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Analysis of system of footing resting on irregular soil 
Analyse d’un système de fondations reposant sur un sol irrégulaire

M. Kany -Zirndorf, Germany 

M. El Gendy -  Suez Canal University, Port Said, Egypt

ABSTRACT: In this study, interaction among a system of foundations is idealized in a computer program by taking into account the 
irregularity of the subsoil material. The subsoil has been idealized as a three dimensional layered model. Also, a numerical procedure is 
proposed for analysis o f a general system of foundations using an iteration method, especially for a large system o f foundations.

RESUME: Dans cette étude, les interactions dans un système de fondations sont idéalisées dans un programme informatique, en tenant 
compte des irrégularités du sous-sol. Le sous-sol a été modélisé en trois dimensions. De plus, un procédé numérique est proposé pour 
l’analyse d’un système de fondations utilisant une méthode de répétition, spécialement pour les grands systèmes de fondations.

1 INTRODUCTION

In many practical cases, it becomes important to study the 
interaction among a system of foundations which are constructed 
at the same time. The conventional solutions o f this problem 
assume that the contact pressures o f the foundations are known by 
assuming a linear distribution of contact pressure on the bottom of 
the foundation. Accordingly, the soil settlements due to the system 
of foundations can be easily determined. This assumption is correct 
only for small foundations which may be in this case considered as 
rigid foundations. For big foundations, it is preferred to analyse the 
foundation as a plate resting on either elastic springs (Winkler’s 
model) or continuum model. In spite o f the simplicity o f the first 
model in applications, one cannot take into account the effect o f 
neighbouring foundations or the influence o f additional exterior 
loads. Winkler’s model is based on the fact that the contact 
pressure at any point on the bottom o f the foundation is 
proportional to the deflection at that point, independent of the 
deflections at all other points.

The study of interaction between a foundation and another 
neighbouring foundation or external load has been considered by 
several authors. Selvadurai (1983) examined the interaction 
between a rigid circular foundation and an external load. Stark

(1990) presented an example for the interaction between two slabs. 
Kany (1972) presented his analysis o f a system o f rigid 
foundations. In addition, he presented a solution o f a system of 
foundations taking into account the rigidity o f the structure using 
a direct method (Kany 1977).

This study presents a general solution for analysis o f a general 
system of foundations on a three dimensional layered subsoil 
model

2 DESCRIPTION OF METHOD

To describe the proposed procedure o f analysis for a system of 
foundations we consider the example system o f foundations shown 
in Figure 1. The system consists o f three different foundations I, II, 
and III, and it is supposed to be constructed at the same time. The 
three foundations have F^+rj+rm nodes. The contact pressure q, at 
node i is replaced by equivalent contact force Q, There are 
additional two external foundations IV and V which are 
constructed after the system o f the three foundations is done. 
Those two external foundations would provide an additional 
settlement Sj A at node i.

For the set o f grid points o f the three foundations, the settlement

s, at point i is:

s r T , ( c , j ! Q k )  + s ,a  ( > )
/t=i

where cu is the flexibility coefficient o f point i due to a unit load at 
point k.

2.1 Three dimensional flexibility coefficient clk

Available solutions for the analysis o f an isolated foundation on a 
three dimensional subsoil model were presented by EL Gendy 
(1994) and Kany & EL Gendy (1995).The above solutions may be 
used also here for the analysis o f a general system of foundations.

additional external foundations TV and V
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Figure 2. The limit depth d, under a foundation.

But, there is still a question. What is the number of layers in a 
boring that can be taken into consideration to determine the 
flexibility coefficient cu 9 It was known that the number o f layers 
depends on the level o f the rigid surface or on the limit depth ds 
where no settlement occurs. It is clear that the limit depth d„ for a 
boring is not a soil constant. It may be defined as the level of 
which the stress o z due to the foundation load plus the external 
foundation loads in a system of foundations reaches a standard 
ratio E, o f the initial vertical stress oE=Lyz due to the self-weight of 
the soil layers as shown in Figure 2. Examination from Amman & 
Breth (1972) showed that the values E, may be taken as £=0.8, the 
standard value of £ is 0.2 (DIN 4019).

