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Abstract. Several regions of countries with tropical climate exhibit alternation
between dry and rainy seasons and, these countries also exhibit geological
processes that create ideal conditions for the formation of thick layers of
unsaturated porous soils. These soils may present collapsible behavior, that is,
volumetric deformations due to the wetting of the soil without any variation of
applied load. In this research, results of oedometer tests with suction control using
the axis translation technique in both natural and compacted soil are presented and
simulated numerically. The CODE_BRIGHT program was used for this purpose in
coupled hydro-mechanical analysis, and the Barcelona Basic Model was used as a
mechanical constitutive model. In the numerical simulations carried out for the
natural and compacted soil, the experimental results were suitable to the numerical
results for the oedometer tests with constant suction throughout the entire test. The
numerical simulations carried out for the tests with collapse in natural soil, that is,
with gradual reduction of suction in a certain tension, presented considerable
dispersion. The paper also presents important considerations about the effect of
compaction as an improvement of the collapsible soil in relation to the volume
variation and the effect of suction on the behavior of the soil.
Keywords. Unsaturated soil, collapse, numerical simulation, soil compaction.

1. Introduction
The collapse is one of the main problems related to unsaturated soils, especially in
regions with tropical weather, where a certain abundance of water in the soil exists due
to the soil-atmosphere interaction [1]. Collapse is the deformation caused by soil
wetting without significant variations of the applied loads [2, 3].
Several studies about collapsible soils are conducted using conventional oedometer
tests [2]. These tests have great relevance, but are incapable of simulating realistic
conditions of field situations, since suction is not properly controlled during the test.
Oedometer tests with suction control allow for a more complete study of collapsible
soils.
The collapsing behavior does not prevent buildings from being supported by these
soils. One of the practices used in the mitigation of the collapse is the improvement of
the soil behavior through a compaction process. Good results have been demonstrated
1
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using this technique [4-6], and, has been shown to be a viable solution to the collapse
problem in practice.
In the last few years, elastoplastic models have been developed to study the
behavior of unsaturated soils. The increasing interest on these models is justified by the
necessity of more efficient analyses of these soils, aiming to enable more realistic
predictions of geotechnical buildings. In this scenario, the Barcelona Basic Model
(BBM) is an important reference [7]. This model is an extension to a modified Cam
Clay Model of unsaturated soil that has as basis the theory of critical states.
In this study, results from the oedometer test with controlled suction of two
collapsible soils were numerically simulated. The finite elements program
CODE_BRIGHT was adopted as a tool to the numerical simulation and the BBM was
used as a mechanical model to the studied soils.
2. Oedometer test with suction control
Oedometer tests with suction control were conducted to study the collapse behavior
and the volume variation of Brazilian tropical soils obtained from two different cities
(Ilha Solteira and Pereira Barreto, São Paulo, Brazil).
The tests were performed using an oedometer chamber composed of a porous plate
of high air entry value. The plate is adapted to the base of the equipment and allows for
the control of the matric suction by using the axis translation technique.
The experimental framework was divided in two groups, one group for each soil. In
Group 1, the soil was composed by 61% sand, 27% clay and 12% silt. Oedometer tests
with constant suction were performed to simulate natural and compacted conditions,
two tests with natural soil at 0 and 300 kPa suctions and other two with a compacted
soil at the same suctions.
The relative compaction of the compacted soil was 94% in relation to the Standard
Proctor maximum dry density ( ߩ  ൌ 1.965 g/cm³) and the moisture content
deviation in relation to the optimum moisture (wót= 11.4%) was +3%.
In Group 2, three oedometer tests were made with an initial suction of 200 kPa
maintained for each sample until the stress of 100, 200 and 400 kPa. Furthermore, each
sample was wetted to induce the soil collapse. The soil of this group was composed by
79% sand, 15% clay and 6% silt. Table 1 presents the experimental framework.
Table 1. Experimental framework: Group 1 and Group 2.
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3. Numerical simulation
The numerical simulations of oedometer tests with suction control were performed
using the BBM [7]. This model describes the stress-strain behavior of unsaturated soil
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and this formula is based on the theory of plasticity, with net mean stress (p – ua) and
suction (ua – uw) as independent variables.
The volumetric variation of the soil occurs due to the variation of stress and
suction, either in saturated or unsaturated condition. The variation of preconsolidation
stress with suction, known as LC curve (loading-collapse), is given by Eq. (1):
 

