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 The finite element (FE) modeling of interface in Soil-Structure Interaction (SSI) 
problem is most important aspect from early days of modeling i.e. during 1960. 
The overall performance of the structure is completely influenced due to 
behavior of interface. Such as realistic interface modeling of SSI system subjected 
to lateral loads leads to appropriate evaluation of lateral sway and base shear 
stress. During recent times, many modifications have been done in interface 
modeling such as incorporation of slip and bonding effects.   Also the interface 
joining variable degrees of freedom system (interface for solid to skeletal 
contact) has come into existence. Still the de-bonding behavior, interface non-
linearity as well as modification in solid to skeletal contact has been unexplored 
in literatures. Hence there is necessity to develop a FE-SSI model and to study 
the influence of interface in SSI system considering unexplored features. In this 
paper, an attempt has been made to show the influence due to interface 
(including de-bonding and non-linearity) in FE modeling of SSI system using 
modified 5 noded zero thickness interface element. The performance of modified 
interface element is a novel contribution in present paper. The present study is 
limited to static loading conditions only. The effect of interface has been studied 
by determining bending moment, lateral sway, base shear stress and footing 
settlement in structure. The inclusion of modified interface has improved the 
performance of structure by reducing the base shear stress and allowing the 
sway. Also, the true redistribution of bending moment has been observed after 
considering the modified interface.  

© 2022 MIM Research Group. All rights reserved. 
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1. Introduction 

The modeling of soil-structure interface model considering slip, bonding and de-bonding 
at soil-structure junction including interface non-linearity is an active topic of research. 
During 1960’s, the researchers started working on interfaces with finite element method. 
The performance of the structure is highly influenced by interface between soil and 
structure [1-2]. Hence modeling the interface considering realistic physical condition is an 
important task [3]. In early days of research, the interface between solid-solid contacts has 
been studied considering slip and bonding. Later stages the need of soil non-linearity has 
been investigated for interface performance. The solid-solid contacts don’t suitable for 
representation of all physical cases. Hence the need of solid-skeletal interface has been 
arisen. As a results zero thickness solid-skeletal interface came into existences during 
1990’s. Later years, the thin layer interfaces have been invented as an alternative modeling 
consideration to zero thickness interface. The modification in solid-skeletal interface has 
been reported by few authors stating the suitability as per physical condition [4-5]. Thus 
by modeling the interface as per physical conditions, the realistic SSI modeling can be 
executed [5-7]. The appropriate modeling of interface is applicable to many SSI problems 
for evaluation of true settlement, lateral displacement, etc. [8-11].  
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The inclusion of interface in SSI modeling alters the performance of structure. The 
interfaces allow the structure to slip, bond and de-bond with soil mass [12-15]. Frequently 
the researchers have been focused on slip and bonding analysis in interface [16-18]. De-
bonding has been unexplored due to occurrence of numerical ill-conditioning [19-20]. 
Interfaces were also used as a geometric attachment to various dissimilar materials where 
relative motion is not of great importance [21-22].  

As per Aivazzadeh and Verchery [23], the discontinuous deformations and stresses at the 
junction of two dissimilar materials are taken care by the interfaces. The presence of 
interface permits the slip, bonding and de-bonding between soil-structure contacts and 
redistributes the member forces in structure [15, 19, 24]. The consideration of bonding 
and de-bonding in addition to slip at interface has improved the performance of SSI 
analysis in this paper. 

According to the literature available on interface modeling for two dissimilar materials, 
there are two types of zero thickness interfaces. The first type consists of solid-to-solid 
contact whereas the second type consists of solid to skeletal contact. As of now, various 
interface elements have been presented by researchers. The solid-to-solid contact element 
includes modified Goodman’s element by Viladkar et al. [25], axisymmetric element by 
Rafael et al. [12] and Sharma et al. [26]. Whereas solid to skeletal contact element includes 
3 noded isoparametric zero thickness interface element proposed by Viladkar et al. [19], 
Noorzaei et al. [27] and 5 noded thin layer isoparametric interface element by Dalili et al. 
[24]. These solid to skeletal elements are of special importance as they used to combine 
variable degree of freedom (DoF) system at interface. Few researchers commented on 
computational difficulties observed in zero thickness interface elements, such as meshing 
and ill-conditioning due to aspect ratio [26, 28-30]. Mayer and Gaul [31] suggested the zero 
thickness elements have been most compatible for Solid-to-Solid contact due to 
independency of contact stiffness on interface thickness. One more special interface for 
solid to beam element is suggested by Jang-Keun Lim et al. [21]. This element is used as a 
geometric arrangement for joining variable DoF system. The execution of zero thickness 
interfaces in many SSI problems has proved its feasibility. In this paper, the thin layer 
interface element proposed by Dalili et al. [24] has been modified to zero thickness 
interface with non-linearity for studying the influence of interface in SSI system.  

In present scenario, the interfaces are used in almost all SSI problems. But the modeling of 
interface considering realistic physical condition is unexplored and needs to be address 
precisely. As a result, the de-bonding at soil-structure junction in addition to slip and 
bonding as well as interface non-linearity has been considered in this paper to get 
acquainted with field conditions. Also, the SSI analysis has been carried with modified 
interface element. Hence the obtained results are more appropriate because of the realistic 
modeling than that of earlier research. Presently the scope of study has been restricted to 
static loading only. The methodology presented in this study will definitely put foundation 
of future research such as dynamic SSI analysis with realistic interface modeling. 

The primary objective of this study is to investigate the influence due to interface in FE 
modeling of SSI system. The study is essential to understand the bonding and de-bonding 
in addition to slip at interface. The investigation has been completed with modified 5 
noded zero thickness interface element with non-linearity, which is a novel contribution.  

