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1 INTRODUCTION 
 
Optimized foundation design (OFD) first passes by an 
adequately planned geotechnical survey which usu-
ally includes boreholes, in situ tests and laboratory 
tests. Such a program is decided on the basis of the 
structure dimensions (or area), load intensities and 
soil conditions. A well-planned geotechnical survey 
(number, location and depth of boreholes and in situ 
investigation) is followed by a suitable synthesis of 
geotechnical test results allowing the adoption of re-
alistic geotechnical soil parameters. The latter consti-
tutes the best starting point to think about an opti-
mized design of foundations. 

Three categories of foundations are currently prac-
ticed for civil engineering structures namely: shallow 
foundations, deep foundations and intermediate foun-
dations related to reinforced or improved soils (Das 
2017). For each category, the adequate type of foun-
dation is decided on the basis of an optimized solu-
tion, e.g; cost effective and acceptable time of execu-
tion. 

Shallow foundations include the following types: 
isolated footings; strip footings; crossed strip footing 
(either in one or in two directions) and rafted founda-
tion. 

Deep foundations also comprise a big variety of 
pile types (bored, driven, etc), the optimized solution 
rather relies on the installation method of pile to war-
rant a reliable and cost-effective solution. 

Ground improvement techniques represent the third 
category of foundation which can be considered in 
between the shallow and deep foundations. Several 
techniques can be adopted depending on the accorded 
priority for the project, i.e. to increase the bearing ca-
pacity and/or to reduce the settlement, or to accelerate 
the consolidation of compressible soils: stone col-
umns, rigid inclusions, etc (Indraratna et al. 2015). 

In this paper, it is intended to highlight either the 
benefits or the disadvantages that can result from well 
planned or unsuitable geotechnical survey that can 
also lead to adequate or inadequate foundation solu-
tions. Two Tunisian case histories are presented in de-
tail to capture the learned lessons in regard to unsafe 
design in terms of non-cost effective or unsuitable 
foundation solution. 

 
 

2 FOUNDATION OF POST OFFICE IN TUNIS 
CENTER: CASE STUDY N°1 

 
The design of foundation of the post office in Tunis 
City, a ten-floor building (basement, ground floor, 
eight floors) is discussed. Due to the existence of deep 
soft clay layer the Tunisian Ministry of equipment de-
cided the execution of 1 m diameter bored piles reach-
ing 52 m depth. The foundation cost was approxi-
mately 40% of that of the whole project. Such an 
expensive solution was dictated by unacceptable 
long-term settlements compromising the stability of 
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the structure. However, the applied load by the build-
ing is equivalent to quasi-uniform vertical stress of 
about 90 kPa. As such, in view of studying a founda-
tion solution at a reasonable cost, the stone column 
and the sand compacted piles reinforcement tech-
niques have revealed potential cost-effective solution 
(Datye & Nagaraju 1981). Those techniques, how-
ever being adopted only for some oil tank projects in 
Tunis City, leads to a significant reduction in settle-
ment to admissible limit. From the geotechnical sur-
vey which included boreholes and pressuremeter tests 
up to 40 m depth it was concluded that crossed soft 
soil layers are under-consolidated silt-clay with limit 
pressure less than 1200 kPa. 

Consideration of rafted foundation (Fig. 1) leads to 
admissible bearing capacity equals to 100 kPa esti-
mated from the pressuremeter method (French 
method 2011). It follows that the admissible bearing 
capacity of the oil tank complies with the applied load 
of 90kPa (Bouassida & Guetif 2000). 

Using Terzaghi's method, the long-term settlement 
of rafted foundation resting on the unreinforced soil 
was of 45 cm at the axis and 16.3 cm at its border. 

