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1 CALCULATION METHOD OF THE RAFT 
FOUNDATION FOR THIS STUDY 

 
In this section, a method for calculating a raft on nor-
mal soil (not subject to the occurrence of swelling) 
will be presented.  

There are several methods for the calculation of 
rafts. Most of these use the Boussinesq formulas for 
the calculation of the settlements and the adoption of 
the simplified model of the thin plates to calculate the 
balance of the foundation.  

In this study we use a method proposed by Cuira 
& Simon (2008) implemented in a calculation pro-
gram named Tasplaq. 

Starting at the point where the modelling of a plate 
in pure flexure adopts the classical theory of thin 
plates, and more exactly the discreet model of Kirch-
hoff where only the deformations due to the flexure 
are taken into account, two sets of equations govern 
the behaviour and the balance of the plate (raft): 
 
- The equations of balance: 
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- Law of behaviour:  
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Where q refers to the density of the load applied lo-
cally to the plate; 𝑇& : Shear force along the axis (Ox) (kN/ml); 𝑇- : Shear force along the axis (Oy) (kN/ml); 𝑀& : Bending moment around the axis (-Oy) 
(kN.m/m); 𝑀- : Bending moment around the axis (-Ox) 
(kN.m/m) 𝑀&- : Torsion moment (kN.m/m); 𝑤 : Plate arrow, where downward is positive (m); 
EI: product of inertia (𝐼 = 𝑏ℎ?/12) with b the width 
of the element of the plate; 
n : Poisson ratio; 
The combination of Equations 1 and 2 leads to Equa-
tion 3, by the name of Lagrange: 
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Which must be solved with the help of finite element 
analysis. 

Soil structure interaction on expansive soil: Case of raft foundation at the 
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ABSTRACT: The Urban Pole of Diamniadio (UPD) is being built on geological formations subject to the 
occurrence of swelling. Without special provisions, this phenomenon causes complications in construction. Raft 
foundations are generally laid on a surrogate layer with provisions to control the influence of the climate on the 
swelling formations. The present study deals with raft foundation - swelling soil interaction; taking the occur-
rence of swelling into account as an imposed deformation in the design of the foundation. It will firstly be 
necessary to calculate the size of the slab so that it is able to absorb the effects of the imposed deformation of 
the soil, which is caused by the swelling. Subsequently, an economic comparison between this method and that 
of backfill substitution which is the solution that has hitherto been recommended for shallow foundations, 
should be drawn. Imposed deformation in the design results in an increase in loads (moments) of nearly 12 %. 
As a result, there is an increase in the volume of concrete and the weight of reinforcement of 16 and 20 % 
respectively. Nevertheless, the global study shows that this method is more economical with a decrease in the 
total cost of foundations by 34 %, compared to the substitution method which includes a high cost of imple-
mentation.  
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On the other hand, the soil is likened to a multi-layer 
massif elastic and the Boussinesq formulas for the 
calculation of the settlements on the surface are used. 
The calculation of the settlements is based primarily 
on the formula of Steinbrenner, resulting from Bous-
sinesq formulas. 

Finally, the result of the calculation provides the 
settlement, reaction of the soil as well as the stress in-
duced on the plate (raft) at any point. 
 
 
2 THE CURRENT SOLUTIONS OF 

FOUNDATIONS ON DIAMNIADIO 
 
The lithology encountered on Diamniadio is com-
posed of a blackish soft to firm clay, 0 to approxi-
mately 3 m deep, below which soft marl is found at a 
depth of 3 to 30 m or even more. Among the solutions 
of the proposed foundations, there are: 

2.1 Shallow foundation type isolated footings or 
rafts erected on a layer of lateritic gravel 
backfill of 1.5 m thick  

 

 

 

 
Figure 1. Current methods of construction at Diamniadio in shal-
low foundations 

 
The set of constructive provisions set to accompany 
the establishment of foundations in this manner, in the 
context of guarding against the climatic variations of 
the soil that is subject to shrinkage and swelling, 
makes their construction and implementation tedious 
and expensive. 

2.2 Deep foundation type piles and micropiles 

This type of foundation is often adopted to overcome 
the very wide range of swelling potential. The special 
constructive provision is the holding of a vacuum be-
tween the footing head of piles and the natural terrain 
that could be subject to the occurrence of swelling. 

This technique allows you to guard against climate 
variations in a manner that is supplementary to the 
strict adherence of an infinite list of constructive pro-
visions. However, it remains quite expensive.   
 
 
3 TAKING THE SWELLING INTO ACCOUNT 

IN THE SIZING - PRINCIPLE - ASSUMPTION 
- STEPS 

 
The purpose of this study is to show how the raft can 
lay down directly on the swelling marl after purging 
the blackish clay, without any of the constructive pro-
visions set out above, and to take the swelling as im-
posed deformation, in the sizing (formwork and rein-
forcement) of the raft. 

