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1. Introduction

Urban growth contributes to an increase in regional 
temperatures, alters the rainfall regime, and causes local 
extreme events and natural disasters. Southeastern Brazil 
is one of the regions where there is a greater tendency 
for precipitation increase, while in the Northeast there is 
drought. It is important to advance the understanding of the 
geomechanical behavior of soils in tropical and subtropical 
climatic environments by studying key aspects that are not 
yet well understood, such as the impact of the unsaturated 
state on the laboratory and in situ determination of the 
geomechanical properties of these soils (Vilar & Rodrigues, 
2011; Zhang et al., 2014; Zhang, 2016). This aspect is also 
important in the design of infrastructure works with emphasis 
on the seasonal variability that may occur (Fernandes, 2016; 
Dong et al., 2018; Silva et al., 2019).

The behavior of unsaturated soils depends on the moisture 
content and consequently on the soil suction. Changes in the 
moisture content and suction in an unsaturated soil can occur 
due to climate variations (Blight, 2003; Cui et al., 2005). 

It is important to know the soil properties through direct in 
situ or laboratory measurements in the geotechnical design 
practice. The time of year when a particular unsaturated soil 
site is investigated can have a strong influence mainly on the 
in-situ test data (Giacheti et al., 2019; Rocha et al., 2021).

The depth of the subsoil to which changes in moisture 
content take place is referred to as the active zone. The active 
zone is generally defined as the region of fluctuation in 
moisture content of an unsaturated soil, which can change 
seasonally due to climatic variations (Fredlund, 2006). 
Significant soil deformation or movement can occur due to 
variations in soil moisture/energy in this zone. It is important 
to note that varying soil suction affects the behavior of 
collapsible and expansive unsaturated soils. Lightweight 
structures such as highways and railroads (Sánchez et al., 
2014) or small buildings are often subject to severe damage 
due to wetting of a collapsible or expansive soil. Abrupt and 
significant settlements in geotechnical structures are common 
in collapsible soils after flooding (Jennings & Knight, 1975; 
Vilar & Rodrigues, 2011). Cut slopes (Tsiampousi et al., 2017) 
and infinite slopes (Ray et al., 2010; Zhang et al., 2014) are 
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prone to rupture or may experience irreversible movement due 
to changes in negative soil and water pressures. Therefore, 
seasonal variability can lead to complex and often costly 
assessment of unsaturated soil properties, from a practical 
point of view. However, even today, geotechnical designs 
rely almost exclusively on data obtained through short-term 
site investigation programs.

The conventional laboratory tests, i.e., those that are 
performed without any soil suction control, generally do not 
adequately consider the transient condition of moisture content. 
Modern laboratory testing options are available (Delage et al., 
2008) to consider the suction influence on soil behavior. It is 
important to recognize the significant progress that suction 
control has brought to the understanding of unsaturated soils, 
especially Hilf’s (1956) axis translation technique.

Some researchers in recent decades have proposed 
ways to interpret laboratory test data on unsaturated soils. 
It has been usual to consider two independent stress state 
variables (suction and net stress) over a wide suction range 
(Fredlund & Morgenstern, 1977; Toll, 1990). It can range from 
0 to 500 kPa for most geotechnical engineering problems, 
according to (Khalili & Khabbaz, 1998; Vanapalli  et  al., 
1996). Fredlund et al. (1978) and Ho & Fredlund (1982) 
extended the Mohr-Coulomb criterion for unsaturated soils 
using state variables by defining failure surfaces assumed as 
planar and represented by friction angles ϕ’ and ϕ B.

Escario & Sáez (1986) found the non-linearity of ϕ B 
from the interpretation of experimental data and it prompted 
some researchers to propose empirical models to represent 
the total cohesion intercept (e.g., Vanapalli et al., 1996; Vilar, 
2006). The failure envelopes of unsaturated soils can be 
determined in laboratory via triaxial compression tests with 
controlled suction (Fredlund et al., 1978; Khalili & Khabbaz, 
1998; Vanapalli et al., 1996; Zhang, 2016). The drainage 
conditions in the consolidation and shear phase can be 
different depending on the type of triaxial test performed.

