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Abstract:

A new technique for the analysis of buildings including soil-structure interaction is
suggested. The new analysis is based on sub-structuring approach where the system is
partitioned into two main parts which are the superstructure part and the raft-soil part. A
static condensation technique is implemented at the wall-raft interface. Deformations of
supports at wall-raft interface are obtained. Current practical analysis of SSI is
implementing the static condensation at the raft-soil interface which is time consuming
and tediously job. The new analysis has shown less time and effort in the modeling and
analyses. This technique of analysis is presented here only for linear analysis and shear
wall buildings. However, this technique can be extended to include nonlinear analysis
such as no tension SSI, soil nonlinearity, SSI and analysis of frame buildings.

Introduction

According to many reports [1], construction industry has witnessed a very
rapid growth particularly in tall buildings because of tendency to urbanization and
industrial development. Considering tall buildings from 5 to 10 stories with raft
foundations , it is common — in structural engineering — mainly in the analysis of
building at design firms not taking into account the flexibility of the sub structure
(foundations and underneath soil) in the analysis of the superstructure. They often carry
out design as two parts independently. Generally, buildings are assumed to be fixed or
hinged at the ground level. As a consequence, the evaluated responses due to different
types of load cases especially the lateral loads (earthquakes and wind loads) do not truly
present the accurate behavior of the structure. Raft and soil stiffness will add more
flexibility to the structure; so that the overall stiffness will be decreased and a more
realistic and economic designs could be achieved. On the other hand, the lateral
deflection and the inter-story drift will increase with increasing the soil flexibility.
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Although this is more conservative for the structures, the safety of the structure due to
lateral deflection should be re-evaluated So, it is important to consider soil-structure
interaction in the analysis.

The boundary element method (BEM) [15]:

The boundary element method is a numerical method for solving linear partial
differential equations which have been formulated as boundary integral equations. It can
be applied in many disciplines in engineering and science including solid mechanics,
fluid mechanics, acoustics, electromagnetism, fracture mechanics, and plasticity.

In contrast with other energy methods like finite element method, the boundary element
method discretization is only on the problem boundaries. The direct and indirect
boundary element methods are the two branches of the BEM. The direct BEM
formulates the problem in terms of variables that have definite physical meanings, such
as displacements of the boundary nodes of the plate. In contrast, the indirect BEM uses
variables whose physical meanings cannot always be clearly specified.

The advantages of the boundary element method are reducing problem dimensionality,
requiring low memory, it focuses on the body boundary, good for incompressible
materials, easy to define and vary boundary elements, accurate and good for stress
concentrations.

In practicality, there are already several programs which are developed using boundary
element method and adopted for the solution of many engineering problems [16-19].

The Variational boundary element method (VBEM):

In the direct and indirect boundary element formulations, the variational method
and the Galerkin weighted residual approach have been implemented to solve boundary
integral equations (BIE). Numerical approaches with a variational basis for the solution
of the BIE have been proposed by McDonald [20] and Jeng and Wexler [21, 22]. The
modified Galerkin boundary formulations have appeared in literature as well as the
Galerkin weighted residual method; which is identical to the discretized system of
equations in [20] and in [22]. An algebraic system of equations was revealed by Hsiao,
et al. [23] by proposing the Galerkin collocation method. This method proved an
asymptotic convergence of the approximate solutions. In references [24, 25,26 and 27]
this Galerkin collocation method is clarified with the related error analysis and
convergence proofs for different types of problems. Polizzotto [28] and Maier and
Polizzotto [29] form a symmetric boundary element formulation by applying the
Galerkin method in elasticity. Convergence and stability are proven by Onishi [30] in
heat conduction by applying the Galerkin method.