2. Problem Definition  

From the reviewed literatures, it has been observed that, the modeling of soil-structure 
interface needs to be explored in more details such as; realistic physical condition must be 
taken into considerations. As a result, the appropriate performance of structure and soil 
can be evaluated.  Hence the realistic modeling of interface has been carried out by 
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modified 5 noded zero thickness interface elements, considering de-bonding in addition to 
slip and bonding as well including non-linearity. Therefore, considering all such 
modifications, the appropriate influence due to interface on SSI system has been studied. 

In order to study the influence due to interface on SSI system, a frame structure with 
combined footing resting on soil subjected to vertical and lateral loads has been 
considered. In this problem, the interface is used to study slip, bonding and de-bonding at 
soil-structure junction. The FE model of SSI system with interface has been developed on 
MATLAB platform.  The superstructure and footing have been modeled as 2 noded beam 
bending elements having 3 DoF per node and soil is modeled as 8 noded plane strain 
isoparametric elements with 2 DoF per node. The interface is modeled as 5 noded zero 
thickness isoparametric element. The soil and interface non-linearity have also been 
included in FE model. The elements used in FE model are shown in Fig. 1. 

 

Fig. 1 Elements used in the FE Model of frame footing Soil Interaction System                     (t 
– thickness of interface) 

3. Mathematical Formulation  

3.1. Frame, Footing and Soil Element 

For modeling the frame and combine footing, 2 noded isoparametric beam bending 
element has been used. The detailed formulation with the stiffness matrix is referred from 
Chandrupatla and Belegundu [32]. The geometry of the element is shown in Fig. 2. 

 

Fig. 2 Two noded isoparametric beam bending element 

The idealization of the soil has been done by using quadrilateral 8 noded isoparametric 
plane strain element (Fig. 3). The selection of element is helpful in getting high-stress 
concentration near footing [19, 33]. Also, it is reported that the element is compatible with 
various soil constitutive models. The detailed mathematical formulation for this element 
is referred from Chandrupatla and Belegundu [32]. 
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Fig. 3 8 noded isoparametric plane strain element  

3.2. Interface Element  

The soil-structure interface is an important component for modeling of SSI system. 
Interface connects soil and structure as well as allows structure to slip, bond and de-bond 
at soil-structure junction. In present study, the interface has been used to connect soil and 
beam element with consideration of slip, bond and de-bond as well as inclusion of non-
linearity.   

The thin layer interface element proposed by Dalili et al. [24] has been modified for zero 
thickness as given below. The element is compatible with 2 noded isoparametric beam 
bending element and 8 noded isoparametric plane strain soil element. The geometrical 
details of the element are shown in Fig. 4.  

 

Fig. 4 Geometrical details of 5 noded zero thickness interface element with adjacent 
element   

As per the geometrical details, the interface element is having 12 DoF. The upper part is 
having 3 DoF per node wherein the lower part is having 2 DoF per node. The element 
thickness is considered to be unit, though it is called zero thickness interface [19].  

The formulation of 5 noded zero thickness interface element has been initialized with 
combining two one dimensional 3 noded isoparametric element separated by unit 
thickness as shown in Fig. 5. But the top layer of the interface element is attached to 2 
noded beam elements hence incompatibility has been raised due to middle top node as 
shown in Fig.5. As a result, the middle node has been eliminated in Fig. 4. The 
corresponding displacement of the node is reported as an average displacement of 
adjacent upper nodes as given in equation 1. Thus, using equation 1, the transformation 
matrix has been developed (equation 2). 
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Fig. 5 Formation of 5 noded zero thickness element with two-three noded 1D element  

According to Fig. 4, the displacement compatibilities are shown in Table 1. 

Table 1. Displacements Compatibility with Soil and Beam element [24] 

Node 1 U1 = Uc V1 = Vc  

Node 2 U2 = Ud V2 = Vd  

Node 3 U3 = Ue V3 = Ve  

Node 4 U4 = Ub V4 = Vb θ4 = θb 

Node 5 U5 = Ua V5 = Va θ5 = θa 
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where, 

U = horizontal displacement, V = vertical displacement and θ = rotation 

Therefore, considering Δ as a vector of interface element displacement and δ as a vector of 
adjacent element displacement, the relation between Δ and δ has been formed using 
transformation matrix [T] (equation 2 and 3) . 
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As the interface element is of isoparametric type, the displacements and rotations at any 
point in an element are expressed in terms of shape functions (equation 4). 

 

 

                                                                                                                           
(4) 

 

 

Therefore from Fig. 5, the shape functions at node 1, 2 and 3 is written as, (equation 5) 

 

 

                                                                                                                              (5) 

 

 

The element is having a unit thickness; thus, the strain displacement relation has been 
written in terms of relative displacement of upper and lower nodes as shown in equation 
6 [19, 24]. Also, it has been reported that the coordinates of upper beam nodes and lower 
soil top nodes along with interface element nodes are same; hence the element is called a 
zero-thickness interface element. 
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nε,s1ε and s2ε are tangential, normal and rotational strain respectively corresponding 

to ΔVΔU, , and Δθ  . Therefore, strain displacement matrix [BJ] as per Viladkar et al. 

[19] is given in equation 7.                                                                                          

 

                  (7)      

 

The stresses at any point in interface element are related to corresponding strain by 
constitutive relation in equation 8 in local coordinates. It has been also noted that the 
parameters in stress-strain relation are in non-linear form, the details are elaborated in a 
further section. 
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Here ns σ,τ   and M  are known as tangential stress, normal stress and moment 

corresponding to ns1 ε,ε  ,  and s2ε . Also  nnss1 K,K  and ss2K   are tangential, 

normal and rotational stiffness respectively. 