Modern triaxial compression testing devices allow 
to use equipment for the direct measurement of load and 
displacement of soil specimens within the triaxial cells. 
Bender elements have also been used to measure shear 
wave velocities (Vs) with deformations in the order of 10-4 to 
10-6%. Therefore, theory of elasticity is valid to determine 
the maximum shear modulus (G0):

2
0  . G Vsρ= 	 (1)

G0 is a reference geotechnical parameter to be considered in the 
site characterization for geotechnical design (Jamiolkowski, 
2012; Rocha et al., 2022). The triaxial compression test system 
equipped with bender elements allow to verify the quality of 
specimen (Ferreira et al., 2011). It also allows determining 
the variation of G0 with the confining net stress, void ratio, 
soil suction, and over consolidation ratio (Dong et al., 2018; 
Dong & Lu, 2016; Georgetti, 2014; Hardin & Blandford, 1989; 
Hoyos et al., 2015; Leong & Cheng, 2016; Nyunt et al., 2011).

The compressibility parameters are also important in a 
proper site characterization program, especially for foundation 
settlements prediction (Skempton & Jones, 1944; Lambe & 
Whitman, 1976). The compressibility of unsaturated soils, 
mainly the collapsible ones, is more complex and difficult to 
predict since suction changes can induce significant variation 
in compressibility parameters such as the over consolidation 
stress and the compression index.

Jennings & Knight (1975) proposed the use of single 
and double oedometer tests since many unsaturated soils 
present collapsible behavior. Sun et al. (2007) conducted 
suction-controlled tests on a compacted clay to study the 
influence of different dry unit weight and suction values 
on the collapse behavior for both isotropic and anisotropic 
stress states. Vilar & Rodrigues (2011) carried out suction-
controlled tests on an undisturbed clayey sand to study the 
soil collapsibility with the gradual reduction of suction upon 
vertical stresses.

The main research goal in the recent years has been to 
understand the behavior of unsaturated soils extending the 
concepts of the Critical States Soil Mechanics (Alonso et al., 
1990). Research has been based on experimental data in 
which the axis translation technique is used mainly as a 
tool to understand the hydraulic and mechanical behavior 
of unsaturated soils. So, controlled suction laboratory tests 
are essential to understand the unsaturated soil behavior and 
its seasonal variability in the active zone of the soil profile.

This paper presents and discusses the characterization via 
laboratory tests of the active zone of an unsaturated tropical 
sandy soil profile under different suction conditions. The main 
contribution is to highlight the importance of incorporating 
the suction influence on determining soil parameters and 
considering it in the geotechnical engineering design as well 
as to expand the database of geotechnical parameters in a 
typical unsaturated tropical soil.

2. Materials and methods

2.1 Study site

The study site is the experimental research area (Lat.: 
S 22º05’ to S 22º26’; Long.: W 49º00’to W 49º16’) from 
the São Paulo State University, in Bauru, São Paulo, Brazil. 
The geology consists predominantly of sediments from Bauru 
Group (Marília and Adamantina Formations), covering the 
volcanic rocks of Serra Geral Formation that outcrop towards 
the Valley of the Tietê River. De Mio (2005) describes these 
soils as being formed mainly by deposits of colluvial origin 
submitted to tropical weathering process, resulting in porous 
and collapsible soils.

Figure 1 shows some index properties and grain size 
distribution (with and without dispersant) up to 6 m depth. 
The soil is classified as clayey sand and the grain size 
distribution is relatively uniform. The dry unit weight (γd) 
and unit weight of solids (γs = 26.8 kN/m3) are practically 
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constant with depth. The void ratio (e) at 1.0 m depth is 
equal to 0.78 and it is also almost constant up to 4 m depth 
and drops to about 0.70 at 5 and 6 m depth. The liquid limit 
at 1.0 m depth (wL) is 17% and tends to increase with depth. 
The fine portion of the soil is non-plastic (plastic limit - wP, 
cannot be determined) and has iron and aluminum oxides, 
hydroxides, and kaolinite. It is classified as SM Group soil 
in the Unified Soil Classification System (ASTM, 2017).

The study site has a tropical climate with well-
defined wet and dry seasons. The Cone and the Piezocone 
Penetration Tests (CPT and CPTu) can be used as a high 
profiling resolution technique to assess site stratigraphy 
and variability (De Mio & Giacheti, 2007). Giacheti et al. 
(2019) investigated the seasonal influence on the study site 
based on CPT campaigns carried out in different season of 
the year. The tests were carried out in a wooded area with 
some Caesalpinia peltophoroides Benth, commonly referred 
as “Sibipirunas”. The trees are likely to have a system of 
lateral roots and one large tap root and affected the seasonal 
variability.

