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Abstract

The clay soils of the city of Douala are constantly saturated with water, which
permanently favors the hydrodynamic behavior of the soils (swelling or con-
solidation). This phenomenon can cause serious disturbances in the structure
of buildings resulting in the appearance of cracks in structures (buildings,
road bridge, viaduct, etc.). The foundation raft is a very important structure
in the dimensioning of structures. Given the soil-structure interactions, its
mechanical characteristics must be the subject of a special study linked to the
building environment. In this article, we present a study of the mechanical
behavior of a foundation raft anchored in a laminate floor. The aim is to
highlight the influence of the mechanical properties of the foundation soil on
the evolution of the mechanical behavior of the raft. The method used is a
numerical simulation. A physical model taking into account a 5-storey build-
ing based in Douala in the Denver district is studied. The foundation on the
raft foundation of this building follows an elastic constitutive law with Mazars
damage, and rests on a laminated soil of plastic elastic model with Camclay
plasticity criterion. The ground-raft and ground-ground interfaces are carried
out with the finite elements joined to three nodes (JOI3), and obey the Cou-
lomb model; it is an expansion joint model with Mohr-Coulomb type crite-
rion and associated flow. The numerical resolution is carried out by the finite
element method, and the numerical simulations via the Cast3M calculation
code. The results from the simulations show that the mechanical characteris-
tics of foundation soils, in this case the water content, the compactness, the
state of consolidation, greatly influence the mechanical behavior of the foun-
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dation slab. There is indeed a significant settlement and a great deformation
of the raft foundation when the water content of the soil layers increases, and
when the states of consolidation and compactness are low. This article allows
us to predict and control the evolution of the behavior of the ground-structure
interface of a raft foundation and to adopt a new model appropriate for the
sizing of civil engineering structures.

Keywords

Raft Foundation, Water Content, Compactness, Consolidation, Settlement,
Deformation, Numerical Simulation

1. Introduction

In Cameroon, the urbanization rate in 2010 was 52%, for a total population es-
timated at 19,648,287 inhabitants, with 17 towns of at least 100,000 inhabitants.
The cities of Douala (economic capital) and Yaoundé (political capital) which in
2005 alone housed 21.3% of the total population and 43.7% of the urban popula-
tion, totaled in 2010 more than 5 million inhabitants (approximately 23.5% of
the total population of Cameroon) [1]. The consequence of this growth is the
establishment of populations practically on all sites and on all types of soil, even
those with poor mechanical and physical characteristics, previously considered
to be non-building areas. These circumstances favor a high risk of significant
damage (flooding, collapse and subsidence of houses) during variations in the
physical characteristics of soils due to the different climatic seasons of the central
and coastal regions.

Soils, like all other materials, deform when loaded. In accordance with the
general principles of soil mechanics, the deformations of saturated clay soils are
linked to variations in the effective stresses, that is to say, to variations in the
difference between the total stresses and the pressure of the pore water. Total
stresses are created by the forces of gravity and by other loads applied to the
surface of the soil (by embankments, shallow foundations, slabs, etc.) or inside
the soil mass (deep foundations, tunnels), etc. [2]. The foundations of the struc-
tures undergo deformation, due to the variation of the climate and the perma-
nent hydrodynamics of the soils. It is important to control and predict the beha-
vior of soil characteristics in order to avoid possible degradation that could oc-
cur in the foundations of structures. In this article, it is about making a compar-
ative study of the experimental results (geotechnical studies in situ), and a nu-
merical model using the finite element code which will allow us initially to verify
the results of the experimental data, and then to predict in the long term the be-

havior of the soil according to the physical parameters [3].

2. Methods

The uncertainty on the mechanical properties of soils linked to the heterogeneity
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within the same layer, results in an uncertainty on the amplitude of settlements
and their evolution over time. The calculations give an idea of the differential
settlements that can be expected at a given time. They can lead to fairly long
consolidation times, and it may be necessary to consider an acceleration of set-
tlements either by pre-loading or by intensified drainage. In this study we con-
sidered the values from the soil report note then we carried out experimental ve-
rifications on the site in order to take soil samples for laboratory studies in order
to verify the results of the geotechnical report (content of water, void index, par-
ticle size analysis). We then, using Terzaghi’s method [4], evaluated the settle-
ment that could occur in the long term. With this result we formulated a nu-
merical model in the CAST3M software in order to compare the calculation pre-

diction and the behavior of the soil characteristics.

2.1. Experimental Data

The model chosen in (Figure 1) is designed according to the project which must
receive a raft under a laminate floor of 4 layers.