The relation matrix [D] is written in a global form as, 
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Therefore, the element stiffness matrix in global form for the interface is written as, 

 

 

                                                                               (10)      

 

The above formulation for structure, soil and interface has been used to develop a FE 
model using MATLAB for the analysis of frame-footing and soil interaction system. 

4. Soil and Interface Non-Linearity 

Soil is a non-linear material; as a result, many constitutive relations have been established 
to model its appropriate behavior. In present study, sand is used, hence amongst the well-
established constitutive models, Duncan-Chang hyperbolic model has been used to 
represent the non-linear nature of soil [34-35]. This model is mainly based on the stress-
strain curves of drained triaxial compression tests of sands and clays. Its failure criterion 
is based on the Mohr-Coulomb model. Also, the model has been worked on associated flow 
rule and non-linearity of stiffness parameters has also been included [36]. The model has 
some limitations such as neglecting volume change and unloading stiffness hence it is 
called a non-linear elastic model. Due to the versatile nature of the model, it is amongst the 
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commonly used model for SSI analysis [19]. This model calculates the tangent modulus 
(ET) at any stress level using equation 11. The parameters ‘K’ and ‘n’ in equation 11 have 
been used to predict the in-situ condition from stress-strain relation. The parameters 
predominately depend on the stress-strain response of material as a result there is no 
specific range for ‘K’ and ‘n’.  

( )( )
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n

a

3
a

2

3

31f
T

P

σ
K.P

sinφσCcosφ2

σσsinφ1R
1E 






















+

−−
−=                                                                   (11) 

where, ‘K’ is Modulus number, ‘Pa’ is atmospheric pressure, ‘σ1’ and ‘σ3’ are major and 
minor principal stresses, 'φ' is the angle of friction, ‘Rf’ is failure ratio, 'n' is an exponent. 
The incremental loading is used to calculate ‘ET’ at any stress level. As ‘ET' is a stress-
dependent parameter, its value is updated based on earlier stress level.  

The variation of stress-strain at the interface has been considered as hyperbolic. In the 
present study, the hyperbolic relation given in equation 12 has been used for calculation 
of tangential stiffness and assumed an arbitrary high value for normal stiffness [19]. The 
reason of choosing high value of normal stiffness is that, the interface node should not 
intersect at soil-footing junction. These arbitrary normal stiffness values are chosen from 
the permissible range (i.e. 105–1010 kN/m3) through trial and error basis [19]. In this 
research the normal stiffness of 108 kN/m3 has been chosen by taking reference from 
Viladkar et al. [25]. The hyperbolic behavior of interface (tangential stiffness) is given as,                              
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where, ‘Ki’ is initial stiffness, ‘γw’ is the unit weight of water, ‘Ca’ is adhesion at the interface, 
‘τ’ is shear stress, ‘φ’ angle of friction, ‘Pa’ is atmospheric pressure, ‘Rf’ is failure ratio, ‘σn' 
is normal stress, 'n' is the exponent and ‘kj’ is modulus number. The value of tangential 
stiffness is obtained in incremental loading at every load step.  Also, Kss1 is evaluated as a 
function of 'σn’ and ‘τ' at any stress level of non-linear analysis. 

Few literatures have suggested the values for ‘Ks’ and ‘Kn’ at soil-structure interface. Thus, 
for full bond case it is in between 105–1010 kN/m3, whereas for no bond case ‘Ks’ is zero 
and ‘Kn’ is in between 105–1010 kN/m3 [25]. 

5. Methodology 

In order to model the realistic SSI system with modified interface, it is necessary to write 
a FE program consisting of soil and interface non-linearity. Hence it is decided to develop 
the FE model in MATLAB. The developed model has been validated with literature and then 
it has been used for studying the influence due to interface on SSI system. Hence such 
methodology is useful in tackling present problem. 

The FE model of SSI system was developed using MATLAB. This model is formed of the soil, 
footing and frame. It also considers the interface between the different modeled elements 
and it is capable of handling multiple DoF systems. The developed FE model includes soil 
and interface non-linearity with the incremental iterative process which is helpful in 
carrying out realistic SSI analysis.  
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The convergence in non-linear analysis has been achieved by residual forces. The tolerance 
of 1 % for residual forces has been chosen. The residual forces are checked against 
tolerance limit. If the solution does not converge, the residual forces are again calculated 
and applied on the structure so that the corresponding displacement is calculated and sum 
up to the total displacement. The process is continued till convergence is achieved. If 
convergence has not achieved till 15th iteration, then solution will stop. After convergence, 
the next load increment is applied and the same process is repeated. 

In order to validate the FE model, the SSI example from Viladkar et al. [37] has been solved 
with the developed FE model. After validating the results, further analysis has been carried 
out for understanding the influence of interface in frame-footing-soil interaction system 
with modified interface element. 

The methodology is versatile and it can be used to analyze realistic SSI system with 
interface. 

6. Validation of the FE model 

The developed FE model has validated with Viladkar et al. [37] model for Bending Moment 
and Settlement of the Footing. Viladkar et al. [37] has used finite-infinite elements for 
modeling soil as linear elastic and non-linear elastic. The frame structure with combined 
footing has modeled as 3 noded isoparametric beam bending element. In the present study, 
a similar model has been prepared in MATLAB with soil as finite element (8 noded 
isoparametric plain strain element) and other components are same as that of Viladkar et 
al [37]. The finite extent of soil mass has been modeled in such a way that, the deformations 
in x and y directions up to 0.5 m from the boundary is approximately null. Also, the finite 
extent of soil mass has been decided on the basis of pressure bulb. Thus, the boundaries 
were put beyond the pressure bulb limit as a result the boundaries are not reflecting wave 
towards the model. Hence it has been concluded that, 30.5 m x 30.5 m extent of soil mass 
is behaving like infinite soil for the frame considered by Viladkar et al. [37] (Fig. 6 (a)). The 
mesh sensitivity study has been carried out on extent of soil mass and mesh size of 1017 x 
1017 mm (Total no. of soil elements = 900) has been fixed for developed model. The mesh 
convergence study has been carried out on the basis of settlement for each mesh 
configuration.  The boundary condition for the developed model is shown in Fig. 6 (b) i.e. 
hinged at bottom boundary and roller at vertical boundaries. In other words, it is said that 
the displacements at bottom boundary is restricted in horizontal and vertical direction 
(constraining both DoF).  Whereas at vertical boundaries, the vertical displacement is 
allowed and horizontal displacement is restricted. 

