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1 INTRODUCTION 
 
In the coastal region of Bejaia, located 250 kilometres 
east of the capital Algiers, Algeria, most of the resid-
ual grounds encountered in the first 40 meters are 
muddy silty sands and highly plastic clays, character-
ized by a low bearing capacity, high compressibility 
and are subject to the risk of liquefaction. Construc-
tion on these soft soils deposits poses two main prob-
lems to geotechnical engineers due to excessive set-
tlement and low shear strength. In Bejaia harbor, most 
of the structures built on these soft soils had shallow 
foundations and severely settled or tilted causing 
structural damages requiring additional reinforce-
ment with expensive underpinning work (Bahar et al. 
2010, 2013). These unfavourable soil conditions 
therefore require deep foundations or soil improve-
ment such as stone columns.  

The vibro-replacement technique, which consists 
of replacing some of the soft soil with crushed rock 
or gravel to form an array of stone columns beneath 
the foundation, was used since the late 1990s to im-
prove the weak soils of industrial structures planned 
in the harbour area of Bejaia town, Algeria (Bahar et 
al. 2010). This paper presents and discusses the be-
haviour of a large storage steel silo and two reinforced 
concrete towers founded on weak soils improved by 
floating stone columns.  

Numerical calculations by finite elements have been 
also carried out in order to analyse the influence of 
the variability of soil mechanical parameters and col-
umn geometry on the soil behavior reinforced by 
floating stone columns. More than 240 finite element 
models were conducted in order to formulate the ex-
pression of the coefficient reduction of settlements 
which takes into account the floating character in the 
design of stone columns considered in the Priebe 
method (Priebe 1995).  
 
 
2 PROJECT DESCRIPTION 
 
The project site is located in the harbour area of Be-
jaia, close to the Mediterranean Sea, about 250 kilo-
metres east of the capital Algiers, Algeria. It consists 
of a large steel storage silo, two reinforced concrete 
towers and technical rooms. The silo was constructed 
for the storage of white sugar and has a total capacity 
of 80,000 tons and an empty weight of around 
3000 tons. The inside diameter and the height of the 
silo are 54 m and 63 m respectively. Stresses due to 
the self-weight of the structure and maximum stress 
transmitted by the raft are 73 kPa and 376 kPa respec-
tively. For the silage towers, their service stresses are 
242 and 200 kPa respectively. The plan layout is 
shown in Figure 1. Before the loading of the silo in 
April 2010, the structure was monitored to measure 
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settlements and verify its stability during loading. The 
settlements were measured by tassometers, optical 

targets and deformations sensors. The condition sur-
veys were conducted in accordance with the general 
loading and unloading of the silo. 

 

 
Figure 1. Plan layout of the structures and monitoring instrumentation. 

 

2.1 Geotechnical data and interpretation 

The site lithology is dominated by surface quaternary 
formations. There are soft clays and sandy muddy 
loams about 39 m deep overlying cretaceous marl-
limestone and friable shale. The particle size analysis 
shows that 60 to 95 % of particles have a diameter 
less than 80 µm, which indicates a fine constitution of 
the majority of the soil layers (Fig. 2). In addition, the 
Atterberg limits classify these soils into the plastic to 
highly plastic category. The soil is very compressible 
and has a tendency to liquefy on some sandy lenses. 
The drained shear tests revealed a low shear strength 
of the quaternary soils. Mean values vary from 18 to 
25 kPa for the effective cohesion (c') and from 10 to 
15° for the internal friction (j'). The parameters 
measured in the marl between 39 and 47 m depth vary 
between 12 and 52 kPa for the effective cohesion and 
between 17° and 33° for the friction angle. Oedome-
ter tests performed on samples at depth between 3.5 
and 39 m gave a compression coefficient, Cc, varying 
from 0.09 to 0.27 and a swelling coefficient, Cg, be-

tween 0.01 and 0.08. The quaternary formation is nor-
mally consolidated, and the substratum is over-con-
solidated from 50 m depth. The average depth of the 
water table is 2 m. 

The pressuremeter characteristics of soil in the 
quaternary formation up to 36m depth vary from 1.2 
to 9.6 MPa for the pressuremeter modulus and 0.23 to 
1.1 MPa for the limit pressure. 

 

 
Figure 2. Particle size distribution and consolidation curves. 
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2.2 Soil improvement 

The reinforcement of the soil was conducted by a spe-
cialized company and was based on the interpretation 
of the cores drilling and dynamic penetrometer tests. 
The stone columns have diameters of 0.8 to 1 m and 
a length of 18 m. The results according to calculations 
by the method of Priebe (Priebe 1995) give a substi-
tution coefficient, a=0.25. The diameter of 1 m was 
verified after stripping of the column test conducted 
near the site. The mesh made in the field is regular 
and rectangular, 1.60m x 1.60m. These dimensions 
represent respectively the space between the stone 
columns in the transverse and longitudinal direction.   