Following a geotechnical survey campaign which took place on the study site
of the project, we have recorded in Table 1 the values of the various limit pressure

and in Table 2 it is a summary of the physical characteristics of the soil in place.

oFl: Loads from the intermediate
columns of the structure

Structure envelope oFr: Load from the edge columns
of the structure

Fr Fi Fr
v v v
Grayish sandy clay Y 0.8
3m
Gray, slightly sandy plastic clay
55m
Gray sandy clay
10.5m
Little sandy brown clay
15m
Figure 1. Model of the study soil structure in situ.
Table 1. Summary of the limit pressure analysis from the geotechnical report.
Number  Thickness standard Min Max
Depth h A Moy-0.5
epth (m) shapes of values (m) verage deviation (MPa) (MPa) oy-0.59
0to3 Grayish sandy clay 3 3 0.97 0.55 0.44 1.55 0.70
3t05.5 Gray, slightly sandy plasticclay 2 2 1.81 0.76 1.28 2.35 1.43
5 to 10.50 Gray sandy clay 5 5.5 2.00 0.19 1.70 2.20 1.91
10.50 to 15 Little sandy brown clay 5 4.5 1.95 0.07 1.86 2.03 1.92
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Table 2. Summary of geotechnical characteristics.

shapes Roof/NL Thickness (m) PI*(Mpa) Em (Mpa)
Grayish sandy clay 0 3 0.70 5.18
Gray, slightly sandy plastic clay 3 2 1.43 2041
Gray sandy clay 5.5 5.5 1.91 2248
Little sandy brown clay 10.5 4.5 1.92 26.48

Verification of Lift and Settlement from in Situ Data
The verification of the bearing capacities and the calculation of the footing’s set-
tlements are carried out using the values of the loads which will be exerted in the
subsoil. In our case, we have the maximum load Cm = 31 MN, calculated on the
basis of the load drops. These are shallow foundations, namely a general raft of
dimensions 15.40 x 21 m. The results of verification of settlements by the pres-
suremeter method are as follows: Calculation method of settlements according
to Terzaghi.

The calculation of the overall settlement AA of a laminate floor by several
compressible saturated layers is generally evaluated by:

Ah = Ahi + Ahc + Ahs + Ahf (1)

» Ahj this is the immediate settlement, it depends on the overload (Ao), the
compressible soil thickness (A), a geometry factor of the medium / and the
deformation modulus (£). This settlement occurs before any drainage has

had time to take place. it is expressed by:

A
Ai=29 )
E
» Ahc This is a primary consolidation settlement of zero lateral strain, linked
to the drainage of the multilayer system where there is an effective initial

stress ( o, ) uniformly overloaded by (Ac"). This relation is given by:

’+A !
Ahc=H G log Fo 720
l+e o,

0

(3)

= Ahs: This is the secondary settlement at zero lateral strain, corresponding to a
creep of the skeleton after dissipation of the pore overpressure.
= AAf This is the settlement caused by the lateral movements of the soil.

Based on the calculations made, the final settlement is estimated at.

Ah = Ahi+ Ahe =0.0263 cm

2.2. Modeling and Numerical Simulation of the Mechanical
Behavior of the Raft Foundation
2.2.1. Geometric Model and Mesh
The chosen geometric model consists of a ribbed raft, anchored in a laminate
floor made up of o, x, y. The following main assumptions are made:
- The soils are homogeneous and isotropic. The dimensions considered are
15.4 min width.
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- The triangular finite elements with quadratic interpolation (tri6: triangle with
6 nodes and 2 degrees of freedom by node (Ux; Uy)) are used for the mesh of
the base and the layers of soil. The resolution being partly carried out at the
nodes of the mesh, this thus makes it possible to densify the nodes in the
model and to approach the real solution as well as possible.

Figure 2 illustrates the reduced model of the problem formulated and Figure

3 the mesh of the geometry of the field of study of the problem.

Foundation raft (ribbed) ‘

A
z
| A
3.00m Grayish sandy clay
A
2.50m Gray, slightly sandy plastic clay
Soil layers Y
5.00m Gray sandy clay
4.50m Little sandy brown clay
N > x
< 15.40m >
Figure 2. Geometric model of the problem.
D24 D23 Di5 _ pis

Figure 3. Mesh of the geometry of the study area.
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2.2.2. Behavior Models

1) Mazars mechanical model for the raft foundation

The foundation raft has a model of elastic mechanical behavior with Mazars
damage. The damage variable “D” constitutes an observable state variable for the
material [5] [6]. The internal variables generally highlighted for this model are
the following ones:

- Plastic or viscoplastic deformation:
el =¢c+¢&f (4)