It is relatively recent to employ the variational principles to generate the boundary
integral equations. The Hellinger-Reissner and the Wu-Washizu principles were
implemented in the late 80’s using the variational BEM to develop boundary element
formulations. Dumont [31, 32] formulated a hybrid stress boundary element on the
Hellinger-Reissner principle. Stresses in the domain and the displacements on the
boundary are considered as independent functions in this formulation giving a
symmetrical coefficient matrix. The domain variable is approximated in this formulation
by using the point force fundamental solution. The solution of potential problems is
presented by Defigueiredo and Brebbie [33] by developing an assumed-displacement
hybrid boundary formulation based on the generalized variational principle. The
generalized variational principle includes three independent variables; two are defined
on the boundary and one is in the problem domain. This approach uses the same
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approximation for the domain variable applied in [31, 32]. This hybrid boundary
formulation was later extended to elastostatic problems Defigueiredo and Brebbie [34].
Polizzotto [35] used either the Hu-Washizu principle or the Hellinger- Reissner
principle to derive a boundary element formulation which leads to the same symmetric
coefficient matrix found by the Galerkin approach presented in [29]. He also proposed
the boundary min-max principle, which is a boundary variational principle, where the
boundary displacements and tractions are considered as the independent field variables.
The resulting boundary element formulation is shown to be equivalent to the previous
Galerkin approach, which shows symmetry and definiteness. This formulation has also
been extended to include elastoplasticity [35] and elastodynamics [36]. Recently,
Felippa [37] proposed a formulation for boundary elements in linear eleatostarics, which
is based on his parametrized displacement generalized hybrid variational principle by
McDonald et al. [38]. Distinct boundary element models can then be obtained by setting
different values to a parameter. Therefore his approach can be considered a systematic
way of deriving boundary element formulations.

The analysis using the variational boundary element based shell elements is derived
based on minimizing the relevant energy function by Naga [39]. The new variational
BEM provides solutions that approach the analytical solution without the requirement of
vast descirtization. The results from this method approach the analytical solution from
less discitization than both the FEM and the present BEM. The main disadvantage of
this method is that the mathematical derivation of the kernals is much more tedious.
This method provides advantages from both the BEM and the FEM. These advantages
include the descritization of the domain as well as producing stiffness matrices which
are symmetric. Naga [39] developed the variational BEM formulation for 2-D elasticity
and plate bending which has been coupled to solve shell elements. The variational BEM
has been programmed and tested [39].

Sources of Soil structure interaction:

In the structural analysis, the assumption of fixed base for the building especially

for the building on soft or medium soil is not realistic [2-14]. Usually designers are
assuming fixed or hinged base for the sake of simplicity. This assumption may be
accepted if the structure will be constructed on rock layer or if the relative stiffness of
the substructure (soil-foundation system) compared to the superstructure is high.
In the most occasions, existence of soil induces two separate effects on the structure,
first, the amplitude and the direction of the free ground motion from the bed rock will be
adjusted ( amplified or degraded) at the level of structure’s base [3]. Second, hence the
underneath soil is flexible, the forces acting on the masses of the structures will enforce
the supporting systems (raft foundation..etc.) and the underneath soil to deform. These
two phenomena are referred to as kinematic interaction and inertial interaction,
respectively. In fact, kinematic interaction is the inability of the foundation to match the
soil deformations due to the free field ground motion. On the other hand, the inertial
interaction can change the structure periodic time (T) hence the structure response to the
seismic loading.
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The Proposed New Technique
In this section, the proposed technique will be discussed in details. The analysis will
pass with 3 main stages:
1-  Pre processing
a) Super Structure: after drawing the building in ETABS, a nine text files will
be prepared with the help of ETABS program to calculate the stiffness.
b) Sub structure: the raft with walls locations will be drawn in PLPAK to get
the stiffness.
2-  Analysis :
a) Super Structure: VBEM program will be run to get the stiffness of the super
structure (K super). Then the stiffness will be condensed at supports level.
b) Sub structure: PLPAK program including stiffness manager program will be
run to calculate the condensed stiffness of the sub structure (K sub).
c) K total condensed = Ksuper + Ksub
d) Displacements of supports U = K-1total * F (where F= reactions from super
structure).
3- Post Processing:
a) Displacements of the all joints of structure easily can be obtained.
b) Internal forces at any joint also can be obtained.
The developed technique is illustrated in detail followed by an illustrative example. The
entire methodology of the work is illustrated in details with flow chart presentation.