Given these non-admissible values of settlement, 
the building tilting is with high risk such it has been 
observed for several other buildings in the same area 
of Tunis City like for six floors building located at the 
street Zaghloul which became out of service after 
about ten years (Bouassida & Klai, 2016). Therefore, 
before studying a piled foundation solution which is 
not cost-effective, it is obvious to analyse the rein-
forcement option using either stone columns or sand 
compacted piles. In fact, the reinforcement using by 
stone columns will contribute in settlement reduction 
to comply with admissible values and also to acceler-
ate the consolidation of reinforced soft layers (Bouas-
sida, 2016).Accordingly, it is recommended to cover 
the surface of reinforced soil, before the execution of 
raft, by a blanket layer made up of a draining material 
preferably the same as that of columns, to evacuate 
the water which results from the consolidation of re-
inforced soil. Two models of reinforced soils are 
adopted to predict the ultimate vertical stress of rein-
forced soil. The ultimate vertical stress qult applied at 
the head of an isolated column is determined from 
Equation 1. 

 

 
Figure 1. Geometry of rafted foundation (G’ barycentre of ap-
plied loading) 

 

𝑞"#$ = 𝜎'𝑡𝑔* +,- +
/0
* 1 (1) 

For the purpose of conservative design, it is recom-
mended to consider the horizontal stress sh = pl

*; 
pl

*= limit net pressure recorded from the pressure-
meter test. 
sh= 230 kPa was considered. 
jc=friction angle of the constitutive column mate-

rial, its value is limited to 37° depending on the value 
of admissible stress of reinforced soil predicted by the 
French standard DTU 13.2, which are: 

𝑞234 < 2𝜎' (2) 

q89: < 800𝑘𝑃a (3) 

𝑞234 < 2𝑞@AB (4) 

Referring to the French method (2011) the admissible 
stress of the reinforced soil is equal to: qadm = qr/2 = 
460 kPa. It is noted that this bearing capacity estima-
tion does not take into account the contribution of in-
itial soil. Using the group of columns model, the ulti-
mate bearing capacity of reinforced soil is estimated 
as follows (Bouassida, 2016): 

𝑞C	 = h𝜎E + (1 − h)𝜎J			 (5) 

where h= substitution factor; 𝜎E= ultimate vertical 
stress of the columns and 𝜎J= ultimate vertical stress 
of the initial soil 

σc=σhKp+2CKKp (6) 

𝜎J = 𝜎'𝐾MJ + 2𝐶JK𝐾MJ (7) 

𝐾M = 𝑡𝑔* +,- +
/0
* 1 (8) 

𝐾MJ = 𝑡𝑔* +,- +
/O
* 1 (9) 

C(s) and jc(s)denote the cohesion and friction angle of 
columns material and initial soil, respectively. For 
conservative design it is assumed C = 0. The value of 
undrained shear strength of soil Cs is estimated when 
the net limit pressure (pl

*) is less than 300 kPa, from 
the correlation proposed by Amar & Jézéquel (1972): 

𝐶@ = P#∗
R,R (10) 

The admissible stress of reinforced soil is: 

𝜎234 ≤ 𝜂 V0* + (1 − 𝜂)
VO
W  (11) 

From Equation 11, consider an allowable vertical 
stress equals 120 kPa the corresponding minimum 
substitution factor is  𝜂min = 0.13. The variation of ad-
missible stress of reinforced soil versus the substitu-
tion factor is shown in Figure 2. 

The suitable value the substitution factor will ob-
viously be depending on the admissible settlement of 
reinforced soil. However, the columns' length should 
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not exceed 15 m, based on considerations related to 
the calculation of bearing capacity of soil reinforced 
by floating columns (Bouassida et al. 2009). For set-
tlement estimation, a 10 m column length is adopted. 

The thickness of the compressible layers (with 
pressuremeter modulus EM < 3MPa) under the foun-
dation of the building is about 40 m. As a result, set-
tlement of the foundation should be calculated as the 
sum of two terms: sr settlement of reinforced soil and 
sur settlement of unreinforced soil (Bouassida & Haz-
zar 2012). 

