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ABSTRACT: The use of deep foundations is a common construction technique in Brazil, particularly bored
piles since they are considered an advantageous technique and an economical solution. However, when this
foundation element is subjected to horizontal loading and the moisture content increases in the surface layer,
the load capacity should be analysed due its collapsibility. Concerning these factors, this paper intends to
evaluate the effect of pre-flooding on the load capacity of a bored pile ( = 0.4 m, L = 12 m) subjected to
horizontal loading at its top. Load tests were carried out on the pile; first, with the soil in its natural moisture,
and another test after pre-flooding. The Experimental Site at Unicamp - unsaturated, lateritic and porous soil is characterized as silty clay. The results showed that there was a reduction of up to 600% of the load capacity
for a displacement associated with 10 mm. From the suction curves obtained from the surface layer and the
moisture content, it was possible to evaluate the reduction in suction due to pre-flooding. Based on the results
of the load tests and the variation in suction, 3D numerical analyses were performed using the Cesar-LCPC
software in order to calibrate the model applied in foundation designs in the region.
1 INTRODUCTION
Situations of horizontal loads are frequent in
foundations. However, the technical community
lacks knowledge on the properties of unsaturated,
collapsible, lateritic tropical soils to deal with
dimensioning of foundations submitted to these
stresses. This paper is designed to fill the part of the
gap relating to this matter by getting valid parameters
for this type of soil, which is common in the south and
southeast regions of Brazil. Therefore, horizontal
load tests on a bored pile and numerical simulation
were also carried out.
This type of loading, in which stresses are often
variable and cyclic, is also helpful in some situations
of tensile and compressive loads.
The presence of collapsible surface soils is
common in several parts of Brazil. Considering that
these layers of soil may go several meters deep and
that the surface soil plays an important role in the
behaviour of horizontally loaded piles, it is critical to
analyse the effect of this characteristic on the
behaviour of foundations.
Therefore, in order to get geotechnical parameters,
horizontal load tests with natural and pre-flooded soil
were carried out at the Experimental Site of Soil
Mechanics and Foundations at Unicamp (University
of Campinas), Campinas, São Paulo State, Brazil. The

purpose was to check the effect of soil collapsibility
on the behaviour of piles.
2 MATERIALS AND METHODS
2.1 Geotechnical characteristics
According to Carvalho et. al. (2000), the subsoil of
the Experimental Site is composed of basic
magmatites, with basic intrusive rocks of the Serra
Geral Formation (diabase). The area totals 98 km2 of
the region of the city of Campinas and occupies 14%
of the total area. The profile is composed of diabase
soil, with a 6.5 m thick surface layer of high porosity
silty clay (CL) followed by a layer of clayey silt
(MH). The water level is found only at the depth of
17 m. For these reasons, it can be stated that the first
layer is formed by mature soil that has undergone
intensive weathering. The phenomenon of leaching
can explain porosity since fines are carried to the
deeper horizon. The second layer is formed by
residual soil, which preserves the characteristics of
the original rock. The soil of the first layer has
collapsible behaviour (Monacci 1995), with values of
collapse indexes, as defined by Vargas (1978), which
vary between 2.4% and 24%, depending on the
pressure applied.

Figure 1 shows the variation in mean values of N72
(SPT), fs (CPT) and qc (CPT) along the depth.

a)

SPT (blows/0.30m).

Figure 2. Variation in soil properties.

b)

Cone resistance (CPT).

Figure 3. Variation in suction - depth (1m).

c)

Sleeve friction (CPT).

Figure 1. Variation of CPT and SPT test parameters along
the depth.

Figure 4. Variation in suction - depth (2m).

Figure 2 shows the variation in moisture contents,
degree of average saturation and porosity of the local
subsoil along the depth. By means of the filter paper
method, Gon (2011) obtained the characteristic
curves of matric suction of the soil as a function of