- The variable of scalar nature, characterizing isotropic hardening
(2 v
P:J'O(Eé”(r):g'” (T)j dr (5)

- The tensor variable of order 2 characterizing the kinematic hardening o In

the space of constraints, the flow surface is represented by the function £
f=r(o.p.X,p.T) (6)

Kuhn and Tucker [7] [8], have shown that for plastic flow to occur, two con-
ditions must be met:
- The point representative of the stress state o must belong to the flow sur-
face [9]:

f=f<0'*,p,X,p,T) (7)

Throughout the flow, the point representative of the stress state must not be
able to leave the surface:
df(d‘):i:da*+£dp+i:dx+idp+idr=o (8)
do dp dx dp dr
The charge/discharge criteria become:

e f<0isequivalent to the elastic behavior

e f=0and df= 0 is equivalent to plastic flow

f=0and df< 0 is equivalent to the elastic discharge

2) Modified Camclay mechanical model for soil layers

The soil has an elastoplastic model of behavior with modified Camclay plas-
ticity criterion. This model is based on the concepts of limit state and critical
state; he postulates the existence of a limit state and critical state curve to de-
scribe the elastoplastic behavior of normally consolidated isotropic soils, under
homogeneous stresses [10] [11]. Roscoe and Burland [12] write the charge func-

tion Fof this model in the plane (p, g) by Equation (9).
F(o)=q"+M*(P* - PP (9)
P’ the pre-consolidation pressure given from Khemissa, by Equations (10)-(12)
2 2
qz\/((al—o-z)2+(0'1—0'3) +(O‘2—63) )/2 (10)

P':trace[E] (11)
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P' =Py exp[((1+¢)/(2~k))e! ] (12)

e, represents the initial void index of the soil. Pj is the initial
pre-consolidation pressure, A the slope of the loading curve for a normally con-
solidated state and k the slope of the unloading-reloading curve for an
over-consolidated state.

gl is the plastic component of the strain. The slope of the critical state line

M in the plane (p, g), or coefficient of friction is defined by Equation (13). M is

determined by the triaxial compression test and defined by Equation (6).

M=6sin¢/(l—sin(p) (13)

@ is the internal friction angle of the soil. As described by Equation (14), M is
the slope of the line representing the critical shear behavior of the soil, where the

strains continue to develop without a change in stress state

q=MP' (14)

The elastic law associated with the Camclay model is characterized by the
Young modulus £ and the Poisson’s ratio v (assumed constant). These parame-
ters are taken into account by the voluminal compressibility modulus K and the

shear modulus G, given by Equation (15) and Equation (16)
K=((1+e)/k)P' (15)

G=[3(1-2v)/2(1+v)]K (16)

3) Plastic model of Mohr Coulomb for the ground-raft and ground-ground
interfaces

The zero-thickness element approach was used to model the joints of the
ground-raft and soil-ground interfaces. This element follows the elastoplastic
constitutive law, with Mohr-Coulomb plasticity criterion [13] [14] and asso-
ciated flow (Coulomb model implemented in CAST3M). The scalar function as-

sociated with this model is given by the load function f such that:
f(an,r):|r|—antg¢—c 17)

with ¢ @, respectively the cohesion and the friction angle at the interface. o,
and 7 the normal and shear stresses. Table 2 gives the numerical values of the
parameters retained for the model.

4) The values of parameters used to perform this simulation

The numerical simulations are carried out using the Castem software, by suc-
cessively varying the pré-consolidation pressure, the soil compacity (through the
void index), and the Young modulus (function of water content). The numerical
input parameters used in Table 3 were taken from a geotechnical study carried
out at Las-Planas site. Table 4 illustrates the soil-raft interface parameters used
for the numerical simulations.

The values in Table 5 are parameters taken into account for concrete com-
pared to the Mazars model are listed in the table below; these values come from
(Di Paola, 2011).
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Table 3. Soils parameters used for numerical simulations (Gaudin et Serratrice, 1986).

PARAMETRES VALEUR PARAMETRES VALEUR
Initial void index e=0.38 pre-consolidation pression P' =2.5Mpa
Coefficient of friction M=1.18 Elastic slope k=0.007
Cohesion c=1Mpa Plastic slope A1=0.04
Poisson’s ratio v=0.3 Shear modulus G =150 Mpa
Young modulus E=390 Mpa

Table 4. Parameters of soil-raft interface used for numerical simulations.

PARAMETRES VALEUR PARAMETRES VALEUR
interface normal stiffness KN =980 Mpa/m Friction angle ¢=30"
interface shear stiffness KS = 375 Mpa/m Dilalancy angle y=30"

Maximum tensile strength FTRC = 980 Mpa/m

Table 5. Parameters of concrete used for numerical simulations.