The maximum soil bearing capacity after rein-
forcement by stone columns with the average substi-
tution coefficient was evaluated from the shear pa-
rameters of the homogenized clay alluvium and the 
results of the post-reinforcement pressuremeter tests. 
For this purpose, the allowable bearing was from 220 
to 325 kPa, calculated from the Terzaghi method 
(equation 1, in Soyez 1985) and the semi-empirical 
approach of Menard (Cassan 1988) respectively using 
the net limit pressure of the reinforced soil. Concern-
ing the analytical prediction of settlements in the 
study phase, the Priebe and oedometric methods gave 
a settlement of about 72 cm and a reduction coeffi-
cient of settlements of 1.98. 

2.3 Monitoring and analysis of settlements  

Surveys of the silo loading and settlement trends have 
been ongoing from 2008 to 2017 (Fig. 3). The settle-
ments were measured on 17 points (T1 to T17, see 
Fig. 1) by tassometers and tachometric aiming on 
fixed reflective targets. An increasing of the stress 
from 73 to 260 kPa, under the effect of an operating 
load of the order of 50,000 tonnes (60% of the maxi-
mum load), generated from 2012 variable absolute 
settlements of 44 to 53 cm under the silo and 27 to 
30 cm respectively under towers 1 and 2 (Fig. 4). The 
differential settlements vary from 5 to 8 cm under the 
silo and from 8 to 18 cm under the towers. The influ-
ence of the silo on the towers resulted in excessive 
differential settlements. Consequently, the two tow-
ers showed a linear inclination towards the silo whose 
maximum horizontal displacements at the top of the 
towers are 58 cm and 39 cm for towers 1 and 2 re-
spectively (Fig. 5). 
 
 
3 NUMERICAL MODELING 

3.1 Model 

The calculations are carried out by means of the three-
dimensional geotechnical finite element analyses, us-
ing the CESAR-LCPC software (Itech 2004). The 
model considers a homogeneous and isotropic clay 
medium resting on a very stiff substratum. The geo-

mechanical parameters of the reference model (Ta-
ble 1) were considered similar to the geotechnical 
conditions of the quaternary formations of the Bejaia 
Plain site. The calculations were carried out before 
and after reinforcement of the soil by deep and float-
ing stone columns. Taking into account the revolution 
symmetry of the problem, the study was focused 
around a quarter (1/4) of the circular foundation in or-
der to reduce the computation time. The model con-
sists of 7813 hexahedral iso-parametric elements 
(H20) and 21730 nodes (Fig. 1).  

The horizontal displacements were blocked at the 
lateral borders located at 40 m from the center of the 
slab and the vertical displacements were blocked on 
the underside of the substratum. The soil layers were 
considered to obey the Mohr-Coulomb non-associ-
ated elastoplastic law and the 20 cm thick foundation 
(EI=21.3 MN.m2) was considered linear and isotropic 
elastic. The soil was considered to be completely sat-
urated and the resting earth pressure coefficient K0 es-
timated by the Jaky formula 0.65 and 1 for the com-
pressible clay layer and the rigid bedrock 
respectively. 
 

 
Figure 3. Evolution of the silo loading and settlements over 3200 
days (from 2008 to 2017). 

 

 
Figure 4. Settlement evolution of the raft from 2008 to 2017 
along the section B-B and C-C. 
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Figure 5. Horizontal displacement (inclination) of the tower 2. 

 
Table 1. Parameters taking into account in calculations. 

Description Profil g E’ n’ c’ f’ y k0 

  kN/m3 MPa  kPa (°) (°)  

Raft foundation  25 32000 0.18 - - - - 

Compressible 

soil 

PG1 17 4 0.35 20 20 0 0.65 

PG2 19 8 0.30 40 10 0 0.82 

Stone column  21 60 0.33 1 38 8 1 

Substratum  21 1000 0.25 150 30 5 1 

 
The influence of the geometric parameters related to 
the mesh of the floating stone columns (substitution 
factor, a, depth, Lc) on the reduction of the settlements 
was carried out by analyzing 240 numerical models 
by three-dimensional finite element method (Fig. 6). 
The models were considered with the same geotech-
nical characteristics of Table 1, varying the ratio 
(Lc/B) from 0.25 to 3, (Lc/H) from 0.08 to 1 and the 
substitution factor (a=Ac/A) from 0.04 to 0.36. Ac-
cording to Keller (2005), the experience gained on the 
different soil reinforcement projects allows the sub-
stitution factor to be framed in the interval (0.2 ≤ a ≤ 
0.35). 