The role of suction on soil behavior can be observed in 
Figure 2a, 2b since the seasonal variation has significantly 
influenced the CPT data up to about 4 to 5 m depth. 
The monitoring of the moisture content profiles (Figure 2c) 
indicates that a high variation occurs closer to the ground 
surface, and it decreases with depth.

2.2 Laboratory tests

Soil blocks were retrieved from exploratory sampling 
pits to get disturbed and undisturbed samples following ABNT 
(1986). Laboratory tests for soil characterization (physical 
indexes, grain size distribution and Atterberg limits) were 
carried out every meter interval up to 5 m depth. Soil water 
retention curves were determined under drying trajectory by 
using the filter paper technique, suction plate, and pressure plate 
tests. The specimens were obtained from quasi-static driving 
of beveled PVC rings (53 mm in diameter and 12 mm high) 
on undisturbed samples collected at 1.0, 3.0 and 5.0 m depth. 
The specimens were saturated with distilled and de-aerated 

Figure 1. Grain size distribution and index properties [adapted from Giacheti et al. (2019)].

Figure 2. Wet and dry seasons profiles: (a) and (b) average CPT data; (c) moisture content data [adapted from Giacheti et al. (2019)].
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water. The filter paper Whatman no 42 and the calibration 
of Chandler & Gutierrez (1986) and Chandler et al. (1992) 
were used to determine the experimental data points by the 
filter paper method following the procedures suggested by 
Marinho & Oliveira (2006). The equation proposed by van 
Genuchten (1980) was used to adjust experimental datapoints 
obtained by different methods.

Soil shear strength was determined through saturated 
and unsaturated consolidated drained triaxial compression 
tests (CD type) with an axial strain rate of 0.05%/min to 
endure dissipation of the excess pore water pressure during 
all tests. Specimens 50 mm in diameter by 100 mm in 
height were carved from undisturbed soil samples collected 
at 1.5, 3.0, and 5.0 m depth by an exploratory sample pit. 
The experimental test program was designed to ensure 
the integrity of specimens, as well as the quality of the 
collected samples. The soil suction values were 0, 50, 200, 
and 400 kPa and the net normal stresses were 50, 100 and 
200 kPa. The saturation (zero suction) was achieved applying 
back pressure up to a pore-pressure coefficient B ≥ 0.95. 

Table 1 presents the index properties of the samples before 
and after saturated and unsaturated triaxial tests.

The suction values were installed in the unsaturated 
specimens and maintained through Hilf (1956) axis-translation 
technique by means of a 500 kPa air entry value porous plate. 
The pore-air pressure was elevated above atmospheric pressure 
such that pore-water pressure becomes positive (Hilf, 1956; 
Fredlund, 2006). The failure envelopes Fredlund et al. (1978) 
were determined for each investigated depth to obtain friction 
angle and the cohesion intercept (Vilar, 2006).

The maximum shear modulus (G0) was determined 
in a triaxial chamber equipped with bender elements. 
The specimens were carved from the undisturbed samples 
collected at 1.5, 3.0, and 5.0 m depths. The suction levels 
were 0, 50, 200 and 400 kPa and isotropic state stresses 
were 25, 50, 100 and 200 kPa. The shear wave velocity (Vs) 
was determined by the first time of arrival method, after the 
specimen consolidation (Fernandes, 2016). The G0 variations 
as a function of soil suction and net normal stress were 
determined for each tested depth.

Table 1. Index properties for the soil samples before and after the triaxial tests.

Depth 
(m)

Net normal 
stress (kPa)

Index 
properties

Soil suction, s (kPa)
0 50 200 400

Before After Before After Before After Before After
1.5 50 e 0.689 0.584 0.710 0.599 0.761 0.705 0.788 0.759

w (%) 5.10 20.12 6.05 7.00 5.94 6.17 5.65 5.69
γd (kN/m3) 15.96 17.02 15.77 16.86 15.31 15.82 15.08 15.32

100 e 0.717 0.579 0.749 0.574 0.769 0.668 0.776 0.714
w (%) 5.82 18.24 5.64 7.05 5.94 6.12 5.79 5.65

γd (kN/m3) 15.70 17.07 15.41 17.13 15.24 16.16 15.18 15.73
200 e 0.703 0.409 0.711 0.532 0.781 0.628 0.807 0.608

w (%) 5.71 19.36 5.90 7.15 5.42 6.07 5.92 *
γd (kN/m3) 15.83 18.09 15.76 17.61 15.14 16.56 14.92 16.76