The calculations will be done in two dimensions 
by considering a beam with a width of 1 m. The clas-
sical equations describing the flexure of a beam, al-
lows one to introduce a free distortion imposed to the 
beam. Then, two hypotheses are proposed: 
- Reasoning in two dimensions (plane deformations, 

unidirectional swelling); 
- The swelling of the marl is considered as an im-

posed deformation on our structure element. 
The first step will be to do the calculation of the raft 
by inserting the values into Equation 1, the stresses 
(moment) are then used for sizing the raft (formwork 
and reinforcement). 
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The second step is to do the same calculation with the 
raft laid directly on the swelling marl; stresses ob-
tained are then saved in the program. 

The third step is to stall the ground with a real 
spring stiffness determined in the goal of having the 
best approximation of the information recorded with 
the real soil in the second step. The real stiffness will 
translate the "behaviour of the soil support of the 
beam". 

The fourth step is to approximate the imposed de-
formation curve of the expansive soil from the curve 
of swelling test. 

The fifth step is to introduce this curve of defor-
mation in the model obtained in the third stage (beam 
on surface support, modelling the raft on a real soil). 

 
The classical equation of the beam is the following: 

𝐸𝐼 FCG(H)FHC = 𝑞(𝑧) − 𝑟(𝑧) (4) 

The reaction of the soil is given as a function of the 
relative shift y-g where g represents the free defor-
mation of the soil, in our case, it will be considered as 
the deformation induced by the swelling. And y rep-
resents the beam deformation. The resolution of the 
final system allows you to obtain the displacements, 
rotations, and reactions at any point of the slab. 
Knowing the reactions, the moments M and sharp ef-
forts T are then calculated by integration according to 
the general formula: 

𝑇(𝑧) = ∫ M𝑞(𝑡) − 𝑟(𝑡)O𝑑𝑡 + 𝑇(0)H
Q  (5) 

𝑀(𝑧) = ∫ 𝑇(𝑡)𝑑𝑡 + 𝑀(0)H
Q  (6) 

The moments thus calculated shall take into account 
the deformations of the ground; i.e. the deformation 
induced by the swelling. 

The last step is to calculate the size the raft (form-
work and reinforcement) with these new calculated 
values, including the phenomenon of swelling and 
compare it with the alternative solution. 

 
 

4 PRACTICAL CASES AND RESULTS 
 
The below table shows the soil and raft data from ge-
otechnical investigations: 
 
Table 1. Mechanical and characteristics of soil layers - study 
area to Diamniadio 

Soil Nature Depth (m) Young modulus E (kPa) 

Lateritic gravel 3.11 - 4.61 67 500 

Marl 4.61 - 45 161 400 

 

 
 
 
 
 

 
Figure 2. Raft object of the study with the provision of loading 

 
The raft should be long enough over 100 m, with a 
constant width, to allow for the treatment of the prob-
lem in 2D. 
 

 
Figure 3. Idealized raft in 2D with provision of loading 

 
The loads become linear at 492 kN/m on the periph-
ery and the two loads in the centre at 969 kN/m. 

4.1 Results of the calculations of the slab on the 
backfill 

The maximum settlement of the raft (1.32 cm) is ob-
served at the point of the abscissa 12.5 m approxi-
mately in the centre of the plate, which was predicta-
ble in light of the provision of the loads (larger loads 
located in the centre of the plate). This low value of 
settlement is due to high modulus of the different lay-
ers of soil. 

The relative rotation of the raft is equal to 0.08 %, 
which is lower than 0.2 %, the acceptable threshold 
for most structures (cf. NF P 94 - 261). 

We also note a slight detaching of the raft at the 
ends as it exceeds the separation threshold of the pro-
vision of the load and the rigidity of the slab. 
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The maximum moment obtained is equal to 
644,6 kN.m/m under the loads that we will consider 
later as support against a span moment value of 
- 169,5 kN.m/m.  

4.2 Results of the calculations of the raft on the 
marl without taking swelling into account 

 
Figure 4. Raft displacement and soil settlement 

 
The results obtained are similar to those of the raft on 
the layer of backfill. The maximum settlement is 
equal to 1.25 cm slightly lower than the calculated 
settlement previously because the modulus of the 
marl is higher than the modulus of the layer of substi-
tution in lateritic gravel. At this stage of the study no 
effect of swelling is considered. 
 

 
Figure 5. Moment mx in the raft foundation 

 
The maximum moment, 618,3 kN.m/m, is observed 
at the points of the abscissa 12 m and 19 m and the 
minimum moment of -160,1 kN.m/m is located in the 
centre of the plate.  