moisture contents of the soil for the depths of 1 and 2
meters. This curve determines the quantity of water
that the soil may retain or lose via suction stress, i.e.,
it defines the capacity of the soil to hold water.
Figures 3 and 4 show the characteristic curves
obtained by Gon (2011).
Matric suction provides the soil with greater
resistance, which can be reduced with an increase in
soil moisture. Therefore, the smaller the soil
moisture, the greater the load capacity of the
foundation. According to Gonçalves (2006), an
increase in matric suction provides more rigidity to
the soil and reduces settlements for the same load
applied. Ribeiro (1999), Viecili (2003), Menegotto
(2004) and Borges et al. (2016), who have conducted
tests on slabs as well as laboratory tests to check the
effect of flooding on collapsible tropical soil,
concluded that flooding led to a reduction of 85% in
the value of cohesion, 12% in the value of the friction
angle and 60% in the value of the deformability
modulus. By means of inclinometer measurements
conducted during the load test with the flooded soil in
a spot close to the test site of this work, Marzola
(2016) observed that displacements became nonexistent at a depth of approximately 1.5 m. Therefore,
this depth of influence of flooding on numerical
modelling was adopted, i.e., flooding only reduced
the parameters of the first layer of soil.
2.2 Pile characteristics
In order to carry out the research, one bored pile
measuring 0.40 m diameter and 12 m deep was used.
The longitudinal reinforcement of the piles was 4b16
mm (8 cm2) steel bar (CA50), 6m long, and
abutments with b=6.4 mm at every 20 cm. The fck
of concrete (slump 70 mm) was 15 MPa.

Figure 5. Mounting of the load test.

2.4 Numerical modelling
The numerical modelling performed in this study
constructed the problem in question and resulted in a
rectangular block with a 20 m x 20 m cross section
whose depth was a function of the length of the pile
(Figure 6). The Mohr-Coulomb model, which is
perfectly elastoplastic, was used to simulate the nonlinear behaviour of the soil in terms of stress versus
strain. Soil properties assigned to the different soil
layers followed adopted failure criteria and are given
by the following parameters shown in Table 1,
initially obtained by correlations and later degraded:
unit weight (); cohesion (c); friction angle ();
Young’s modulus (E) and Poisson's ratio (). These
parameters had been previously obtained, except for
Poisson's ratio, which was adopted because of the soil
behaviour as appraised by the tests. For materials with
a brittle behaviour (Parabolic Model) such as concrete
from piles and raft, laboratory-determined values
obtained were attributed for compression strength
(Rc), Ec and c, and values for tensile strength (Rt =
10%·Rc) and c were adopted (Table 2).

2.3 Load tests
The following items were used to carry out the load
tests: 500 KN hydraulic jack, 50 KN load cell, two
indicators with 0.001-mm precision and swivel joints.
All of these elements had a hole in their centre. So, in
order to prevent problems with instability of the
system during the tests, a steel bar was introduced
between them and fitted in two recesses made in the
piles (Figure 1). The load tests were of the quick type
(QML), according to the prescriptions of NBR 12.131
(2006). The load increments were 3 KN for the load
test with natural soil and 2 KN for the pre-flooded
situation. The unloading was made at predetermined
intervals. Two loading and unloading cycles were
performed. Figure 5 shows the mounting of the test.

Figure 6. Sketch of the numerical model.

The mesh of finite elements that was used included
triangular shaped elements of quadratic interpolation,
which were extruded every meter in depth to produce
a volumetric element of the pentaedric type.
Numerical analyses were performed using the LCPCCESAR v.4.07 software, developed at the Laboratoire

Central des Ponts et Chaussées (Road and Public
Works Research Institute). This software is a 3D
FEM (Finite Element Method) tool. To adequately
balance the computational effort and the convergence
of the obtained results, a quadratic pentahedral
element consisting of 15 nodes was used. Tables 1
and 2 show the values of the parameters of the soil
and concrete adopted for the analyses.

Table 2. Strength and strain parameters of concrete.
Material
E

Rc
Rt

Concrete 25,000
25
25
2.5
0.2
Rc: compression strength (MPa); Rt: tensile strength (MPa);

3 RESULTS
The results of the load tests and the numerical
simulation are shown below. The two first tests were
performed with the soil in its natural condition, and
the third test was performed after flooding the surface
ground for 72 hours. Table 3 shows a summary of the
load tests that were carried out and the results
obtained in the numerical simulation.
Table 3. Summary of measured and predict data.
Load Max. Displacement
Soil Moisture
(KN)
(mm)
Natural 1st Load test
54
7.82
Natural 2nd Load test
72
21.20
Pre-flooding Load test
13
13.66
Natural 1st Load -Numerical
54
7.40
Natural 2nd Load - Numerical
72
25.46
Pre-flooding Numerical
13
13.61

Figure 7 shows the load versus horizontal
displacement curves resulting from the load tests and
the numerical simulation, with the first and second
loading cycles in the natural condition and with preflooding of the ground. It must be observed that the
condition to interrupt the loading was the horizontal
displacement obtained, so that the pile did not break
structurally. The behaviour of the curve of the second
loading (natural condition) follows the same trend as
the behaviour of the first loading cycle. As to the test
in the pre-flooding condition, a different behaviour
from the cycles in the natural condition was observed.
For a 10-mm horizontal displacement, the loads are
54 KN and 11 KN, for the second cycle and the preflooded cycle, respectively, which means a difference
between the results of approximately five times.