3.0 50 e 0.814 0.665 0.742 0.690 0.741 0.706 0.726 0.709
w (%) 8.35 * 8.31 * 7.88 6.97 7.25 6.43

γd (kN/m3) 14.79 16.11 15.40 15.88 15.41 15.73 15.54 15.70
100 e 0.740 0.566 0.748 0.641 0.734 0.665 0.770 0.703

w (%) 8.08 * 8.29 * 8.62 6.59 8.64 6.55
γd (kN/m3) 15.42 17.13 15.35 16.35 15.47 16.12 15.16 15.76

200 e 0.753 0.534 0.745 0.653 0.733 0.605 0.791 0.608
w (%) 8.61 * 7.85 * 7.61 6.31 9.19 7.07

γd (kN/m3) 15.31 17.49 15.38 16.24 15.48 16.72 14.98 16.68
5.0 50 e 0.717 0.605 0.674 0.654 0.688 0.671 0.702 0.678

w (%) 10.23 * 10.27 7.93 9.12 7.78 9.84 7.23
γd (kN/m3) 15.67 16.76 16.07 16.26 15.94 16.10 15.80 16.03

100 e 0.684 0.532 0.697 0.598 0.692 0.646 0.697 0.663
w (%) 10.54 * 10.22 8.10 8.93 7.11 9.01 7.15

γd (kN/m3) 15.97 17.55 15.85 16.83 15.90 16.34 15.85 16.18
200 e 0.712 0.537 0.707 0.621 0.704 0.602 0.686 0.607

w (%) 10.31 * 10.05 8.25 9.98 7.18 9.86 6.98
γd (kN/m3) 15.71 17.50 15.76 16.59 15.79 16.79 15.95 16.74

*Not determined.
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Conventional and controlled-suction oedometer tests 
were performed using oedometer-type chambers like the one 
developed by Escario & Sáez (1986). The compressibility 
parameters for the undisturbed soil samples collected at 1.0, 
2.0, 3.0, 4.0 and 5.0 m depth were determined under different 
suction values (0, 50, 100, 200 and 400 kPa).

The specimens were retrieved from a quasi-static 
driving of a metal ring of 70 mm diameter and 25 mm high. 
They were inundated with distillated and deaired water and 
installed on high air-entry porous plate at the base of the 
oedometer-type chambers. The specimens were subjected 
to air pressure inside the chamber, which allowed the 
imposition of suction through axis-translation technique 
of Hilf (1956). A total of 25 confined compression curves 
were determined for 5 different soil suction values (0, 50, 
100, 200 and 400 kPa) and for each test depth (from 1.0 to 
5.0 m). Table 2 presents the index properties of the samples 
before and after oedometer tests.

3. Analysis and results

3.1 Soil water retention curve

Figure 3 shows the experimental data, in terms of 
gravimetric moisture content (w) and soil suction (s), as well 
as the best curves fitted for 1.0, 3.0 and 5.0 m depth samples. 
All the curves are typical of sandy soils with low water retention 
(Fredlund & Xing, 1994). They are bimodal with four zones: 
a boundary effect zone, two transition zones and a residual 
zone (Vanapalli et al., 1996). The boundary effect zone is short, 
from 0 to 2 kPa in which the soil is saturated by capillarity. 
The transition zones start from the point of the first air entry 

value (AEV), about 2 kPa, ending at the residual moisture, 
around 2%. As the suction increases the moisture decreases 
significantly in the transition zones. Values of soil suction 
higher than the first air entry value (about 2 kPa) and lower 
than the second air entry value (about 1 MPa), indicate that the 
macropores and soil micropores are respectively unsaturated 
and saturated. The water in the micropores begins to drain 
significantly for suction values between the second air entry 
value and the residual moisture content. A large variation 
on suction causes a little change in moisture content in the 
residual zone. The soil pores are occupied mainly by air and 
the liquid phase is discontinuous in this zone.

Table 2. Index properties for the soil samples before and after the oedometer tests.