4.3 Approximation of the soil by areal springs 

The marl was replaced by areal springs of stiffness K 
obtained by iterating through the distribution of mo-
ments above with target values. The aim is to be able 

to then go to the formulation of the problem with the 
equations of the beam at deformation. 
 

 
Figure 6. Solicitations in the raft approached by areal springs 

 
After several iterations, we obtain an acceptable ap-
proximation of the solicitations (moments) from the 
soil by the springs. The moments obtained after ap-
proximation are: 

M_max = 621,6 kN.m/ml 
M_min = -267,4 kN.m/ml 

This model is completely reproduced using the classic 
formulas of the flexion of the beams. The result is the 
following: 
 

 
Figure 7. Reproduction of the solicitations in the raft 

 
This model is a good representation of the raft with 
an error on the moments of 1.2 %. It is from the latter 
that the imposed deformation on the raft will be intro-
duced. 

4.4 Modelling of the phenomenon of swelling 

The modelling of swelling is made with the swelling 
test by oedometer according to the XP P 94-091 
standard. 
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The results of one of the tests of swelling of the oe-
dometer made on the marl of the site are presented in 
Figure 8. These values are used for the modelling of 
the swelling. 
 

 
Figure 8. Swelling curve outcome test of swelling on oedometer 

 𝑅S = 4,25% (Slope of the line)  𝜎S = 196,45𝑘𝑃𝑎.  

 
The swelling deformation is given by the formula: 

𝑆S = 𝐻`aGbc . 𝑅S. 𝑙𝑜𝑔 hiji k (7) 

A curve in parable, giving the most unfavourable case 
has been considered by the following: 
 

 
Figure 9. Modelling of the swelling as an imposed deformation  

4.5 Calculation result of the raft with due account 
taken of the swelling 

Once the curve of the swelling deformation is ob-
tained (above), it is integrated in the equivalent model 

(third step), i.e. this curve represents a distorted pro-
file of the soil type g(z). 
 

 
Figure 10. Final model, raft-expansive soil 
 

 
Figure 11. Results, displacements and solicitations, raft founda-
tion on ground swelling 

 
We note that the moments have evolved with 
Mmax = 717,5 kN.m in span against 
Mmin = 169,5 kN.m in span for the model with substi-
tution. 

4.6 Economic comparison between the substitution 
and the taking into account of the swelling in 
the raft foundation 

A brief study has been done on the formwork and re-
inforcement of the two rafts, the different construc-
tive provisions, and their costs. This is set out as an 
economic comparison in the table below. The com-
parative table is in k CFA franc. 
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Table 2. Comparative table for the costs of foundations 

Method Concrete Steel Excava-
tions 

Evacuation Embank-
ment 

Spade Control TOTAL 

Deregister on 
substitution 

177 600 39 028 70 455 23 111 53 130 21 996 1 600 386 920 

Deregister on 
expansive soil 

207 052 47 080 0 0 0 0 0 254 132 

 
By taking the evolution of stresses due to the swelling 
in the raft foundation into account, the price of con-
crete and the steel has increased by approximately 
17 %. However, this method has generated a substan-
tial decline of 34 % in the overall costs of the founda-
tions. 

 
 

5 CONCLUSIONS AND RECOMMENDATIONS 
 
The high cost of the substitution method exists in the 
list of constructive provisions that are very expensive 
and very difficult to observe in their entirety. The use 
of an anti-root screen would seem exorbitant even if 
the inhibited removal of trees would be perceived as 
an environmental barrier to a healthy living environ-
ment. The main problem that could be faced with the 
substitution method, is that of the sealing fault which 
could cause buried leaks, which are very difficult to 
discover. These leaks can cause saturation of the ex-
pansive soil in the long term and thus cause structural 
faults. 

At the end of this study, it is clear that by taking 
the imposed deformation, due to swelling, into ac-
count, it has a direct positive impact on the sizing of 
the raft and reduces the costs since that can rule out 
the mismanagement of the project. 

Swelling is a complex phenomenon that includes 
many parameters for which simultaneous considera-
tion is not easy. Thus, in the context of the present 
study, simplifying assumptions have been made both 
with respect to the modelling of the swelling and the 
design of the slab. With the view of improvement and 
continuity of work, it will therefore be recommended 
that: 
- the three-dimensional aspect and the anisotropy of 

the swelling be taken into account in the model-
ling; 

- a 3D calculation of the rafts taking the swelling 
into account be done;  

- a catalogue be developed that allows engineers to 
see the potential of swelling of the soil, but also the 
dimensions of the raft at which point the present 
solution would be more economical; 

- the phenomenon of withdrawal be taken into ac-
count; 

- a thorough sizing of the raft in formwork and rein-
forcement should be done; 

- experimental foundations should be built in order 
to validate these studies. 
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