Analysis of Super Structure with the VBEM program

Most civil engineering structures are subdivided into plate bending, 2-D elasticity
and beam element problems. Plate bending problems have three degrees of freedom per
node; one displacement in the plane perpendicular to the plate and two rotational
degrees in the plane of the element. 2-D elasticity problems have two degrees of
freedom per node; two in displacements parallel to the element at each node. Three
dimensional beam elements have six degrees of freedom per node; three rotational and
three displacements. The problems are analyzed and the solution is coupled [40].
There is a program called (Shell Element Program) which solves both 2-D elasticity and
plate bending using the developed variational boundary element method formulation
[39].
The shell element consists of the superposition of the plate bending program (2-D
elasticity) and the membrane element program (plate bending).
Shell Element Program used for analysis of super structure with fixed supports
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Figure 1 Flow chart illustrating the sequence of solution.

Shell Element Program:
Input Files
There are 9 input files for the Shell Element Program as follows:
1- GFILE.txt - General File
This includes all data of the problem
2- PCOOR.txt Point Coordinates
This includes the coordinates of all the nodes
3- PASSL.txt - Point Assigned Loads
4- PASSD.txt - Point Restraints
5- ARASE.txt - Area Section
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6- ARASL.txt - Area Loads

7- ARCO.txt - Area Connectivity

8- NDIV.txt - Division of the plates

9- PINT.txt - Internal Points
Output Files

1- OUTFILE

2-

A file containing all problem data (point’s coordinates, shells loads and
definitions...), support reactions and points displacements.

KMATRIX&LOAD VECTOR.xls

A file containing the stiffness matrix of the super structure.

And there are another file but not needed for lateral analysis of shear wall buildings.
Analysis of Sub Structure with the PLPAK program

PLGEN model is generated with raft with walls locations and without wall reactions,
then BE-Files will be extracted from PLGEN model and using the Stiffness Manager,
the stiffness of the sub structure will be computed and the nodes of the walls.

Illustrative Example

In this section, an illustrative example is presented with detailed steps. This is to show
the process to get the stiffness of the super-structure by shell element program and
construct the raft-soil PLGEN model in PLPAK.

1-

2-

3-

4-

Structural drawings: drawing the required building in CAD format to determine
dimensions and position of  all structural elements. It is the key to begin the
modeling on SAP as shown in figure 3.8.

SAP 3D Model: we will make a 3D model with the building as shown in figure
3.9 to make it easy for extracting the 9 input files to shell element program and to
compare results later. SAP model has to be modeled in a correct way. All loads
should be included. And the end conditions for each wall will be fixed.
Extracting data which help in creating the 9 text files (from display menu then
show tables) as shown in figure 3.10

PLPAK model: In this step, PLGEN model is generated with raft with walls
locations and without wall reactions. The model is shown in figure 3.12-3.13.

Methodology

In this section, a flow chart describes the entire process of including soil-structure
interaction in the analysis of the building is presented as shown in figure 3.14. A
detailed description of the function of each part is presented. The proposed new
technique can be summarized in the following steps. These steps can generally be
divided into 4 main groups of steps.

The preparation of the models

This includes the preparation of the SAP and PLPAK model and shell element
program.

Prepare the structural drawing as discussed in section 3.3-1.

Create SAP model as discussed in section 3.3-2.

Export the required tables listed below:

Joint Coordinates

Connectivity — Area

Joint Restraint Assignments
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d. Joint Loads

e. Area Section Assignments

f. Area Loads Assignments

4- The 9 input files to shell element program will be prepared as follows and as
discussed in section 3.2.1.1:

- Joint Coordinates Table will be copied into PCOOR.txt file

- Connectivity — Area Table will be copied into ARCO.txt file

- Joint Restraint Assignments Table will be modified as follows, Yes will convert
to 0 then copied into PASSD.txt file

- Joint Loads Table will be copied into PASSL.txt file

- Area Section Assignments Table will be copied into ARASE.txt file

- Area Loads Assignments Table will be copied into ARASL.txt file
- According to the other 3 files (GFILE.txt, NDIV.txt, and PINT.txt) there is no
need to use SAP in filling them and can be filled easily.

5- Create the raft model on PLGEN. This model includes only the raft, soil data and
piles if found. No loads are included in this step as described in section 2.8.6.

b. Analysis

1- Run shell element program with the 9 text files then the OUTFILE and
KMATRIX&LOAD VECTOR.xIs will be created.