Depth 
(m)

Index 
properties

Soil suction, s (kPa)
0 50 100 200 400

Before After Before After Before After Before After Before After
1.0 e 0.849 0.477 0.856 0.554 0.853 0.544 0.841 0.587 0.811 0.612

w (%) 8.06 18.21 7.87 7.16 7.87 6.89 7.89 6.15 8.15 5.94
γd (kN/m3) 14.58 18.25 14.53 17.35 14.55 17.46 14.64 16.99 14.89 16.72

2.0 e 0.871 0.500 0.889 0.569 0.959 0.586 0.907 0.619 0.806 0.610
w (%) 9.3 19.35 9.30 8.27 9.53 7.83 9.65 7.28 9.65 7.19

γd (kN/m3) 14.60 17.89 14.24 17.18 13.73 17.00 14.11 16.65 14.89 16.75
3.0 e 0.838 0.500 0.776 0.523 0.769 0.528 0.663 0.519 0.744 0.545

w (%) 7.57 19.9 9.07 8.46 9.07 7.34 9.11 7.05 9.11 6.95
γd (kN/m3) 14.60 17.89 15.11 17.62 15.17 17.56 16.13 17.66 15.39 17.37

4.0 e 0.816 0.497 0.827 0.544 0.794 0.551 0.732 0.560 0.791 0.607
w (%) 8.74 21.04 9.10 8.48 9.10 8.21 8.76 7.33 8.76 7.16

γd (kN/m3) 14.81 17.97 14.72 17.42 14.99 17.34 15.53 17.24 15.02 16.74
5.0 e 0.765 0.496 0.703 0.504 0.718 0.542 0.730 0.555 0.737 0.565

w (%) 10.25 18.36 10.30 9.19 10.11 8.19 10.15 7.79 9.83 7.61
γd (kN/m3) 15.24 18.02 15.80 17.93 15.66 17.48 15.55 17.34 15.49 17.23

Figure 3. Soil water retention curves for the collect soil samples.
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certain stress value, the strain increases almost continuously 
with no increase in stress. It shows a contractive behavior 
during shearing, as can be seen in the volumetric strain versus 
axial strain curves (Figure 4).

The interpretation of the data presented in Figure 4 indicates 
a slight increase of soil rigidity with increasing depth and 
soil suction, as can be seen in Figure 5 in terms of the secant 

Figure 4. Variation of deviatoric stress versus axial strain and variation of volumetric strain versus axial strain for the triaxial compression 
tests. Data for different depths and soil suctions.

3.2 Shear strength

Figures 4 show the triaxial compression tests data in 
terms of the variation of deviatoric stress versus axial strain 
and variation of volumetric strain versus axial strain.

There is no clear peak stress in the curves independently 
of the test depth and soil suction (Figure 4). After reaching a 
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modulus in drained triaxial testing at 50 percent strength 
(E50). Such behavior is mainly related to the increase of the 
over consolidation stress with depth and soil suction, which 
is going to be presented and discussed later, based on the 
confined compression test data.

The Mohr-Coulomb failure envelopes from Figure 6 were 
defined after the interpretation of the deviatoric stress curves 
versus axial strain for the three different depths. They were 
defined after the interpretation of the deviatoric stress curves 
versus axial strain for the three different sample depths 
(Figure 4). The maximum deviatoric stress (σ1 – σ3)max was 
used as the failure criterion. The envelopes were drawn by 
fitting a straight-line tangent to the three Mohr failure circles 
drawn from the interpretation of the data from each series of 
tests, depending on the test depth and soil suction.

The failure envelopes indicate that there are differences 
between saturated and unsaturated soils mainly in terms 
of the cohesion intercepts (Figure 7). The soil from 1.5 m 
depth has a cohesion intercept that varies from 0 to 16 kPa 
while the soil at the 5 m depth varies from 5.3 to 28.7 kPa. 
It can also be seen in this figure that the inclinations of shear 
strength failure envelope for 3 and 5 m depth samples are 

Figure 5. Variation of secant modulus (E50) with (a) soil suction and (b) depth.

approximately equal regardless of the suction values. This 
means that the internal friction angle of the soil shows little 
changes with suction to higher depths. It is interesting to 
point out that grain size distribution of these soils is almost 
the same along depth (Figure 1).

The friction angle varies little with suction and the 
cohesion intercept increases hyperbolically with suction. 
The hyperbolic fit Equation 2 is shown in Figure 7, which 
led to coefficients of determination (R2) close to the unit. 
Table  3 shows the values of constants a and b from the 
hyperbolic equation representative for each tested depth. 
Such behavior was observed by (Escario & Sáez, 1986; 
Röhm & Vilar, 1995; Vilar, 2006).