The footing settlement and bending moment in frame as well as combined footing for    
finite extent of soil mass (30.5 m x 30.5 m) are in good agreement with Viladkar et al. [37] 
results.  
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(a)        

 
(b) 

Fig. 6 (a) SSI Model by Viladkar et al. [37], (b) SSI FE Model used in Present Study        

6.1. Detailed sensitivity analyses of soil boundary limits and mesh size 

The detail sensitivity analysis for deciding the soil boundary limits and mesh sizes has been 
carried out as shown in Table 2. The soil boundary limits were decided from Boussinesq 
Method. To decide the soil boundary limits, 04 extent of soil mass were considered. For 
every soil mass the pressure on boundaries (i.e., bottom and vertical boundary) has been 
calculated from Boussinesq Method. The soil extent has been chosen in such a way that; 
the least soil pressure should act on the boundaries as well as the boundaries should not 
reflect wave back to the structure so that the true settlement will be observed. 
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Table 2. Sensitivity analyses of soil boundary limits and mesh size  

Sr. 
No. 

Extent of 
Soil Mass 

(m) 

Pressure at 
boundaries 

calculated from 
Boussinesq 

Method (kPa) 

Mesh Size 
(m) 

No. of 
Elements 

Δ/B 
Present 
Study 

Δ/B 
Viladkar 
et al. [37] 

Bottom  Vertical  

1. 
15.25 x 
15.25 

5B x 5B 
0.0307 0.0054 

3.05 x 3.05 25 0.0268 

0.0300 

1.525 x 
1.525 

100 0.0275 

1.017 x 
1.017 

225 0.0278 

0.508 x 
0.508 

900 0.0278 

2. 
21.35 x 
21.35 

7B x 7B 
0.0156 0.0027 

3.05 x 3.05 49 0.0275 

0.0300 

1.525 x 
1.525 

196 0.0281 

1.017 x 
1.017 

441 0.0285 

0.508 x 
0.508 

1764 0.0285 

3. 
27.45 x 
27.45 

9B x 9B 
0.0094 0.0016 

3.05 x 3.05 81 0.0278 

0.0300 

1.525 x 
1.525 

324 0.0285 

1.017 x 
1.017 

729 0.0291 

0.508 x 
0.508 

2916 0.0291 

4. 
30.5 x 30.5 
10B x 10B 

0.0076 0.0013 

3.05 x 3.05 100 0.0291 

0.0300 

1.525 x 
1.525 

400 0.0304 

1.017 x 
1.017 

900 0.0310 

0.508 x 
0.508 

3600 0.0310 

B is the width of footing and Δ is the footing settlement 

From Table 2, it is observed that, for 15.25 x 15.25 m extent of soil mass, the pressure on 
the boundaries is about 1% that of the pressure applied on the structure. Due to such 
pressure on boundaries the confinement in soil mass increases and as a result the 
settlement is reduced for all mesh configurations with respect to Viladkar et al. [37] 
settlement (Linear elastic analysis). Thus, it is decided to increase the extent of soil, such 
that boundaries should not reflect the wave back to the structure. In other words, the 
boundaries are placed beyond the pressure bulb boundaries. 

Thus, 7B x 7B, 9B x 9B and 10B x 10B soil masses were checked against boundary pressure 
and settlement criteria. The 9B x 9B soil extent shows good results for 1.017 x 1.017 m 
mesh but the boundary reflection is influencing the settlement. Hence the extent is further 
increased to 10B x 10B. The boundary pressure is showing approximately null value 
(around 0.1% of applied pressure) and settlement for 1.017 x 1.017 m mesh is also 
appropriately matching with Viladkar et al. [37]. Hence 10B x 10B extent of soil mass and 
1.017 x 1.017 m mesh size has been considered in developed FE-SSI model. 
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6.2. Geometric, Material Properties and Loadings 

Geometric and material properties are shown in Table 3, 4 and 5 as given by Viladkar et al. 
[37] for validation purpose. 

Static - Uniformly Distributed Load = 0.24 N/mm for top and foundation beam (vertically 
downward)    

Table 3. Geometrical Properties for Frame, Footing and soil 

Sr. No. Structure Component Size 

1. Frame 

No. of Storey 01 

No. of Bays 02 

Storey height (mm) 3050 

Bay Width (mm) 3050 

Beam (mm) 270 x 270 

Column(mm) 270 x 270 

2. Foundation Combined Footing Beam(mm) 270 x 270 

3. Soil The extent of Soil Mass (m) 30.5 x 30.5 

Table 4. Linear Elastic Material Properties for Structure and Soil 

Sr. No. Component Elastic Modulus (N/mm2) Poisson’s Ratio 

1 Structural 21000 0.2 

2 Soil Mass 3 0.3 

Table 5. Non-Linear Material Properties for sand 

Sr. No. Description Value 

1 Relative Density 50% 

2 Initial Tangent Mod.  of sand ‘Ei’ 30 kg/cm2 

3 Modulus Number ‘K’ 305 

4 Exponent ‘n’ 0.90 

5 Failure Ratio ‘Rf’ 0.80 

6 Cohesion ‘C’ 0 

7 The angle of Internal Friction 390 

8 Poisson’s Ratio of sand 0.3 

6.3. Results and Discussion  

A plane strain linear and non-linear analysis has been carried out. The results in terms of 
footing settlement and bending moment in all members are represented in order to 
validate the present FE model. The results for Bending Moments in frame members and 



Dhadse et al. / Research on Engineering Structures & Materials 8(1) (2022) 127-154 

 

139 

combined footings are shown in Table 6, 7 & 8 and graphically represented in Fig. 7, 8 and 
9. (For member numbers kindly refer Fig. 6 (a)). 