Another problem by the three dimensional subsoil model is that 
the soil under the system of foundations is characterized by a 
number o f borings. To solve this problem for the three dimensional 
subsoil model, a number of major limit depths for each foundation 
equal to the number of borings should be determined. Each limit 
depth corresponds to one o f soil borings and that foundation. It is 
determined from the material o f that boring and the stress due to 
the foundation load plus the external foundation loads under that 
foundation by assuming average distribution o f contact pressures 
on the bottom of the foundations.

To take the irregularity o f the subsoil material in x and y 
directions into account, the flexibility coefficient cLk can be 
determined by the more accurate method (Kany & EL Gendy

1995). In that method, the whole foundation area which contains 
the system of foundations is divided into three region types as 
shown in Figure 1.

Type I: This region is confined by three borings. The flexibility 
coefficient cu for a node lying in this region is obtained by 
interpolation among three values o f cLk which are determined from 
the material o f the three borings.

Type II: This region is confined by two borings. The flexibility 
coefficient cu  for a node lying in this region is obtained by 
interpolation between two values of cu which are determined from 
the material o f the two borings.

Type III: This region is configured to one boring. The flexibility 
coefficient cu is determined from the material o f that boring.

For the above three region types, the flexibility coefficient cu for 
node i on the bottom of a foundation must be determined using the 
limit depths which correspond to that foundation.

Equation 1 can be rewritten in matrix form as:

(2)

l c b , M / j / / \ Q ) , u

W / / M / w W / / y / / { Q )„
' +  ‘

> } / / / [ C W [c \ h j i < ? } / / /

[c]u=flexibility matrix o f foundation I due to contact pressure of 
foundation J,

(Q},=contact force vector o f foundation I,

{sA},=additional settlement vector o f foundation I due to external 
foundations.

For big foundations, the foundation can be treated as a plate on 
elastic medium. From the finite element analysis o f the plate, the 
equilibrium o f foundations is expressed by the following matrix 
equation:

(3)

where {p},=extemal force vector of plate I,

{8 (^deformation vector o f plate I,

[kp],=plate stiffness matrix of plate I.

Considering the compatibility o f deformations between the plate 
and the soil medium, where the soil settlement s is equal to the 
plate deflection w, Equations 2 and 3 give the following linear 
system of equations:

[0] [0] {6}/ \Q),

[0] [*,]// [0] (6};, [P)„ (Q)u

[0] [0] [*,]///. 6};/; P),,, :<?}///.

[ * ; ,  [ 0 ] [ 0 ] M , , [«■]/,//

[ 0 ] [ 0 ] + [ C W M m [ C W

[ 0 ] [ 0 ] [ * , V l c l „ j M / , / , / 7 H i u n ,

M , , M u , l c l j n

1
u

\P}„ ' +
H u M / / j / [CW

P},„ M / / / J tcW M l i u i l s 4 / / /
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(4)

where {s},=settlement vector o f foundation I,

This above system of linear equations can be solved by Gauss 
elimination method or by iteration.

2.2 Iteration method

The major difficulty for practical problems to study a system of 
foundations lies in solving a large set o f equations which requires 
a large computer storage and a long computation time.

There are a number of iteration methods for the analysis of an 
isolated foundation given by Haung (1974), Ahrens & Winselmann 
(1984), Stark (1990) and EL Gendy (1994). Those methods may 
be used here by performing a coordinate transformation, but need 
a large computer storage.

In this study, a proposed iteration method is developed to solve 
the system of linear equations for a system of foundations. The 
main idea of this method is that each foundation set o f equations is 
solved alone and the soil stiffness matrix will be converted to 
equivalent symmetrical banded matrix. This matrix is then simply 
added to that o f the plate. As the plate stiffness matrix is also 
banded matrix, the overall matrix can be solved by using the 
banded coefficients technique.

A good advantage of this iteration method is that it requires 
much less computer memory than the elimination method or 
iteration methods which treat the total system o f equations of the 
foundations as one unit. Figure 3 indicates the iteration cycle and 
the flow chart o f the iteration process.