PARAMETRES VALEUR PARAMETRES VALEUR
Poisson’s ratio v=10.25 Correction for shear 1.06
Young modulus variable Tensile strain threshold =~ KTRO = 1E-4
Concrete in compression BCOM = 1900 Concrete in tension BTRA =17,000
Steel in compression ACOM =14 Steel in tension ATRA =0.8

2.3. Boundary Conditions of the Soil-Raft System

The mechanical blockings are applied to the geometries of the soils and the raft
as illustrated by Figure 4. Thus, the boundary conditions relate to the horizontal
displacements (Ux) which are blocked on the lateral edges of the soil layers (lines
D2, D6, D10, D14 and lines D4, D8, D12, D24), as well as the vertical (Uy) and
horizontal (Ux) displacements at the base of the soil mass (line D1).

2.4. Mechanical Loading: Forces Applied to the Ribs

The loading of the structure takes place on the ribs of the raft foundation, as
shown in (Figure 5(a)); upward vertical forces are applied to the upper side of
the raft ribs. These applied forces will have the effect of generating stresses,
strains and displacements in the raft foundation, which will then be transmitted
to the soil layers through the interfaces. The amplitude of these quantities de-
pends on the mechanical characteristics of the soil layers under stress. The cal-
culation being done step by step, the incrementation of the forces AF is a func-
tion of the time increments, following a monotonic curve described by Equation
(18) and shown in (Figure 5(b)).

F. =F+AF (8)

where F; is the force applied to the time index 7 and AF'is the force increment

at each time index. F;,, the force applied to the time index 7 + 1.
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Léf_/N
A=

Ux=0
i
Ux=0
rr s A&/ T rr A/ [ I é/ X
Ux=0 Uz=0
Figure 4. Mechanical blockages applied to the field of study.
Fl Fé Fé
A
i
S
§ 0.3 T
£ oA
g ogr g %
0 1 2 3 i n
> Time index
(@ X (b)

Figure 5. loading by forces applied to the ribs: (a) forces applied to the upper sides of the raft ribs,
(b) monotonic curve of the force increment as a function of the time increment.

2.5. Sequence of Numerical Computation

A finite element calculation will be performed step by step using the Cast3m fi-
nite element code. The parametric study will be carried out by varying the me-
chanical parameters of the soil in turn (water content, compactness, consolida-
tion). The results will be extracted with the nodes and elements of the mesh as
illustrated by (Figure 6). This numerical computation will allow us to draw the
curves of the total behavior of the raft foundation (global displacement of the
raft foundation, global force-displacement), and the behavior curves local
(stress-displacement) associated with the parametric study, and allowing to show

the influence of the mechanical properties of the soil on the behavior of the raft.

3. Analysis and Discussion of the Results

To highlight the influence of the physico-mechanical characteristics of the soil

on the behavior of the raft, Figures 7-14 show the local stress-displacement
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Noeud N1

Droite D25

Figure 6. location of nodes and elements for the extraction of results and the plotting of

v

curves.
1400000
1400000
1000000
——P0 = 3.2MPa
800000 PO =2.0MPa
——P0 = 1.5MPa
600000
——P0 = 1.0MPa
400000 PO = 2.5MPa
200000
0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Figure 7. Evolution of the stress-displacement at the raft head as a function of the
pre-consolidation pressure of the soil.

1.20E-02
1.00E-02
8.00E-03
———E = 390MPa
6.00E-02 ——E = 300MPa
———E = 250MPa
4.00E-03 ——E = 200MPa
2.00E-03
0.00E+00
0 2 4 6 8 10 12 14

Figure 8. Force-displacement evolution of the raft as a function of the pre-consolidation
pressure of the soil.
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1400000
1200000
1000000
800000
600000
400000
200000

0

0 0.002 0.004 0.006 0.008 0.01 0.012

contrainte (Pa)

Uy (m)

Figure 9. Stress-displacement evolution at the raft head as a function of the soil void in-
dex.

1400000
1200000

1000000

800000 e0=0.48

e0=0.68
600000

e0=0.88

contrainte (Pa)

400000

€0=0.18

200000 €0=0.38

0
0 0.002 0.004 0.006 0.008 0.01 0.012

Uy (m)

Figure 10. Evolution of the force-displacement of the raft as a function of the index of
voids in the soil.