 

Table 6. Bending Moments (N-mm) in Frame Members (Linear Elastic Analysis) 

Member  End  
Viladkar et al.   x 

102 
Present Study     x 

102 

% Difference 
with respect to 
present study 

NIA*   

B1  
1 (Inner)  678.4  707.9  4.17  2213.60  

2 (outer)  -2073.7  -2095.4  1.04  -919.20  

B2  
4 (Inner)  -3190.98  -3210.5  0.61  

NA  
3 (outer)  -983.41  -1026.5  4.20  

C1  
1 Top  0  0  0.00  0.00  

4 Bottom  0  0  0.00  0.00  

C2  
2 Top  2073.7  2095.4  1.04  919.20  

3 Bottom  983.4  1026.5  4.20  452.10  

 

 

Fig. 7 Graphical representation of Bending Moments from Table 6 

 

Table 7. Bending Moments (N-mm) in Frame Members (Non-Linear Elastic Analysis) 

Member End 
 Viladkar et al.   

x 102 
 Present Study   

x 102 

% Difference 
with respect to 
present study 

NIA* 

B1 
1 (Inner) 488.44 476.29 -2.55 2213.60 

2 (outer) -2224.12 -2214.46 -0.44 -919.20 

B2 
4 (Inner) -3310.00 -3336.42 0.79 

NA 
3 (outer) -1133.84 -1190.28 4.74 

C1 
1 Top 0.00 0.00 0.00 0.00 

4 Bottom 0.00 0.00 0.00 0.00 

C2 
2 Top 2224.29 2214.46 -0.44 919.20 

3 Bottom 1134.07 1190.28 4.72 452.10 
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Fig. 8 Graphical representation of Bending Moments from Table 7 

 

Table 8. Comparison of Bending Moments (N-mm) for LIA and NLIA in Present Study 

Member End LIA**x 102       NLIA*** x 102 
%  Difference with 

respect to NLIA     

B1 
1 (Inner) 707.9 476.29 -48.62 
2 (outer) -2095.4 -2214.46 5.37 

B2 
4 (Inner) -3210.5 -3336.42 3.77 
3 (outer) -1026.5 -1190.28 13.75 

C1 
1 Top 0 0.00 0.00 

4 Bottom 0 0.00 0.00 

C2 
2 Top 2095.4 2214.46 5.37 

3 Bottom 1026.5 1190.28 13.75 

 

 

Fig. 9 Graphical representation of Bending Moments from Table 8 

* NIA - Non-Interaction Analysis 
**LIA - Linear Interaction Analysis 
*** NLIA - Non-Linear Interaction Analysis 

The variation of footing settlement in non-dimensional form along the width of footing 
from the center to end is plotted in Fig. 10. Where, 'x' denotes the distance from center to 
the edge of footing, B is the width of footing and Δ is footing settlement. 
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Fig. 10 Variation of Footing Settlement along Footing Width from the centre to end 

The result in terms of bending moment and settlement from the present study shows good 
agreement with the available results of Viladkar et al. [37] model. Hence the developed FE-
SSI model has been validated and further cases are considered to study the influence due 
to interface in FE modeling of SSI system. 

7. Considered Cases 

The developed FE model for SSI system has been validated in the section 6. In order to 
achieve the objectives of the present study, the following cases have been considered 
(Table 9). 

The FE models used in all three cases are having the same geometrical properties as given 
in Table 3.  The model with boundary conditions is shown in Fig. 6 (b). The structural part 
in all the cases have been modeled as linear elastic so the linear elastic material properties 
are used as shown in Table 4. Whereas, the soil (sand) [38] and interface has been modeled 
as linear as well as non-linear elastic. The non-linear material properties for sand and 
interface reported by Viladkar et al. [25] has been used for all the cases as given in Table 
10 and 11 respectively. 
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Table 9. FE models considered for frame footing soil interaction system 

Case 
No. 

Component 
Elements used                    
(Ref: Section 3) 

Constitutive 
Model              

(Ref: Section 4) 
Loading 

Interface 
Response 

I 

Structure 
2 noded 1D 

isoparametric 
beam element  

Linear Elastic Vertical 
Direct 

Contact 
(bonding) 

Soil 

8 noded 
isoparametric 
plane strain 

element 

Linear and Non-
Linear 

 

II 

Structure 
2 noded 1D 

isoparametric 
beam element 

Linear Elastic 
Vertical 

and 
Lateral 

Direct 
Contact (slip, 
bonding and 
de-bonding) Soil 

8 noded 
isoparametric 
plane strain 

element 

Linear and Non-
Linear 

 

III 

Structure 
2 noded 1D 

isoparametric 
beam element 

Linear Elastic 
Vertical 

and 
Lateral 

Modified 
interface 

(slip, 
bonding and 
de-bonding) 

Soil 

8 noded 
isoparametric 
plane strain 

element 

Linear and Non-
Linear 

 

Interface 

5 noded 
isoparametric 
zero thickness 

element 

Linear and Non-
Linear 

 

 

Table 10. Non-Linear Material Properties for Sand 

Sr. No. Description Value 

1 Soil Type SP 

2 Unit weight 16.3 kN/m3 

3 Relative Density 84% 

4 Modulus Number ‘K’ 700 

5 Exponent ‘n’ 0.50 

6 Failure Ratio ‘Rf’ 0.90 

7 Cohesion ‘C’ 0 

8 The angle of Internal Friction ‘ɸ’ 410 

9 Poisson’s Ratio of sand 0.3 
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Table 11. Non-Linear Material Properties for Interface 