The settlement of rafted foundation is estimated by 
the pressuremeter method, and other methods assum-
ing linear elastic theory like the variational approach 
which rather uses the group of columns modelling of 
reinforced soil. 

Combining the verifications of bearing capacity 
and settlement a substitution factor equals 0.3 was 
adopted. The columns' installation of diameter of 1 m 
in square mesh with an axis to axis columns spacing 
of 1.6 m was suggested. 

The total settlement of unreinforced soil after the 
pressuremeter method is equal to 16.3 cm. Whereas 
the settlement of reinforced soil sr is respectively 
3,5cm, 2,9 cm and 2,8 cm as obtained by the French 
recommendations, the homogenized Young modulus 
and the variational method (Bouassida et al, 2003). 

The executed piled foundation necessitated the in-
stallation of 69 bored piles of length 54 m with total 
cost of 1 Million US $. Whereas the installation of 
486 columns would cost about 600,000.00 US $. In 
case the reinforcement using stone columns was 
agreed about 37% reduction in the cost of the founda-
tion and 11% in the total cost of the post office build-
ing were affordable (Bouassida & Guetif 2000). 

 

 
Figure 2. Variation of admissible stress of reinforced soil versus 
the substitution factor 

 
 
 

3 OIL TANK FOUNDATION AT RADES: CASE 
STUDY N°2 
 
It is a cylindrical steel tank of 33 m diameter built 

in the early nineties at the oil products storage area of 
the National Petroleum Company (SNDP) located in 
Rades in the Southern suburb of Tunis City. 

The tank foundation was improved by sand piles 
of 0.6 m diameter and length of 6m overlaid by a mat-
tress layer of 1.5 m thickness. Few years after the 
commencement of tank operations, its cylindrical 
shell suffered severe buckling deformation. The set-
tlement due to the primary consolidation of compress-
ible layers was estimated at 20 cm after fifteen years 
of reservoir operation. The study of this pathological 
case makes it possible to draw some lessons about the 
design of foundation on ground reinforced by floating 
sand compacted columns. 

3.1 Geometry and foundation of the tank 

The working vertical load of the tank is q = 100 kPa. 
The tank is constituted by a steel shell resting on com-
pacted blanket layer of thickness 1.5m overlying a se-
ries of compressible sands to highly compressible lay-
ers. The main role of blanket layer is to make the 
settlement of tank as much as uniform and, therefore, 
to minimize the risk of differential settlements. The 
execution of tank is preceded by a reinforcement of 
the ground, on the first six meters by sand compacted 
columns well known in Tunisia as sand piles. 

Based on collected data from three boreholes exe-
cuted up to 40 m depth, and results of laboratory tests 
on several intact samples taken from 6m to 40m 
depth, the soil profile is subdivided into six layers 
(Figure 3). 
 

 
Figure 3. Adopted geotechnical profile (Kanoun & Bouassida, 
2008) 



17th ARC Conference 2019 

 678 

Geotechnical parameters of soil layers were adopted 
from existing geotechnical survey previously carried 
out for existing similar tank projects near by the stud-
ied tank herein. 

Geotechnical investigations have revealed that the 
layer between 2m and 30m deep has low strength 
characteristics. Therefore, reinforcement of those 
weak layers revealed necessary. The executed rein-
forcement comprised the installation of 481 sand col-
umns, of 6m length and 0.6 m diameter, in non-regu-
lar pattern. The corresponding substitution factor was 
11%. This solution essentially aimed to the accelera-
tion of consolidation settlement in the upper layer of 
thickness 6 m. 

The prediction of consolidation settlement was 
predicted using Equation 12 of unreinforced com-
pressible layers, all assumed normally consolidated, 
by Terzaghi’s method, up to 28 m depth: 

𝑠 = 𝐻 E0
Z[\]

𝑙𝑜𝑔 +1 + ∆Va
Vb]a
1 (12) 

where s = consolidation settlement; cc = compression 
index; e0 = initial void ratio; ∆𝜎c= excess of vertical 
stress due to the tank’s load and 𝜎dec  = effective over-
burden stress. 