3 NUMERICAL RESULTS

3.1 Example I

The effect o f irregularity o f the subsoil material on the behavior of
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Figure 3. Flow chart o f the iteration process.

foundations using the proposed analysis is illustrated through the 
study of the differential settlement among a system o f footings. 
Consider the group o f footings shown in Figure 4. The group 
consists of nine footings resting on a three dimensional subsoil 
model The subsoil under the footings is characterized by four 
borings, each boring has three layers with different materials, 
Poisson’s ratio is vs=0 for all soil layers (see Table 1). The effect 
of reloading and water ground are taken into account. The footing 
thickness is d=0.5 m, unit weight o f the footing is y t =25 kN/m3 
and the level o f foundation is d(=2.2 m. Boring locations, footing 
loads and dimensions are shown in Figure 4.

Because the footing dimensions are relatively small, the footings 
may be treated as rigid footings having uniform distributed contact 
pressures. In this case, it is enough to determine the soil settlement 
at the footing comers. For a good judgement on the proposed

TaW^T^Soihnateria^andla^eMevelsj^he^ouHDorings^

Layer

No.

Layer level 
under the 
ground 

surface [m]

Modules o f elasticity 
loading reloading 

E W 
[kN/m2]

Unit 
weight of 
the soil y  
[kN/m3]

1 1.3 98000 135000 19

2 12/11/14/10 98000 135000 11.2

3 40 9500 12000 12

0 0 2.0 4.0 6.0 8.0 10.0 12.0 x  [m ]

Figure 4. Arrangement of the footings and boring locations.

analysis, the group o f footings has been treated four times 
according to the following cases:

i. The limit depths for all borings were obtained due to a stress 
related to the maximum loaded footing (footing 5).

ii.The limit depths for all borings were obtained due to a stress 
related to the minimum loaded footing (footing 3).

iii. Without limit depths and the last layer for each boring extend 
to a depth 40 m below the ground surface.

iv. The limit depth was obtained due to a stress related to its 
corresponding footing.

Table 2 shows the central settlement values o f the footings for 
the four cases. As expected, the numerical results indicate that the 
limit depths have a significant influence on the settlement o f the 
footings. It can be seen from Table 2 that there are great 
differences in the settlement values by applying the four cases. 
Case i gives high values o f settlement where that o f case ii are 
small and that o f case iii are very heigh. This proved that the 
proposed analysis is a suitable procedure to study the interaction 
for a group o f footings.

3.2 Example 2

In this example, an analysis procedure o f a large system of

Table^^^Centn^settlement^aJues^oftheJbotings^

Footing

No.

Calculation of central settlement [cm] based on

Limit 
depths 

related to 
footing 5

Limit 
depths 

related to 
footing 3

Without 
limit 

depths 
z=40 m

Present

method

1 2.85 1.10 6.22 2.00

2 2.54 0.70 6.04 1.79

3 2.03 0.60 5.03 0.60

4 4.08 1.49 8.07 3.93

5 4.44 1.69 8.56 4.44

6 3.08 0.87 6.57 2.32

7 4.94 2.18 8.84 4.73

8 5.02 2.17 8.95 4 81

9 3 78 1.33 7.38 3.18
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•  Pi= 1250 kN
Figure 5. System of two circular slabs. •P ,=1000 kN

four iteration cycles for both cases with and without interaction 
(only isolated foundation). Figure 6 shows the contour lines for 
settlement values of the slabs for the cases with interaction (slab 2) 
and without interaction (slab 1).

To show the speed of convergence of the present iteration 
method, a comparison of the new proposed iteration method with 
the well known iteratively working method with variable moduli of 
subgrade reaction and that o f EL Gendy (1994) has been carried 
out. The accuracy of computation was plotted against the iteration 
cycle number in Figure 7, for the three iteration methods where the 
analysis was done for one slab only. Figure 7 shows that the 
present iteration method converges more rapidly.

4 CONCLUSION

A numerical procedure was developed for analysis o f a general 
system of foundations. The procedure which is based on a new 
iteration method, requires a small computer storage and short 

computation time. Accordingly it can be applied to a large system 
o f foundations. A comparison of the present iteration method to 
the iteratively working method with variable moduli o f subgrade 
reaction shows that the proposed iteration method converges more 
rapidly Also, it is possible to study the effect of irregularity of soil 
on the behavior o f foundation system according to an ideal subsoil 
model based on a three dimensional layered model
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