( )a
1´ u . tg  ´ .

.s
c s

a b
τ σ= + − Φ +

+
	 (2)

3.3 Maximum shear modulus

The G0 values determined in the laboratory using bender 
elements is presented in Figure 8. It can be seen in this figure 
that G0 tends to increase linearly with net confining stress 
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Table 3. Values of c´and ϕ’, fitting parameters (a and b) and 
coefficient of determination (R2).

Depth (m) c’ (kPa) ϕ’(°) a b R2

1.5 0.0 26.8 12.5 0.032 1.00
3.0 1.2 32.6 9.5 0.029 0.99
5.0 5.3 32.4 5.6 0.029 0.98

Figure 6. CD controlled suction triaxial compression test failure envelopes for different sample depth and soil suction values.

Figure 7. Cohesion intercept versus soil suction for different test 
depth and the hyperbolic fit.

and nonlinearly with soil suction for the three tested depths. 
The same behavior (i.e., nonlinearity between G0 and soil 
suction and linearity between G0 and net confining stress) 
was also observed for unsaturated reconstituted sands by 
Nyunt et al. (2011) using, however, different equations to 
represent these behaviors. To better represent the influence 
of net stress and soil suction on soil stiffness, Equation 3 and 
Equation 4 were respectively used to fit the experimental data.

( )0 . aG f g uσ= + − 	 (3)

( )0 0,  . sat
sG G

m n s
= +

+
	 (4)

Where G0 is the maximum shear modulus at the saturated 
condition, (σ – ua) is the net confining stress, s is the soil 
suction, and f, g, m, and n are the fitting parameters.

Table 4 shows the fitting parameters for G0 and net 
confining stress and Table 5 the fitting parameters for G0 and 
soil suction for the 1.5 m depth sample.
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Figure 8 also shows an increase of G0 with the test depth 
(i.e., net confining stress) and that G0 increased at a faster 
rate with soil suction, up to approximately 50 kPa In general, 
G0 tend to increase with soil suction and net confining stress. 
Such behavior is attributed to an increase in soil stiffness 
(higher rigidity of soil skeleton) due to either soil suction 
or confining pressure (Leong et al., 2006; Mancuso et al., 
2002; Takkabutr, 2006).

3.4 Compressibility

Figure  9 shows the confined compression curves 
determined by the oedometer tests carried out with constant 
suction value for all the test depths. The data interpretation 
shows an increase on stiffness with increasing suction. 
It can also be seen in this figure that over consolidation 

Table 5. Values of the fitting parameters for the sample collected 
at 1.5 m depth to represent the variation of G0 with soil suction.

σ – ua (kPa) m n R2

25 0.8068 0.0294 0.99
50 0.7279 0.0226 1.00
100 1.3801 0.0238 0.99
200 1.0835 0.0194 0.99

Table 4. Values of the fitting parameters for the sample collected at 
1.5 m depth to represent the variation of G0 with net stress.

ua – uw (kPa) f g R2

0 40.7 0.5502 0.99
50 64.0 0.5413 0.99
200 70.5 0.5979 0.99
400 74.4 0.6055 0.99

Figure 8. Variation of maximum shear modulus with net stress (a, c, and e) and soil suction (b, d, and f) as well as the fitting equations 
for samples collected at 1.5, 3.0 and 5.0 m depth.
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stress (σp) and the slope of the virgin compression line, 
represented by the compression index (Cc), vary with soil 
suction. For instance, over consolidation stress increases 
from 30 kPa to 176 kPa by varying suction from 0 to 400 kPa 
for the 1.0 m test depth.

The collapse potential (CP) can be indirectly estimated 
quantifying the discontinuity between the saturated and 
unsaturated curves from Figure 9, in a similar way to the 
double tests proposed by Jennings & Knight (1975). There 
is a higher collapse potential (CP) for the higher suction 

values, which decreases with increasing depth (Figure 10). 
Therefore, CP is higher closer to the ground surface and 
for higher suction values.

Figure  11 shows an increase in the soil stiffness, 
represented by the oedometric modulus (Md), with increasing 
suction. It is also possible to observe in this figure that Md 
values are relatively low up to about a net vertical stress equal 
200 kPa and increase after that value. Soil that undergoes to a 
volume reduction due to collapse gets denser, which leads to 
an increase in the oedometric modulus with net vertical stress.