Sr. No. Description Value 

1 Modulus Number ‘kj’ 8625 

2 Exponent ‘n’ 0.662 

3 Failure Ratio ‘Rf’ 0.82 

4 Adhesion ‘Ca’ 0 

5 The angle of Internal Friction 'ɸ' 29.30 

6 Unit weight of water γw 0.00001 N/mm3 

7 Atmospheric pressure ‘Pa’ 0.10132 N/mm2 

8 Normal Stiffness (Knn) 108 kN/m3 

The static loading and member identification for all the cases are shown in Fig. 11 (a), (b) 
and (c) whereas the boundary conditions are shown in Fig. 6 (b). 

 

(a) Case I                                              (b) Case II 

 

(c) Case III 

Fig. 11 Representation of FE Models with Loading and member identification 
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7.1. Result and Discussion    

The plane strain FE analysis has been carried out for all 3 cases. For non-linear analysis, 
the total load has been applied into 7 load increment such as 30%, 15%, 15%, 10%, 10%, 
10% and10% of the total load on the basis of sensitivity analysis. The analysis result (linear 
and non-linear soil) in terms of bending moment, footing settlement, lateral sway and base 
shear stress has been presented to study the influence of interface in SSI analysis. The 
study includes modified interface element with consideration of slip, bonding and de-
bonding at soil-structure junction. 

7.1.1 Bending moment 

a. for Case I 

For Case I, the structure is loaded as UDL only (vertically downward). Also, there is direct 
contact between soil and structure i.e., soil and structure is tied at intersecting nodes. The 
variation of bending moments clearly shows the necessity of interaction analysis (Table 12 
and Fig. 12). Whereas the performance of structure improves further after considering 
non-linear analysis (Table 12 and Fig. 12).  

Table 12. Bending moment comparison for NIA, LIA and NLIA for Case I 

Member End 
NIA 

(kNm) 
LIA 

(kNm) 
% difference        

(NIA and LIA) 
NLIA 

(kNm) 
% difference        

(LIA and NLIA) 

B1 
1 9.19 17.17 -86.83 19.36 -12.75 
2 -22.13 -9.64 56.44 -6.89 28.53 

B2 
2 22.13 9.64 56.44 6.89 28.53 
3 -9.19 -17.17 -86.83 -19.36 -12.75 

B3 
4 NA 6.79 NA 9.50 -39.91 
5 NA 26.79 NA 26.72 0.26 

B4 
5 NA -26.79 NA -26.72 0.26 
6 NA -6.79 NA -9.50 -39.91 

C1 
1 -9.19 -17.17 -86.83 -19.36 -12.75 
4 -4.52 -6.79 -50.22 -9.50 -39.91 

C2 
2 0 0 0.00 0.00 0.00 
5 0 0 0.00 0.00 0.00 

C3 
3 9.19 17.17 -86.83 19.36 -12.75 
6 4.52 6.79 -50.22 9.50 -39.91 

 

Fig. 12 Graphical representation of Bending Moments from Table 12 
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The bending moment (BM) comparison (Table 12 and Fig. 12) for Case I shows that there 
is redistribution of moments when compare LIA and NLIA with NIA. Also, it is observed 
that the center column is relieved from BM whereas edge columns are getting more 
moments. It is due to settlement of the footing. The results also find the importance of soil 
non-linearity on BM results, as the variation of -39% to 28% is observed. Such variation is 
due to the increased settlement in NLIA and continuous change of relative stiffness 
between soil and footing due to load increments. It is also observed that footing have the 
least pressure at center and maximum pressure at edges. 

b. for Case II 

In Case II, the static lateral load in addition to vertical load is acted on the structure. Also, 
the soil and structure are tied at intersection nodes (i.e., without interface as direct 
contact). The results of BM show the variation due to relative motion between structure 
and soil (Table 13 and Fig. 13). Again, the results show improvement in NLIA but reliability 
is getting affected due to tied contact at soil-structure junction. 

Table 13. Bending moment comparison for NIA, LIA and NLIA for Case II 

Member End 
NIA 

(kNm) 
LIA 

(kNm) 
% difference        

(NIA and LIA) 
NLIA 

(kNm) 
% difference        

(LIA and NLIA) 

B1 
1 0.151 7.33 - 9.56 -30.42 
2 -28.88 -18.13 37.22 -15.23 16.00 

B2 
2 15.442 0.98 93.65 -1.76 - 
3 -18.131 -27.1 -49.47 -29.36 -8.34 

B3 
4 NA -1.3 NA 1.23 - 
5 NA 17.52 NA 17.60 -0.46 

B4 
5 NA -36.35 NA -36.04 0.85 
6 NA -14.94 NA -17.98 -20.35 

C1 
1 -0.151 -7.33 - -9.56 -30.42 
4 8.359 1.3 84.45 -1.22 - 

C2 
2 13.438 17.15 -27.62 16.99 0.93 
5 14.978 18.83 -25.72 18.44 2.07 

C3 
3 18.131 27.1 -49.47 29.36 -8.34 
6 17.245 14.95 13.31 17.98 -20.27 

 

