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Abstract. In the last decades there was an evolution in the analysis of the soil structure, most importantly,
there was an improvement in the evaluation and in the ways of determining the mentioned structure and how
it relates to the hydro-mechanical behaviour of soils. Due to the necessity of understanding the behaviour of
tropical soils under different structures (natural, compacted and slurry) this study was developed by means of
the Mercury Intrusion Porosimetry (MIP), enabling the analysis of the structural characteristics of these
samples. The main objective of this work is to evaluate how the different structures are affected by external
loading and how the changes in the pore sizes influences the hydro-mechanical behaviour of the soil in both,
saturated and unsaturated conditions. It has been observed that the results regarding the influence of the structure
showed a bimodal behaviour. The structural modification of the soil under study, due to the mechanical and / or
hydraulic loading, leads to changes in the structure of the macropores and does not affect the micropores. With this,
it is noticed that even fixing the parameters related to the microstructure it is possible to make a good adjustment of
the macro. This is justified by the fact that the microstructure of all samples are very similar.

1 Introduction

The future of engineering practice is to incorporate
aspects of the microstructure into the macroscopic 2 Background
characteristics of soils in order to simplify and make the
geotechnical analysis more realistic. Therefore, it is
fundamentally important to understand the structure of
soils in its various states (undisturbed, reconstituted,
remoulded, compacted) and correlate them, as it is already
known that the initial state of the soil dictates its
behaviour [1].

Considering the soil as a multiphase porous medium,
the variations that occur in any of the phases affect
directly the others, influencing the hydraulic and
mechanical behaviour of the soil. Deformations in the
solid skeleton cause water flow, and the flow of water can
cause deformation in the solid skeleton [2, 3].

Thus, the hydro-mechanical behaviour of the soil is
intrinsically related to the soil structure. Not surprisingly,
in recent years there has been an increase in interest
concerning soil structure, its evaluation and the aspects of
determination of this structure [2, 3].

Despite advances achieved over the years regarding
soil structure, a very small fraction of the studies
published internationally involves tropical soils.
Therefore, to fill this gap, this study investigates the
structure of Brasilia (Brazil) tropical soil at different states
(undisturbed, compacted and slurry), by means of the
Mercury Intrusion Porosimetry (MIP) tests. The main aim
of this paper is to evaluate how these diverse structures
are affected by external loading.

There are several techniques used for the microstructural
analysis of the soil, among them are: particle size
distribution, soil water retention curve, reflectometry
(optical and time domain), infrared measurements,
tomography, microstructural intrusion, Environmental
Scanning Electron Microscopy (ESEM) and Mercury
Intrusion Porosimetry (MIP).

Amongst the techniques used to investigate the soil
microstructure, the Mercury Intrusion Porosimetry test is
one of the most used. According to Zhang et al. [4], the
MIP test is widely used because of its easy execution.
Thus, the technique of Mercury Intrusion Porosimetry is
widely recognised as an experimental technique in
determining the distribution and structure of porous soils
[5-15].

The results obtained from this technique of soil
microstructure analysis also allow a better understanding
of the soil’s mechanical behaviour, since it separates the
response of the micro and macrostructure [16, 17].

According to Simms & Yanful [18], the major sources
of error of the MIP technique are: (1) the effects of sample
preparation to remove water; (2) the effect of pressure
generated during MIP on soil structure; and (3) the
influence of pore accessibility on the generated PSD.

Despite these limitations, several authors have used
the MIP results to predict soil water retention curve
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properties [19-23], as well as macroscopic volume
changes, due to the effects of stress paths [5, 6, 18, 24-
30].

The soil structure information can be obtained by
analysing the pore size density (PSD) curve. According to
Romero & Simms [11], macroscopic properties, such as
permeability and soil retention properties, were indirectly
obtained through correlations with the PSD in
geotechnical applications as an essential element of the
soil fabric. In addition, Vazquez et al. [31] assert that the
PSD can be seen as a unique statistical distribution, thus
able to characterize the soil sample structure.

In general, the pore size distribution in unsaturated
soils is often bimodal, comprising: the microstructure
associated with the distribution of small intra-aggregate
voids, that is, within aggregations of particles, and a
macrostructure associated with larger spaces inter-
aggregates, that is between aggregates [32, 33, 7].

Studies such as Simms & Yanful [22], Romero et al.
[27] and Buenfil [10] show that the results of the
microstructural pore size distribution with loading paths
confirm the microstructure definition proposed by
Romero & Vaunat [34], in which the microstructure is the
part of the soil not affected by loading paths.

Mascarenha [12] discussed the effects of loading on
collapsed samples and stated that up until the stress level
studied, the changes in porosity arise from the variation of
the macropores, while the micropores remain intact, even
in samples that have collapsed. The author shows that in
the relationship between the PSD and the pore diameter
for natural and collapsed samples, there were few
alterations in the soil structure after collapse, with only a
decrease in the pore density in the macrostructure, with a
small variation in the value of the dominant pores
diameters. The microstructure (micropores) of the soil
remained constant in all three cases.