 כ 

ൌ
൬
൰



(1)

where  is the preconsolidation stress;   כis the preconsolidation stress for saturated
condition;  is the reference stress; Ͳ is the elastoplastic compression parameter of
the soil at saturated condition;  is the elastoplastic compression parameter of the soil
for changes in suction; ߢ is the elastic stiffness parameter for changes in net mean
stress.
The equation that predicts the asymptotic maximum soil stiffness with suction is:
ߣሺݏሻ ൌ ߣሺͲሻሾሺͳ െ ݎሻ݁



 ݎሿ

(2)

where r is the parameter defining the maximum soil stiffness, β is the parameter
controlling the rate of increase of soil stiffness with suction.
According to Hardening Law, the increase of loading (p) in the elastic region leads
to a compressive volumetric deformation given by Eq (3).
݀ߝ  ൌ െ

݀݀ ߢ ݒ
ൌ Ǥ
ݒ
 ݒ

(3)

Consequently, the component of volumetric deformation in the plastic region is
given by:
݀ߝ  ൌ

ߣሺݏሻ െ ߢ ݀
Ǥ

ݒ

(4)

In order to consider the triaxial stress state, a third parameter is included in the
formulation of the problem (q). In the (p,q) plane, the yield curve is described by an
ellipse, which spreading is given by the increase of preconsolidation stress and soil
cohesion in function of suction. The suction increase curve (SI) extends to the region
q<0 through a plane parallel to axis q.
The ellipse that goes through the points –ps and p0 is given by the equation:
  ݍെ  ܯሺ   ሻሺ െ ሻ ൌ Ͳ

(5)

where M is the slope of critical state line.
The tridimensional view of the yield surface in the (p,q,s) space is presented on
Figure 1.
The BBM is implemented in the finite element program CODE_BRIGHT [8]. This
program is able to deal with five balance equations: stress equilibrium, mass balance of
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water, mass balance of air, balance of energy and solute conservation, this allows for
the possibility to analyze coupled or uncoupled situations.

Figure 1. Yield surface in the space (p,s,q) [7].

In this paper, the analysis focuses on a coupled hydro-mechanical problem,
governed by stress equilibrium balance equation (with displacement, u, as variable) and
mass balance of water (with liquid pressure, Pl or uw, as variable).
The momentum balance reduces to the equilibrium of stresses if the inertial terms
are neglected. The equation of stress equilibrium is given by:
    0

(6)

where σ is the stress tensor and b is the vector of body forces.
The mass balance of water is given by the equation:
௪
   ∅



௪
   ∅

  ௪  ௪    ௪

(7)

where subscripts  and  refer to liquid and gas phase, respectively, and  to water, ω
is the mass fraction (kg. kg ିଵ ; is the hydraulic saturation mଷ . mିଷ ; ∅ is the porosity
mଷ . mିଷ .

4. Presentation and result analyses
For the numerical simulation, the constitutive parameters of BBM were determined
using oedometer and triaxial tests, both with suction control [9, 10]. Because it is a
coupled hydro-mechanical problem, the hydraulic parameters were defined from the
permeability test and soil water retention curve (SWRC) adjusted using the Van
Genuchten equation [11] for both soil groups [9, 10].
The mechanical and hydraulic parameters used in the numerical analysis are
presented on Table 2 and 3.
The geometry of the problem was defined from an axisymmetric analysis around
the vertical axis. The coordinates were introduced at the (x, y) plane and the rectangular
geometry had the dimensions of 18 mm height and 35 mm width. Due the
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axisymmetric imposed on the problem, the geometry had a cylindrical format with 70
mm diameter.
Table 2. Mechanical parameters of Barcelona Basic Model for both groups.
Parameter
k
M
p0 *
κ
λ(0)
r
β
pc