Within the first six meters depth (layer n°1) the 
long-term ground surface settlement is 95.1 cm which 
corresponds to approximately 50% of the total con-
solidation settlement. It should be emphasized that 
the long-term settlement of layers 2, 3 and 4 is ap-
proximately 75 cm, over a thickness of 12 m. Thus, 
the improvement by sand piles of 6m length will re-
duce the predicted settlement by about 44%, which is 
close to that of the upper layer. The total short-term 
settlement of unreinforced soil was estimated using a 
linear elastic calculation programmed in the software 
Columns 1.0 (Bouassida & Hazzar, 2012).  

It is noted that the short-term settlement, which oc-
curs over the first six meters depth, is of the order of 
30% of total predicted settlement. Assuming that 
short-term settlement occurs at the end of tank con-
struction, the long-term residual settlement is approx-
imately 35 cm, which is not acceptable for the tank 
stability. 

3.2 Reinforced soil by sand columns 

Verification of sand columns reinforcement was con-
ducted by using software "Columns 1.01" (Bouassida 
& Hazzar, 2012). Consider the area ratio equals to 
11% the admissible bearing capacity was verified for 
the executed reinforcement. The settlement of rein-
forced soil was estimated assuming linear elastic be-
haviour; obtained results are given in Table 1. 

The improvement by sand columns over the first 6 
m depth, allowed limited settlement reduction, and its 
acceleration just in a few weeks. This settlement only 
represents about one-third of the total settlement and 
about 50% of that occurring in the highly compressi-
ble silt layer located between 6m and 18m depth. 

Thus, the proposed design for settlement reduction 
(sand piles of 6m length) is largely underestimated. 

 
Table1. Estimation of linear elastic settlement (Columns 1.01 
software) 

Layer n° Settlement of 
unreinforced soil 
(cm) 

Settlement of re-
inforced soil (cm) 

1 23.9 3.0 
2 47.8 47.8 
3 3.8 3.8 
4 1.4 1.4 
5 5.3 5.3 
6 3.0 3.0 
Total settlement 
(cm) 

85.2 64.3 

 
Indeed, over fifteen years of tank service, the visual 
observed settlement is of the order of 15 to 20 cm. 
This post-construction settlement corresponds to that 
of highly compressible layer between 6 m and 18 m 
depth for which the degree of consolidation after fif-
teen years is of about 46 %. While consolidation set-
tlement of the reinforced layer was resorted after the 
proof water test of the tank. 

3.3 Retrofit technique: Micropile reinforcement 

The appropriate solution is to minimize or even to 
eliminate the estimated residual primary consolida-
tion settlement in the highly compressible silt layers 
(over 12 m thickness) underlying the first reinforced 
layer by sand piles. Two retrofit solutions were sug-
gested to achieve this objective: 
- Micropile reinforcement (MP) of length reaching 

the top side of sand layer of thickness 5m (Fig. 4). 
- Reinforcement by inclined rigid inclusions (IRI). 
This retrofit solution requires the disassembly of en-
tire tank’s shell for the installation of the micropiles 
in a mesh of increased spacing from the centre to the 
border of tank. The micropile heads are connected  
by reinforced concrete beams are embedded ensuring 
uniform distribution of loads throughout the tank. The 
micropiles of 30 cm diameter are assumed to react 
only by shaft resistance. A total of 64 micropiles was 
estimated of total length 1,600 lineal meter (Fig. 4). 
This shaft capacity of micropiles was estimated based 
on pressuremeter data selected from the Rades-La 
Goulette bridge project (Kanoun & Bouassida 2008), 
due to the lack of specific geotechnical investigation 
for the oil tank. 
Although reinforcement using micropiles constitutes 
non-cost-effective retrofit solution, it warrants the 
long-term tank stability without risk against residual 
settlement. 
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Figure 4. Layout of reinforcing micropiles embedded in rein-
forced concrete connecting beams (Simpro 2010) 