2- Stiffness matrix of the super structure (K) will be obtained from
KMATRIX&LOAD VECTOR.xIs file.

3- Deformations of joints (U) (3 dicplacements Ux,Uy,Uz and 3 rotations Rx, Ry,
Rz) will be obtained from OUTFILE (note that deformations at all supports equal
to zero).

4- Load Vector can be obtained from P=K * U

Stiffness Matrix of the super structure (K) will be condensed at supports.

Condensed Stiffness Matrix of the super structure (Ksuper).

Extract BE-Files form PLGEN model.

Put the path of the file with the name (Ex.1LoadCasel.in) into the file with name

(PATHIN.txt) then run stiffness manager.exe

8- The condensed stiffness matrix of sub structure (Ksub) now is ready in the file
with name (Ex.1LoadCasel.in.$S3-K$).

9- Condensed stiffness matrix of the structure Ktotal = Ksuper + Ksub

10- By knowing condensed stiffness matrix of the structure (Ktotal) and Load vector
at supports (Pc which is a part of P obtained from step 4) we can get
deformations at supports (Uc) = K-1total * -Pc

(@]
1

~N o
1 1

c. Post processing
Deformations of other joints can be obtained as follows:

[EN
1

Kcc  Kce Uc Pc

Kec Kee Ue Pe
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K (Stiffness matrix of the super structure) x U(Deformations of joints) = P(Load
Vector). Kce,Kce,Kec and Kee are the components of the stiffness matrix obtained
from step 3.4.b.3, Uc is obtained from step 3.4.b.10, Pc and Pe are the components
of the load vector obtained in step 3.4.b.4 . The only unknown term is Ue (joints
deformations of the super structure) Ue = Kee-1 x (Pe — Kec x Uc)

Data

It is a 9 Story shear wall building subjected to static lateral force and vertical load. In
this example, a typical shear wall building shown in figure 4.11 consists of 9 stories, 4
meter for the first story and 3m for the 8 remaining stories. This structure is subjected
to static lateral loading. A 10 KN/m static lateral distributed load is applied in the
positive direction of X- axis and 5 KN/m2 distributed vertical load in gravity
direction. All shear walls of the building are 0.15 x 2 m. Also, all slabs are 0.2 m as
shown in figure 4.1. The raft foundation thickness is 0.9 m. Analyses were carried out
using substructuring approach where the super structure is modeled using SAP - the
well-known finite element commercial program — figure 4.2 then analyzed using shell
element program. The raft foundation and the underneath soil are modeled using
PLPAK — a developed package for solving shear deformable plates on Winkler and
elastic half space based on boundary element method and stiffness method figures 4.3
and 4.4. Lateral deflection, lateral deflection ratios (SSI/NSSI), Inter story drift and
drift ratios (NSSI/SSI) are obtained. The results are compared against the same
structure modeled using direct method. SAP2000 — finite element well known
commercial program is used figures 4.5 and 4.6 — where the piles modeled as a
springs with a vertical stiffness, horizontal rotational stiffness in X and Y equal to
(1014473KN/m, 63404 KN.m/rad and 63404 KN.m/rad) respectively, assuming that
there are no displacement in X and Y directions and no torsion will occur to the
substructure.

‘.F‘

L, 2000 7,
I

\

|

N

|
|
Figure 2 Example plan
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Figure 4 The raft model in PLGEN.
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Figure 5 The raft model in PLPost.
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Figure 6 The SAP2000 3D model of the whole structure including soil — Direct Method.
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Figure 7 The SAP2000 3D model of the whole structure including soil — Direct Method.
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l. Results
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1. Conclusions

The behaviors of tall building with fixed support and without fixed but resting on the
piled raft with consideration of soil interaction have been studied in the present paper.
In this we get the results from analysis of model for fixed base (SAP and BEM) they
show the less lateral deflection, It is concluded that the soil interaction effect is very
remarkable. Lateral deflection of the building increases when analyzing the tall building
with SSI method. Finally, it can be concluded that although conventional design
procedure omitting SSI is conservative it is required to ensure the structural safety due
to lateral deflection.

[1].
[2].

[3].

[4].

[5].

[6].

[71.