Figure 9. Controlled suction oedometer test data determined for soil samples collected at (a) 1.0; (b) 2.0; (c) 3.0; (d) 4.0; and (e) 5.0 m depth.
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4. The variation of geotechnical parameters 
with depth

Shear strength parameters (c, ϕ), compressibility 
parameters (σp, Cc), maximum shear modulus (G0) and 
collapse potential (CP) and their variation with soil suction 
along depth are summarized in Figure 12.

It can be observed from Figure 12 that the variation 
of the friction angle with suction is more pronounced for 
the 1.5 m depth than for 3.0 and 5.0 m depths. It can also be 
noted in this figure that the ϕ angle is practically the same for 
3.0 and 5.0 m depths and higher than the 1.5 m depth. This 
figure also shows that the cohesion intercept increases with 
suction and with depth.

The over consolidation stress (σp) for the saturated condition 
is low and has little variation with depth, between 25 and 50 kPa 
(Figure 12). On the other hand, the σp increases with suction and 
with depth. The slope of the virgin compression line (Cc) also 
varies with suction, but practically does not vary with depth. 
This figure also shows that the collapse potential (CP) increases 
with soil suction and decreases with depth. The magnitude of 
collapsible behavior is higher in the upper portion of the soil 

profile, and it increases with suction. In addition, the maximum 
shear modulus (G0) increases with soil suction and with depth. 
It is important to mention that the values of G0 and CP were 
determined from the estimated effective stress (σ’v) for the 
tested depths considering the unit weight of the studied soil.

Figure 12 also shows that the lower shear strength and 
the lower soil stiffness occurs at the 1.5 m depth, and these 
parameters slightly increase with depth for both the low and 
to the high suction values. It is also possible to observe that 
soil suction has a higher influence on cohesion intercept (c) 
and on the over consolidation stress (σp) than in friction angle 
(ϕ) and in compression index (Cc).

Soil suction has greater influence on the geotechnical 
parameters in the active zone of the studied soil profile 
(Figure 12) than the physical index properties (grain size 
distribution, consistency limits, unit weight of solids and 
void ratio). The presented data highlight the importance of 
understanding the suction influence on the behavior of the 
active zone of the studied soil profile. Such aspect is important 
for shallow foundations design since variability caused by 
suction is more relevant than spatial variability at the study site.

Figure 10. Collapse potential versus soil suction (50, 100, 200 and 400 kPa) for the different test depths: (a) 1.0; (b) 3.0; and (c) 5.0 m.
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Figure 11. Oedometric modulus (Md) versus the vertical stress at constant suction value for soil samples collected at (a) 1.0; (b) 2.0;  
(c) 3.0; (d) 4.0; and (e) 5.0 m depth.

Figure 12. Variation of cohesion intercept, internal friction angle, over consolidation stress, compression index, maximum shear modulus 
and collapse potential with suction along depth for the study site.
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5. Conclusions

•	 Characterization tests, index properties, retention 
curves and the mechanical parameters determined along 
depth indicate that the profile is fairly homogeneous 
up to 5.0 m depth;

•	 Water retention curves showed a typical behavior 
of porous sandy soil, with low air entry value and 
accented desaturation curve. The bimodal format 
is due to the existence of two air entry values: the 
first because of the presence of macropores and the 
second because of the drainage of micropores of the 
soil aggregate fraction;

•	 There is little influence of depth on that soil shear 
strength up to 5.0 m depth. The higher contribution 
on strength parameters is due to soil suction, which 
increases the intercept cohesion with lower influence 
of the internal friction angle;

•	 Compressibility parameters, mainly the σp, are also 
more affect by suction than the depth. The increase on 
soil suction caused an increase in over consolidation 
stress (σp) and changes in soil compression index 
(Cc). The constrained modulus (Md) increases with 
increasing depth and soil suction;

•	 The G0 values tends to increase linearly with net 
confining stress and nonlinearly with soil suction 
for the three tested depths. The greater variation 
of G0 with suction was observed at 3.0 and 5.0 m 
depth samples;

•	 The soil has collapsible behavior with important 
collapse potential mainly under effect of higher 
suction values and closer to the ground surface;

•	 The geomechanical parameters of the studied soil are 
strongly influenced by suction and less influenced 
by depth and it must be incorporated to the practical 
design. In general, the presented test data show that 
the geotechnical parameters are more sensitive to soil 
suction than to the increase on depth in the active 
zone of the soil profile.
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