structure mass matrix
NFL  The number of floors
Ncells   The number of coupling area cells
N1  The total super-structure considered DOFs  (3NFL +  Ncells)[
K

fixed
super22

]
    The super-structure stiffness matrix condensed at the vertical DOFs of the coupling area cells

[
Ksprings

]t+�t
    The coupling area cells vertical springs stiffness matrix at current time step (t + ∆t)

Δt  The chosen time step in transient analysis
Pt+∆t  Equivalent dynamic loading on super-structure floors
Rt+�t    The super-structure reactions
�,µ   Lamés constants
[Hsub]  Sub-structure traction fundamental solution
[Gsub]  Sub-structure displacement fundamental solution
{usub}  Sub-structure displacement field
{tsub}  Sub-structure traction field

[û]   Particular solution of displacement[
t̂
]
   Particular solution of traction

M  The number of boundary nodes
K  The number of DRM collocation nodes
[F]  The radial basis function matrix
[Msub]   Sub-structure equivalent mass matrix
ρ   Material density
[Asub]  Rearranged [

2

Δt2
[M

SUB
] + [Hsub ]

] matrix

[G1sub]   Rearranged [ Gsub ] matrix

{xt+�t

sub }  The unknown field vectors at the current time step (t + �t)

{bt+�t

sub }   The known field vectors at the current time step (t + �t){
ut+�t
super

}
   The super-structure displacement field at the current time step (t + �t)
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