Figure 7. Results of the load test and numerical analysis.

Using the methodology proposed by Matlock and
Reese (1961), Figure 8 shows the curve of horizontal
reaction of the soil (nh) versus displacement of the
pile on the surface of the ground (yo), obtained from
the results of the load tests and the numerical
simulation with the soil both in its natural condition
and in the pre-flooded condition. For the case of the
pile under analysis, nh was defined for the interval
between 6.0 and 12.0 mm. The values are shown in
Figure 8: 11.8 MN/m3 for the natural condition
(second cycle) and 0.57 MN/m3 for the pre-flooded
case (load tests), and 9.9 MN/m3 for the natural
condition (second cycle) and 0.60 MN/m3 for the preflooded case (numerical), which represents a
reduction of 21 times the coefficient of reaction when
flooded. It is important to point out that, in the natural
condition, the data from the second loading cycle was
used.
The coefficient of horizontal reaction (natural
moisture) obtained in this work (11.8 MN/m3) was
close to the one obtained for the continuous flight
auger pile (11.9 MN/m3) (Miranda Junior 2006) and
for the pre-moulded pile (10.3 MN/m3) (Carvalho et.
Al. 1996). Both were tested at the same Experimental
Site.
30
25

nh (MN/m3)

Table 1. Strength and strain parameters of soil.
Material
E

c'
'

Natural 1st Load test 75
15
4.0
7.0
0.3
Natural 2nd. Load test 75
15
3.7
3.7
0.3
Pre-flooding
25
15
6.0
6.0
0.3
E: Young’s modulus (MPa); unit weight (kN/m³); c': effective
cohesion (kPa); 'effective friction angle (); Poisson's ratio.

1st - Natural - Experimental (11.8 MN/m3)
st - Natural - Numerical (9.9 MN/m3)
Pre flooding - Experimental (0.57 MN/m3)
Pre flooding - Numerical (0.60 MN/m3)
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Figure 8. Variation in nh (experimental and numerical).

As to variation in moisture before and after preflooding, Marzola (2016) obtained 26% moisture in

the natural condition. After flooding, the moisture
was calculated as 32%. With the values for moisture
and via moisture versus suction curves (Figures 3 and
4) for the 1 m and 2 m depths, it was possible to get
the values for suction in the soil both in the natural
and in the flooded conditions. Thus, for the moisture
in the natural condition of 26%, a suction of
approximately 40 kPa was obtained. For moisture in
the 32% flooded condition, the suction obtained was
approximately 6 kPa. The conclusion is that the
flooding led to an increase in moisture of
approximately 6% and a reduction in suction of
approximately 34 kPa. This indicates that an increase
of 6% in moisture led to a reduction in suction of
85%.
4 CONCLUSIONS
The results indicate that, after one loading, there is
little recovery of the displacement undergone by the
pile during unloading. In a second loading and until
the maximum load of the first loading is reached, the
pile undergoes little displacement. From this
maximum load on, in the second loading, the curve
assumes the continuity of the curve of the first
loading.
In the test in the pre-flooded condition, with the
changed condition of moisture of the soil, the pile had
a high loss of approximately 80% in its supporting
capacity. This shows the effect of the collapsible
characteristic of the soil in this type of loading.
The effect of the pre-flooding caused a 95%
reduction in the value of the coefficient of reaction of
the soil (nh). This indicates that the collapsible
characteristic of this soil has a strong influence on the
results obtained. Another fact to be pointed out is
reduced suction due to the change in the moisture
contents.
The importance of assessing collapsibility and the
effects of suction on horizontally loaded foundations
must be stressed since situations of increased contents
of moisture in the surface layer cause great loss of the
supporting capacity of the system.
The results of the analyses proved to be suitable to
represent the behaviour of load versus horizontal
displacement from the degradation of the geomechanical parameters of the soil initially taken into
consideration. The mean values numerically obtained
the coefficient of horizontal reaction of the soil (nh),
displayed a variation smaller than 4% in comparison
with the experimental value. The greatest differences
in values of nh are related to the first loading stages,
at the time of the initial displacements, which can be
justified by the difficulty of the numerical model to
describe the time when the detachment of the soil-pile
interface starts.
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