References
Informs web site, http://www.construction-ic.com/
George Gazetas, Grorge Mylonakis; Seismic soil-structure interaction: new
evidence and emerging issues- Soil Dynamics 11, ASCE, Special Geotechnical
Publication, 1998, Vol. 2.
George mylonakis and George Gazetas; seismic soil-structure interaction:
beneficial or detrimental?, Journal of Earthquake Engineering- Journal of
Earthquake Engineering 4(3):277-301 - July 2000 with 269 Reads. DOI:
10.1080/13632460009350372.
George Gazetas, Grorge Mylonakis, Soil-Structure Interaction Effects on Elastic
and Inelastic Structures; Fourth international Conference on Recent Advances in
Geotechnical Earthquake Engineering and Soil Dynamics-2001.
Bhattacharya, K., Dutta, S. C., and Dasgupta, S., (2004), “Effect of Soil Flexibility
on Dynamic Behaviour of Building Frames on Raft Foundation”, Journal of Sound
and Vibration, Elsevier, VVol.274, pp.111-135.
Nateghi-A, F. and Rezaei-Tabrizi, A. (2013), Nonlinear dynamic response of tall
buildings considering structure—soil-structure effects. Struct. Design Tall Spec.
Build., 22: 1075-1082. doi:10.1002/tal.753
B. R. Jayalekshmi and H. K. Chinmayi, “Effect of Soil Flexibility on Seismic
Force Evaluation of RC Framed Buildings with Shear Wall: A Comparative Study

223



[8].
[9].
[10].

[11].

[12].
[13].

[14].
[15].

[16].
[17]
[18].
[19].
[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

of IS 1893 and EUROCODES,” Journal of Structures, vol. 2014, Article ID
493745, 15 pages, 2014. doi:10.1155/2014/493745

Mengke Li, Xiao Lu, Xinzheng Lu; Influence of soil-structure interaction on
seismic collapse resistance of super-tall buildings-2014.

Halkude S.A, Kalyanshetti M.G., Bareklikar S.M; Seismic Response of R.C.
Frames with Raft Footing Considering Soil Structure Interaction-2014.

B. R. Jayalekshmi and H. K. Chinmayi, “Effect of Soil Flexibility on Seismic
Force Evaluation of RC Framed Buildings with Shear Wall: A Comparative Study
of IS 1893 and EUROCODES,” Journal of Structures, vol. 2014, Article ID
493745, 15 pages, 2014. doi:10.1155/2014/493745

Abdel Raheem, S.E., Ahmed, M.M. & Alazrak, T.M.A. Int J Adv Struct Eng
(2015) 7: 11. d0i:10.1007/s40091-014-0078-x

Hemet S. Chore, P.A.Dode; Soil Structure Interaction of Tall Buildings-2015
VivekGarg and M.S.Hora, (2012) “A review Interaction Behavior of Structure-
Foundation-Soil System”. International Journal of Engineering Research and
Applications (IJERA) ISSN:224-9622 www.ijera.com vol.2,Issue 6, November-
december 2012, pp.639-644

Siddhath G. Shah, Solanki C.H., Desai J.A; Soil structure interaction analysis
methods-State of art- Review-2011.

Vander Weeén, F., Application of the boundary integral equation method to
Reissner’s plate model. Int. J. Numerical Methods in Engineering, 18, 1-10, 1982.
https://www.integratedsoft.com/

http://www.beasy.com/

http://www.gpbest.com/

PLPAK, BE4E: www.bede.com

McDonald. B. H., Friedman. M. and Wexler, A., Variational Solution of Integral
Equations, IEEE Trans. Microwave Theory Tech., vol. MTI-22, 1974, pp. 237-
248.

Jeng, G. and Wexler, A, Isoperimetric, Finite Element, Variational Solution of
Integral Equations for Three-Dimensional Fields, Int. J. Num. Meth. Eng., vol. 11,
1977, pp. 1455-1471.

Jeng, G. and Wexler, A., Self Adjoint Variational Formulation of Problems
Having Non-Self-Adjoint Operators, IEEE Trans. Microwave, Theory Tech., vol.
MTT-26, 1978, pp. 91-94.

Hsiao, G. C., Kopp, P. and Wendland, IV. L., The Synthesis of the Collocation
and the Galerkin Method Applied to Some Integral Equations of the First Kind,
New Developments in Boundary Element Methods, CMC Publication,
Southampton. England, 1980, pp. 122136.