After soil reinforcement by stone columns, the al-
lowable stress is evaluated from the homogenized pa-
rameters of the composite medium (soil-stone col-
umns) using the Terzaghi formula. These parameters 
are given by the following expressions: 

 

 
Figure 6. Numerical model (a) view of stone columns under raft, 
(b) 3-D mesh. 

 

𝑞"($%) = 0.5�̅�$𝑠.$𝑁.$𝐵 + 𝑠2$𝑁2$𝑐$̅ (1) 

The equivalent unit weight (�̅�$) is determined by the 
formula proposed by Di Maggio (Soyez 1985). The 
homogenized cohesion (𝑐$̅) and friction angle (𝜑5$) 
parameters are determined by the following formulae: 

γ57 = γ8a + γ:(1 − a)  (2) tanφ@7 = (1 −m)tanφ: +m	tanφ8 (3) 

𝑐$̅ = (1 −𝑚)c: +m	c8 (4) 

a,	γ: and γ8 are the substitution coefficient, and soil 
and stone unit weight respectively.	φ8 and c8 are the 
friction angle and cohesion parameters of stone col-
umns. φ: and c: are the friction angle and cohesion 
parameters of the soil. The ballast friction angle,	φ8 , 
generally varies from 35° to 45° according to Priebe 
(Soyez 1985). Triaxial tests carried out on a ballast 
(2/5 mm) have given a friction angle, φ8, ranging 
from 41° to 53° with a dilatancy angle, ψ, ranging 
from 2 to 19° (Cimentada et al. 2011). The friction 
angle, φ8, and Poisson's ratio, ν, recognized by prac-
titioners in the case of a rolled ballast are 38° and 0.33 
respectively (Soyez 1985). 

m is a parameter given by considering the case of 
a long-term behaviour of reinforced environment: 

𝑚 = FηGHF(ηIG) = FJK′GHF(JK′ IJL′ ) (5) 

The equivalent deformation modulus (E'e) of homog-
enized reinforced layers by stone columns on the 
depth of treatment is given by the following equation 
(Soyez 1985): 

E7N = E8 OKO + E: P1 − OKO Q = E8a + E:(1 − a)  (6) 

The deformation moduli (Es) of soil layers were de-
termined from the pressuremeter and triaxial tests. 
However, the Young's modulus, Ec, of the stone col-
umns depends on the lateral confinement of the 
treated soil and compaction level. According to the 
literature, the deformation modulus Ec is a function of 
soil deformation modulus Es at the initial state such 
that the ratio (Ec/Es) varies in a ratio of 5 to 10 (Soyez 
1985). Priebe recommends an intrinsic modulus Ec of 
100 MPa for a ballast (Lambert & Rangeard 2008). Ec 
is generally between 60 to 100 MPa.  

The parameters of the homogenized medium (soil-
stone column) are 16.5 MPa for equivalent defor-
mation modulus (E'e), 6.8 kPa for the homogenized 
cohesion (𝑐$̅), 31.8° for the friction angle (𝜑5$) and 2° 
for the dilatancy angle (y').  The ultimate stress is 
given by Terzaghi's formula (equation 1). For the un-
reinforced soil, the allowable stress is about 120 kPa. 
The allowable stress of the reinforced soil is approxi-
mately 330 kPa using the equivalent parameters cal-
culated previously. A 275% improvement in the al-
lowable stress compared to the unreinforced soil is 
noted. 
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The Priebe method (1995), formulates a reduction co-
efficient of settlements, β, used to design a network 
of columns embedded in points, subjected to a uni-
form loading. In the case of loose geological for-
mations that fall within the field of application of the 
ballasted columns, the Poisson's ratio of the soil ν' is 
close to 1/3. Therefore, the simplified formulation of 
the coefficient β is given as follows: 

 𝛽 = ΔST
ΔSU = σT

σL = 1 + aVW.XHYZν′,F[\]KYZν′,F[ − 1^ 

						= 1 + a P XIF_\]K(GIF)− 1Q (7) 

Δh0 and Δhr are the expected settlements under the 
effect of the service state stress service s0 transmitted 
by the structure before and after reinforcement re-
spectively. Kac is the active thrust coefficient of the 
ballast. 

3.2 Parametric study, results and discussion 

The numerical results denote a quasi-linear decrease 
in the reduction coefficient of β settlements with the 
increase of the soil deformation modulus E's (Fig. 7a), 
with a relative variation of (Δβ/β=14%) on the study 
interval (E=2 to 15 MPa). We deduce that the influ-
ence of E's on β is average. 