Fig. 13 Graphical representation of Bending Moments from Table 13 
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From Table 13 and Fig. 13, it is observed that the effect of lateral load in addition to vertical 
loads is dominant on column C2 and C3. As a result, a very high redistribution of BM in LIA 
is observed up to 93% and for some members, the reversible sign is also observed. As far 
as B1 and B2 are concerned (LIA), the edge 1 (where lateral load acts) is experiencing a 
very high increase in BM (indicated by '-'). In fact, due to the settlement of C1 as compare 
to fixed C1 in NIA, edge 1 is attracting very high moment with respect to NIA. Moreover, 
edge 2 is relieved from BM as corresponding edge 1 and 3 is getting higher values. In the 
case of LIA column members, the variation of -49 to 85% is observed. For NLIA, it is 
observed that the footing settlement and sway increases, as a result, the BM is increased 
up to 30%. In addition to this, foundation beam in NLIA shows reversible in the sign of BM 
at edge 4, whereas at edge 6, 21% BM is increased. It is happened due to lateral load, edge 
4 is uplifted whereas edge 6 is sinking more (Fig. 16(a)). 

c. for Case III 

Case III is inclusive of interface. The interface is capable of slip, bonding and de-bonding at 
soil-structure contact. Also, the non-linear nature of interface has been considered to get 
acquainted with field conditions. As a result, Case III is more realistic as compare to earlier 
cases. The relative motion between structure and soil is taken care by interface hence; the 
performance of structure is improved and reliable as well. As a result, the true BM is 
observed from Table 14 and Fig. 14. 

Table 14. Bending moment comparison for NIA, LIA and NLIA for Case III 

Member End 
NIA 

(kNm) 
LIA 

(kNm) 
% difference        

(NIA and LIA) 
NLIA 

(kNm) 
% difference        

(LIA and NLIA) 

B1 
1 0.151 11.57 - 11.65 -0.69 
2 -28.88 -12.64 56.23 -12.52 0.95 

B2 
2 15.442 -4.08 - -4.20 -2.94 
3 -18.131 -31.38 -73.07 -31.46 -0.25 

B3 
4 NA 3.53 NA 3.63 -2.83 
5 NA 16.85 NA 16.93 -0.47 

B4 
5 NA -34.71 NA -34.81 -0.29 
6 NA -21.14 NA -21.21 -0.33 

C1 
1 -0.151 -11.57 - -11.65 -0.69 
4 8.359 -3.53 - -3.63 -2.83 

C2 
2 13.438 16.71 -24.35 16.72 -0.06 
5 14.978 17.86 -19.24 17.87 -0.06 

C3 
3 18.131 31.38 -73.07 31.47 -0.29 
6 17.245 21.14 -22.59 21.22 -0.38 

In Case 3, BM with the interface is given in Table 14 and graphically represented in Fig. 14. 
Due to incorporation of normal and tangential stiffness at footing soil interface, the 
resistance because of tied contact (without interface) between soil and footing is 
completely reduced. Hence the base shear stress is reduced and sway is allowed, as a result, 
true BM observed in LIA. Reversible BM sign is also observed at end 1 and 4, it is due to 
fact that, lateral load (at end 1) is lifting end 4 in LIA.  It is also found that very less variation 
i.e. 3% is observed when soil and interface are considered as non-linear (NLIA). Thus the 
response of the structure is improved due to realistic numerical modeling of frame-footing-
soil interaction system. 
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Fig. 14 Graphical representation of Bending Moments from Table 14 

The comparison of BM for Case II and Case III is given in Table 15 and Fig. 15. The 
comparison is helpful in understanding the influence of interface on BM values. 

Table 15. Bending moment comparison (with and without interface) for Case II and Case 
III 

Member End 

LIA 
(without 

interface) 
(kNm) 

LIA   
(with 

interface) 
(kNm) 

% 
difference         

NLIA 
(without 

interface) 
(kNm) 

NLIA    
(with 

interface)  
(kNm) 

% 
difference         

B1 
1 7.33 11.57 -57.84 9.56 11.65 -21.86 
2 -18.13 -12.64 30.28 -15.23 -12.52 17.79 

B2 
2 0.98 -4.08 - -1.76 -4.20 - 
3 -27.1 -31.38 -15.79 -29.36 -31.46 -7.15 

B3 
4 -1.3 3.53 - 1.23 3.63 - 
5 17.52 16.85 3.82 17.60 16.93 3.81 

B4 
5 -36.35 -34.71 4.51 -36.04 -34.81 3.41 
6 -14.94 -21.14 -41.50 -17.98 -21.21 -17.96 

C1 
1 -7.33 -11.57 -57.84 -9.56 -11.65 -21.86 
4 1.3 -3.53 - -1.22 -3.63 - 

C2 
2 17.15 16.71 2.57 16.99 16.72 1.59 
5 18.83 17.86 5.15 18.44 17.87 3.09 

C3 
3 27.1 31.38 -15.79 29.36 31.47 -7.19 
6 14.95 21.14 -41.40 17.98 21.22 -18.02 

(‘-’ indicates irreversible sign or very high difference) 

The influence of interface on BM is found out from Table 15 and Fig. 15. The variation from 
-57 to 30 % and some irreversible sign in BM value of LIA (as compared to LIA without 
interface) is observed. Whereas the variation of -21 to 17% with some irreversible sign in 
BM value of NLIA (as compared to NLIA without interface) is observed. Thus the inclusion 
of interface has resulted increase in free sway and settlement as a realistic physical 
behavior. As a result, the BM values are giving better result considering interface stiffness 
values. 
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Fig. 15 Graphical representation of Bending Moments from Table 15 

7.1.2 Footing Settlement  

The variation in bonding and de-bonding at soil-structure contact is clearly observed from 
footing settlement results. Fig. 16 (a) shows the comparison of footing settlement for 
various cases. It is predominately observed that the values of settlement for non-linear 
analysis are 3.5 to 4 times that of linear analysis. 
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(b) 

 

(c) 

Fig. 16 (a) Non-dimensional representation of footing settlement for all the cases, (b) 
Close view of A, B and C, and (c) Close view of D, E and F 

G L – Gravity load and linear analysis 
G NL – Gravity load and Non-linear analysis 
G+L L – Gravity + Lateral load and linear analysis 
G+L NL – Gravity + Lateral load and Non-linear analysis 
G+L L Interface – Gravity + Lateral load and linear analysis with linear Interface 
G+L NL Interface – Gravity + Lateral load and Non-linear analysis with non-linear Interface 
Δ – Footing settlement (mm) 
B – Footing Width (mm) 
x – Distance between end 4 and end 6 (mm) 

The increase in settlement is due to lesser value of tangent modulus as compare to initial 
tangent modulus. As a result, stiffness of soil is reduced and settlement is increased.  