Group 1
Natural Soil
0.20
1.38
35 kPa
0.015
0.1500
0.68
0.020 kPa-1
1.4 kPa

Compacted Soil
0.83
1.18
230 kPa
0.006
0.0630
0.62
0.010 kPa-1
85.0 kPa

Group 2
Natural Soil
0.02
1.15
25 kPa
0.013
0.1412
0.79
0.015 kPa-1
1.0 kPa

Table 3. Hydraulic parameters for both groups.
Parameter
P0
λ
Srl
Sls
k

P at certain temperature
Shape function for SWRC
Residual Saturation
Maximum Saturation
Intrinsic permeability

Natural Soil
0.0020 MPa
0.424
0.283
1
1.4.10-14 m²

Group 1
Compacted Soil
0.0020 MPa
0.877
0.590
1
6.5.10-16 m²

Group 2
Natural Soil
0.0025 MPa
0.500
0.146
1.0
5.10-12 m²

The initial and boundary conditions were attributed to retract the real problem. The
conditions were: initial conditions of suction, porosity and stress; and boundary
conditions of force, displacement and flux.
After the convergence tests of the mesh, a quadrilateral finite element mesh of 441
nodes and 400 elements was adopted.

Figure 2. Experimental and numerical data of Group 1: Oedometer tests in natural condition with suction of
0 and 300 kPa.
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Figures 2 and 3 illustrate the results from the experimental test and numerical
simulation of Group 1, natural and compacted soil illustrated respectively.
The results show a good comparison between numerical and experimental data. It
was evident that both natural and compacted soil stiffened with the suction increase,
although the effect of suction was more expressed with natural soil. The
preconsolidation stresses were higher in the compacted soil when compared to the
natural soil. In addition to that, the compacted soil was less deformable. This data
suggests that the compaction improves the soil behavior.

Figure 3. Experimental and numerical data of Group 1: Oedometer tests in compacted condition with suction
of 0 and 300 kPa.

Figure 4 presents the experimental and numerical results of soil of Group 2. The
oedometer tests were performed with initial suction of 200 kPa and inundation stress of
100, 200 and 400 kPa.
The results of oedometer tests with collapsibility induced by the decrease of the
suction showed the influence of both suction and inundation stress in the collapsible
behavior. Certain dispersion was observed in the numerical model prediction compared
to the experimental data, both in the elastic and elastoplastic compression path in the
unsaturated soil condition, as well as in the collapse and elastoplastic compression path
in the saturated soil condition.
The original BBM used in the simulation predicts collapse potential increasing
with the inundation stress. In the other hand, the experimental data showed that this
potential decreases with the analyzed inundation stress. Such feature is unique for the
studied soils and because of that [12, 13] had to adapt the original BBM to an
elastoplastic model which considers this characteristic behavior. In addition to it a good
adjustment between the numerical and experimental data was observed even using the
original BBM, mainly to lower stresses.
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Figure 4. Experimental and numerical data of Group 2: Oedometer tests with initial suction of 200 kPa and
inundation stress of 100, 200 and 400 kPa (collapse induced by wetting).

5. Conclusion
The experimental framework and numerical simulation of results of oedometer tests
with controlled suction is presented and discussed in this paper. The soil was in natural
and compacted conditions and the hydro-mechanics analyses were performed using the
program CODE_BRIGHT.
The experimental results of Group 1 showed the benefit of soil compaction in
comparison to natural soil condition. Analysis of the oedometer test data with
compacted soil showed the volume variation was lower in both the saturated and
unsaturated conditions.
In Group 1, it was also verified that suction increase leads to the increase of the
preconsolidation stress and decreases the slope of the virgin state line. However,
suction effect was less noticed for the compacted soil. The compaction process
generates a denser structure than the natural soil and reduces soil compressibility.
Greater dispersion of the numerical modelling simulations was observed in the
oedometers data with collapse induction of Group 2. The scatter was smaller in the
simulation of oedometer test with constant suction, for both the soil in natural and
compacted conditions (Group 1).
In summary, the analysis demonstrated that the Barcelona Basic Model was
capable to predict the collapse behavior of the studied soils.
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