Wendland, W. L., On the Asymptotic Convergence of Boundary Integral Methods,
Boundary Element Methods, Proc. 3rd Int. Seminar on BEM in Engineering (C. A.
Brebbia Ed.), Southampton, England, 1981.

wendlend, W. L., Asymptotic Accuracy and Convergence, Progress in Boundary
Element Methods (C. A. Brebbia Ed.), Pentech Press, London, vol. 1, 1981, pp.
289-313.

Nedelec, J. C., Integral Equations with Non-Integrable Kernels, Integral Equations
and Operator Theory, vol. 5, 1982, pp. 562-572.

Arnold, D. N. and Wendland, W. L., Collocation versus Gelerkin Procedures for
Boundary Integral Methods. Boundary Element Methods in Engineering, Proc. 4rd

224


https://www.integratedsoft.com/
http://www.beasy.com/
http://www.gpbest.com/
http://www.be4e.com/

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].

[38].

[39].

[40].

Int. Seminar on BEM in Engineering (C. A. Brebbia Ed.), Southampton, England,
1982.

Poliazotto, C., A BEM Approach to the Bounding Techniques, Boundary
Elements VII (C. A. Brebbia Ed.), Springer- Verlag, Berlin, 1985, pp.13/103-114.
Maier, G. and Polizzotto, C ,A Galarkin Approach to Elastoplastic. Analysis by
Boundary Elements, Comput Meth. Appl. Mech. Eng., vol. 60. 1987, pp. 175-194.
68

Onishi, K.t Heat Conduction Analysis Using Single Layer Heat Potential,
Boundary Element Methods In Applied Mechanics (M. Tanaka. and T. A. Cruse
Eds.), Pergamon Press. 1988.

Dumont, N. A., The Variational Formulation of the Boundary Element Method,
Boundary Element Techniques: Applications in Fluid Flow and Computational
Aspects (C. A. Brcbbia and W. S. Venturini Ede.], Computational Mechanics
Publications, Southampton, 1987.

Dumont, N. A., The Hybrid Boundary Element Method, Boundary Elements 1X
(C. A. Brebbia, W. L. Wendland and G. Kuhn Eds.), vol. 1, Springer-Verlag,
Berlin, 1987, pp. 117-130.

DeFigueiredo, T.G.B. and Brebbia, C.A., A Hybrid Displacement Variational
Formulation of BEM, Boundary Elements X (C.A. Brebbia. Ed.), vol. I,
Computational Mechanics Publications, Southampton, Springer-Verlag, Berlin,
1988, pp. 33-42.

DeFigueiredo, T.G.B. and Brebbia , C.A., A New Hybrid Displacement
Variational Formulation of BEM for Electrostatics, Advances in Boundary
Elements (C.A. Brebbia and J.J. Connor Eds.), vol. 1, Computational Mechanics
Publications, Southampton, Springer Verlag, Berlin, 1989, pp. 47-57.

Polizzotto, C., A Consistent Formulation of the BEM within Elastoplasticity,
Advanced Boundary Element Methods (T. A. Cruse Ed.), Springer- Verlag,
Berlin, 1987, pp. 315-324.

Polizzotto, C and Zito, M, A Variational Approach to Boundary Element Methods,
Boundary Element Methods in Applied Mechanics (M. Tanaka and T. A. Cruse
Eds.), Pergamon Press, Oxford. 1988.

Felippa, C. A., A Parametric Representation of Symmetric Boundary Finite
Elements, Topics in Engineering vol. 7 (M. Tanaka. _and R. Shaw Eds.),
Computational Mechanics Publications, 1990.

McDonald. B. H., Friedman, M. and Wexler, A., Variational Solution of Integral
Equations, IEEE Trans. Microwave Theory Tech., vol. MTI-22, 1974, pp. 237-
248.

El-Naga, Taha, A Variational Boundary Element Formulation for Shear
Deformable Plates in Bending Problems, Journal of Applied Mechanics, 2013
Wilson, Edward, Three-Dimensional Static and Dynamic Analysis of Structures —
Third Edition, Computers and Structures, 2002

225