3.00E+07

2.50E+07 he

2.00E+07

1.50E+07

o(Pa)

1.00E+07
——25°
5.00E+06 35

—_—27°

0.00E+00
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
u(m)

Figure 11. Stress-displacement at the pile head as a function of the internal friction angle
of the soil.
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9.00E+06
8.00E+06
7.00E+06
6.00E+06
5.00E+06
4.00E+06
3.00E+06
2.00E+06
1.00E+06
0.00E+00

F(N)

0 0.15 0.3 0.45 0.6 0.75 0.9 1.05

(U_y)x0.07m

Figure 12. Force-displacement evolution of the pile as a function of the internal friction
angle of the soil.

1.20E+07
1.00E+07
8.00E+06
3
£ 6.006+06
——0.55MPa
4.00E+06 —— b BENiFS
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0.00E+00 ——1.35MPa
0 0.012 0.024 0.036 0.048 0.06 0.072

u(m)

Figure 13. Evolution of the stress-displacement at the pile head depending on the cohe-
sion of the soil.

3.50E+06
3.00E+06
2.50E+06

2.00E+06

F(N)

1.50E+06

1.00E+06

5.00E+05

0.00E+00
0 0.08 0.16 0.24 0.32 0.4 0.48 0.56 0.64 0.72 0.8 0.88 0.96 1.04

(U_y)x0.07m

Figure 14. Evolution of the force-displacement of the pile according to the cohesion of
the soil.
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curves at the head of the central rib of the raft, and the overall force-displacement
of the raft, respectively. These curves are qualitatively in agreement with the
work of Niandou [15].

3.1. Influence of the Degree of Soil Consolidation

The evolutions of the graph in (Figure 7) are qualitatively identical in appear-
ance in the elastic zone (zone of small displacements), and all converge towards
the same level characterizing the plastic flow at failure. However, stress peaks are
observed which increase with the initial pre-consolidation stress, thus characte-
rizing soils in a denser state. The stress and the breaking force mobilized there-
fore increase when the initial pre-consolidation pressure is greater. In fact, the
dilatancy phenomenon which leads to the stress peak causes soil hardening [16],
which is taken into account in the CamClay model by Equation (9), in which the
initial pre-consolidation pressure occurs. Taking this parameter into account
when designing the piles thus makes it possible to optimize the force mobilized

at failure (Figure 8).

3.2. Influence of the Initial Void Index

Figure 9 and Figure 10 show qualitatively similar evolutions; however, there are
nevertheless slight localized differences mainly in the area preceding the rupture.
These changes show that the initial void index of the soil has a weak influence on
the mechanical behavior of the pile before the soil breaks. Thus, when the void
index decreases, the breaking stress is greater (Figure 9). This can be explained
by the fact that a lower void index implies denser soil (high density index), capa-

ble of mobilizing a greater force at failure (Figure 10).

3.3. Influence of the Cohesion and the Internal Friction Angle of
the Soil

The evolutions in graphs of Figure 11 and Figure 13, respectively 12 and 14 are
qualitatively and quantitatively identical in the elastic zone (zone of small dis-
placements), and all converge towards levels (plateau) characterizing the plastic
flows at failure. However, these bearings exhibit greater ultimate stresses as the
angle of internal friction and soil cohesion increase. The stress and the breaking
force mobilized therefore increase with the cohesion (Figure 11) and (Figure
12) and the ground friction angle (Figure 13) and (Figure 14). Indeed, this last
parameter is taken into account by the coefficient of friction (Equation (11)); the
value of this coefficient increases with the angle of internal friction, and in the

same order, increases the stress deflector leading to ground shear.

4. Conclusion

The objective of this article was to make a numerical simulation of the mechani-
cal behavior of a foundation raft anchored in a laminate soil. The goal is to high-

light the influence of the mechanical properties of the foundation soil in relation
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to the evolution of the mechanical behavior of the foundation raft subject to hy-
drodynamic variations of the physical parameters of the soil in the city of Douala
in Cameroon. It emerges from after the boundary conditions and the models
taken into account in the formulation of the studied problem that, when satu-
rated clays are subjected to loadings at high load rates, deformations occur. We
can therefore note that this evolution of settlement in the soil depends on several
parameters which interact according to their solicitations. For this, we were able
to highlight the influence of its parameters and note that, the stress and the
breaking force mobilized in the study increase when the initial pre-consolidation
pressure is greater and the void index decreases when the breaking stress is
greater and finally the stress and the breaking force mobilized therefore increase
with the cohesion and the friction angle of the soil. The interest of the work lies
in taking into account the dimensioning parameters of the foundations of solid
structures. In terms of perspectives, we envision the demonstration of a struc-
tural soil relationship of saturated clay soil types as well as a characterization of

the physical parameters of soils as a function of heavy loads.
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