It is also observed that, due to soil uplift pressure, the middle portion between two 
columns is looking like concave shape in all the cases. This is supposed to be a realistic 
response in SSI analysis. The similar kind of results has also depicted by Viladkar et al. [19].  

The important consideration in interface element is to allow slip, bonding and de-bonding 
at soil footing interface. Thus, it is necessary to evaluate the behavior of 5 noded zero 
thickness interface element for such relative motions. From Fig. 16(a), Fig. 16(b) and 16(c), 
it is observed that (at end 4), there is de-bonding of 8% and 4.3% for ‘G+L L’ and ‘G+L L 
Interface’ cases respectively. Whereas, the de-bonding of 6.43% and 7.16% is observed for 
‘G+L NL’ and ‘G+L NL Interface’ cases respectively. In addition to this, end 6 is found more 
sinking (bonding) as compare to ‘G L’ and ‘G NL’ cases. The extra sinking of 8% and 10.53% 
is found for ‘G+L L’ and ‘G+L L Interface’ cases respectively. Whereas sinking of 9.43 and 
9% is found for ‘G+L NL’ and ‘G+L NL Interface’ cases respectively. Thus, it is noted that 
due to lateral loads the bonding and de-bonding has been observed in case II and case III. 
Moreover, the presence of interface has provided the appropriate values of bonding and 

A B C 

D E F 
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de-bonding at footing-soil junction. It is also found that the resistance to slip, bonding and 
de-bonding due to tied contact (without interface) is completely reduced due to inclusion 
of the interface.  Hence the value of de-bonding is increased by 11.35 % than 'G+L NL' case 
and bonding is increased by 31.62% than 'G+L L' case. 

It is also found that, the presence of interface is necessary for laterally loaded structure. 
Whereas for only vertical loads, the interface may be neglected as there is full bond 
between structure and soil. 

7.1.3 Footing Base Shear stress and Sway of the frame   

The performance of interface for de-bonding and bonding has discussed through 
settlement and BM results. But the slip occurs due to interface is not clearly visible. The 
performance of interface for slip is very well seen through graphical representation of 
footing base shear stress and sway of the frame. 

To evaluate the realistic performance of the structure subjected to lateral loads, the 
realistic modeling consideration has been adopted with the interface element. The 
response in terms of footing base shear stress and sway of the frame has been compared 
for with and without interface cases as shown in Fig. 17 and 18 respectively. 

 

Fig. 17 Variation of maximum shear stress at the base of the footing 

 

Fig. 18 Non-dimensional representation of Sway of the frame along the height 

From Fig. 17, it is observed that the footing base shear stress is decreased after 
consideration of interface. It is also found that, the non-linearity of interface has further 
decreased the footing base shear stress as compare to linear results. It has happened due 
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to reduction of shear stiffness along the footing base which results in more tangential 
displacement. It is also shown in Fig. 17 that the consideration of interface improves the 
performance of structure by reducing the footing base shear stress.    

As the footing base shear stress is decreasing after consideration of interface, the slip at 
footing level and sway of the structure has been increased (slip increased by 13.82% and 
11.08% for LIA and NLIA respectively and sway increased by 8.80% and 7.84% for LIA and 
NLIA respectively) as shown in Fig. 18. The sway in structure for non-linear analysis has 
found approximately 4 times than that of the linear analysis. It has also happened due to 
reduction in shear stiffness at base of the footing during incremental loading which results 
in increasing slip and sway. As a result, the realistic performance of the structure has been 
observed. The non-linearity of soil and interface is necessary for analysis of SSI problems. 

8. Conclusions

Influence due to interface in FE modeling of SSI system has been studied using modified 
interface element. The realistic modeling of interface has been done by including slip, 
bonding and de-bonding at soil-structure contact. The interface non-linearity has also been 
considered to get acquainted with the field conditions. Thus, the appropriate influence due 
to interface has been found out by comparing BM, settlement, footing base shear stress and 
sway of the frame. Based on the analysis and results obtained, following conclusions are 
made, 

• The FE model for SSI system with realistic interface behavior has been developed
and validated successfully with available literature.

• Modified 5 noded zero thickness interface element has been successfully
implemented in this study. The element has showed good compatibility with 2
noded 1D beam and 8 noded 2D soil elements. The execution of such interface
element in frame-footing-soil interaction system subjected to lateral load is a novel
contribution.

• The proposed model, due to the inclusion of interface has improved the
mathematical performance of structure by reducing the base shear stresses and 
allowing the sway. Thus it is giving more realistic behavior of SSI problems.

• The response such as slip, bonding and de-bonding at soil-footing contact has been
successfully evaluated by the modified interface element. Hence the proposed
methodology is suitable for appropriate modeling SSI problems.

• The redistribution of BM as well as a reversible sign for some frame members has 
made SSI analysis a necessary study with realistic modeling considerations.

• The non-linearity of soil as well as interface in modeling of SSI system is necessary,
as the settlement and sway has increased (about 4 times of linear analysis)
drastically for non-linear interaction analysis.

The present study is limited for static loading conditions only. The methodology suggested 
in this study is useful for future research such as dynamic SSI analysis considering realistic 
interface modeling. 
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