With regard to the soil shear characteristics (c' and 
j'), the results show an invariance of the coefficient β 
beyond a cohesion of 40 kPa (Δβ ≤ 4%), therefore the 
reinforcement efficiency is negligible in terms of this 
is consistent with the experimental results of (Thor-
burn, 1975). On the other hand, we notice a rather 
pronounced sensitivity of the β coefficient for cohe-
sion (c') lower than 30 kPa (Fig. 7b). Moreover, the 
angle of friction (j') affects substantially and nonlin-
early the coefficient of reduction of β settlements. 
From Figure 2.b, the increase of j ' (5 to 20 °) de-
creases β from 2.52 to 1.37, whereas above 22 ° it is 
almost invariant. 

The rigidity of the stone column depends intrinsi-
cally on the intensity of the vibro-compacting and the 
horizontal stress mobilizable by the soil in place. The 
numerical results show that the variation of the ratio 
(E'c/E's) in the proportions of 5 to 50 generates only a 
small influence on β (Δβ = 0.13). Fig. 8b shows the 
invariance of the β settlement coefficient for (E'c/E's> 
20), consistent with the work of (Sexton et al., 2013). 
For all other things being equal, under the optimum 
compaction conditions, the value currently accepted 
for the Young's modulus of E'c stone columns is 
10xE's. 

The results of numerical models highlight the in-
fluence of reinforcement depth (Lc). Indeed, Figure 9 
shows that the coefficient of reduction of settlements 
(β) grows according to a non-linear trend as a function 
of the ratios (Lc/B and Lc/H) for which it has a plateau 
from (Lc/B=1.5), which limits beyond of which he is 
almost invariant. 

Given the invariance of the coefficient β’ with respect 
to the geotechnical properties of the reinforced soil, 
the results of the modeling were exploited to build a 
functional approach, allowing the sizing of a network 
of floating stone columns under the effect of a uni-
form charge. It is therefore a question of integrating a 
correction coefficient µβ into the analytical formula of 
Priebe (1995) which will take into account the effect 
of increase of settlements when the columns are not 
embedded in the substratum. 

In the light of the foregoing, the approximation of 
the numerical curves (Fig. 5) by the least square’s 
method was carried out. After having tested the con-
vergence of several laws, it turns out that the rational 
function allows a better adjustment (R2 ≈1) that takes 
into account the nonlinear distribution of the obtained 
points. The proposed function is given (Eq. 8), it is 
translated by the chart of Figure 10. 

β′ = f(1/a) = bTHbc/FGHbd/F = bTFHbcbdHF  (8) 

With b0, b1 and b2 are parameters of the proposed for-
mula. 

The correlative coefficient of correlation R linked 
to the curves of β', it is given by the expression 

𝑅 = fghPci,j′Q
kc/ikl′

= cm∑ V cioIci^Pjo′Ij′Qmopc
cmqcr∑ V cioIci^

d ∑ Pjs′Ij′Qdmspcmopc
 (9) 

 
Figure 7. Influence of the variation of the Young modulus E's 
and shear strength parameters of soil (c' et j') on the coefficient 
of reduction of the settlements (β).  

 

 
Figure 8. Influence of the coefficient K0 and the ratio of the stiff-
nesses (E'c/E's) on the coefficient of reduction of the settlements 
(β).  



17th ARC Conference 2019 

 482 

 
Figure 9. Influence of the treatment depth and the substitution 
factor on the reduction of β settlements: (a) coefficient β as a 
function of Lc /B, (b) coefficient β as a function of (Lc/B and 
Lc/H).  

with 	Gt  et 𝛽N	being the average values of the parame-

ters (1/a) and (β') respectively. 

Figure 11 shows the evolution of the coefficient of 
reduction of settlements from the measurements, fi-
nite element calculation and the proposed chart. 
There is good agreement between the present study 
and the measurements made at the real scale of the 
experimental works. 

 

 
Figure 10. Proposed design chart for floating stone columns net-
work: coefficient b’ versus the ratio (1/a).  

 

 
Figure 11. Coefficient of reduction of settlements β: (a) compar-
ison between numerical computations and experimental meas-
urements and (b) value of β from the proposed chart.  

4 CONCLUSIONS 
 
The present study highlights the inefficiency of float-
ing stone column reinforcement in soft soils subject 
to the interaction of variable load structures. The pre-
diction of settlements at the project stage was close to 
the recorded measurements. In spite of the high rigid-
ity of the rafts designed to overcome the risk of de-
flections, they have suffered excessive differential 
settlements which are responsible for the instability 
of towers based on rigid raft foundations of small sur-
face area (174 to 290 m2). Also note the speed of con-
solidation and development of settlements because of 
the drainage conferred by the high permeability of the 
stone columns. A design chart for floating stone col-
umns network is proposed to evaluate the the coeffi-
cient of reduction of β settlements. Its application to 
estimate this coefficient for case study gives a value 
in good agreement for the value determined from 
measurements on site. 
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