3.4 Reinforcement by inclined rigid inclusions 

To avoid the entire disassembly of the tank and to pro-
ceed for repairing only the affected areas by buckling, 
installation of Inclined Rigid Inclusions (IRI) embed-
ded within the sand layer at 23 m depth can be de-
signed (Fig. 5). The carrying shaft load by IRI corre-
sponds to limited proportion of total weight 
transmitted by the tank structure. Therefore, it will be 
necessary to estimate the total allowable shaft load to 
be balanced by the IRI and to deduce the required 
number of inclusions to the proportion of carried tank 
load. Consider this latter estimated as 67 %, the re-
maining 33 % of tank load will be balanced by the 
consolidated first layer which degree of consolidation 
increased by around 50 % during the fifteen years of 
tank service. Since IRI are covered at the top by rein-
forced concrete slabs, an enhanced load concentration 
is afforded, therefore the number of IRI is less than 
that of the classical micropiles. From an economical 
point of view, the reinforcement using IRI is then less 
expensive than that of micropiles connected by rein-
forced concrete beams. 

 
 

4 RECOMMENDATIONS 
 
In order to repair the tank, a reinforcement using mi-
cropiles or rigid inclusions is required. Main objec-
tive of such reinforcement aims the neutralization of 
consolidation settlement of compressible layer lo-
cated between 6 m and 18 m depth. 

Due to the lack of pressuremeter data for the pro-
ject, and to assess the predictions, it is strongly rec-
ommended to carry out pressuremeter tests up to 30 
m depth. From recorded updated pressuremeter data 
the partial consolidation during fifteen years of tank 
service can be estimated.

 
Figure 5. Reinforcement using inclined rigid inclusions 

 
On the basis of these data, an adequate design of re-
inforcement solution will permit a realistic determi-
nation of the number of vertical inclusions of total 
length from 27 m to 30 m with 2 m embedment within 
the dense sand layer located approximately from 23m 
to 28 m depth. 
Last, it should be reminded that a specific geotech-
nical survey reveals necessary to avoid consideration 
of inadequate geotechnical data even if adopted for 
the design of neighbouring projects. 
 
 
5 CONCLUSIONS 
 
This paper discussed the optimization of design of 
foundations from the analysis of two Tunisian case 
histories.  

First, the execution of piled foundation for the post 
office building in the centre of Tunis City revealed 
non-cost effective. It has been proven that feasibility 
and benefits of reinforcement using stone columns 
would be preferable to that of pile foundation which 
remains non-cost-effective solution. The effective-
ness of reinforcement by stone columns relies both on 
significant reduction and accelerated long term settle-
ment so that stability of post office building in post 
construction phase will not be affected by differential 
settlement, as confirmed by experiences in several 
countries. 

Second, non-successful reinforcement with sand 
piles was experienced for an oil tank project due to 
the lack of geotechnical survey and well-designed re-
inforcement characterized by too short sand piles of 
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length 6m. In fact, because the thickness of Tunis soft 
soil extends up to 25 m depth non-admissible consol-
idation settlement affected serviceability of the oil 
tank ceased after 15 years. Hence, reinforcement us-
ing micropiles of length 25 m depth was necessary to 
stop the remaining long-term settlement in initially 
unreinforced soft layers overlaid by the improved 
sand pile layer. 

From the two investigated Tunisian case studies an 
optimized foundation design is, first, never warranted 
without a well-planned geotechnical survey followed 
by a meaningful data synthesis for selecting the suit-
able geotechnical soil parameters. Second, cost-effec-
tive foundation alternatives can be thought using well 
designed ground improvement techniques. The latter 
requires careful analysis especially related to the 
long-term behaviour of unreinforced soft soils which 
can be affected by the induced stress of the projected 
structure. As such, high costed retrofit solution can be 
avoided whenever serviceability of the structure is af-
fected.  
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