3 Methodology

The material chosen for this experimental research was
the residual weathered soil collected in the experimental
area at University of Brasilia. This choice is due to the fact
that this soil, namely Brasilia soil, has been studied for
several years and therefore it is well known and
characterised. Some of the characteristics of the Brasilia
soil includes: liquid limit, wi, of 42%, plasticity limit, wp,
of 24%, and unit weight of 26.87 kN/m?. These values are
commonly for soils around this region.

According to Camapum de Carvalho et al. [35] this
first layer of lateritic residual soil has a very porous
structure, is unsaturated and with low bearing capacity.
This structure promotes the formation of bundles of clays,
giving to these soils, despite the clay matrix, hydraulic
behaviour similar to that of fine granular soils.

In tropical climate soils, particles are usually
aggregated. The porous clay of Brasilia has striking
features, such as the presence of aluminium and iron
oxide, which is the reason for the aggregations that
characterise the material. These aggregations give the soil
a bimodal structure, which can be observed on its soil
water retention curve and pore size distribution curve. In

order to understand how the Brasilia soil responds in
terms of its structure to external loading, the following
experimental programme was developed.

Samples were prepared in three states, which are
herein called Natural (N), Compacted (C), and Slurry (S).
The natural samples are essentially undisturbed samples.

The method of preparation of the compacted samples
was carried out with the objective of developing samples
with as minimum as possible variability of physical
properties, that is to say, there is a uniformity of particle
size and void ratio among the compacted samples. To
achied this, samples underwent air drying until
hygroscopic moisture was reached, then they were sieved
(2.0 mm sieve). The compacted samples presented on this
paper are below the optimal normal proctor energy and
moisture conditions, on the dry side of optimum (w = 20%
and y4 = 13.5kN/m*). They have been compacted semi-
statically keeping the density, the established moisture
and the calculated void ratio constants (¢ = 1.20). This
choice is justified by the fact that compacted samples
produced on the dry of optimum have an open structure.

The objective of the process of preparation of the soil
samples from the slurry state was to produce samples in a
condition in which the original structure was completely
erased and consequently presented high void ratio values.

Initially, the soil was air dried and then sieved in the
2.0 mm sieve. Samples were wetted to reach the moisture
content of 63%, corresponding to 1.5 times the liquid limit
of the material, obtaining the consistency of a slurry.
These samples were homogenized with the aid of a
mechanical mixer for 15 minutes and allowed to stand
until they began to dry. Just before cracking appeared on
the soil surface, they were moulded.

Then, all samples underwent consolidation under
saturated and unsaturated conditions. The conventional
one-dimensional apparatus was used for carrying out the
saturated tests. For the preparation of saturated samples,
soil samples were moulded into a steel ring, placed in the
cell and saturated. After saturation, vertical load
increments were performed.

As for the tests in the unsaturated condition, a cell with
a suction-displacement axis control was used. For the
preparation of the unsaturated samples, soil samples were
moulded in a steel ring and placed on top of a porous stone
for its saturation. After saturation, samples were installed
in the chamber on top of the porous stone with high air
inlet value. Samples were subjected to 1000 kPa suction
and, after stabilization, vertical load increments were
performed hydraulically.

After reaching the targeted loading stage, specimens
of lcm® were moulded and water was extracted from the
specimen through the lyophilisation process, to restrict
structural changes as suggested by Delage & Pellerin [36].

The sample’s structure was assessed by means of
Mercury Intrusion Porosimetry (MIP). This tests were
carried out on specimens with different void ratios
following saturated and unsaturated loading paths. This
procedure is intended to obtain information that helps to
understand how the loading affects the distribution of
pores. Due to size restrictions, only results obtained from
eight samples are presented here, as shown in Table 1.
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Table 1. Characteristics of samples

1
State Sample v (kKN/m) W (%) e em? %= ee# Loading (kPa) Suction (kPa)
L

Natural N-0-0 9.91 13.02 1.69 1.502 +11% 0 0

N-800-0 14.13 27.64 09 0.818 +9% 800 0

C-0-0 12.21 20.00 1.22 1.052 +14% 0 0

Compacted C-800-0 15.21 28.18 0.77 0.812 -10% 800 0
C-800-1000 14.62 13.19 0.84 0.822 -2% 800 1000

S-0-0 12.66 44,58 1.14 0.967 +14% 0 0

Slurry S-800-0 15.6 26.24 0.68 0.661 +4% 800 0
S-800-1000 16.18 21.54  0.66 0.566 -1% 800 1000

'Measured void ratio of sample, >Void ratio of samples obtained by MIP
4. Results and discussions L -1 L 0=y
enw = €m [W] ey W] RS
mD)Tm mD)"M

Fig. 1 shows the experimental results of the cumulative
curves obtained through the MIP tests performed on all
samples presented in this paper. The MIP test works by
pushing the mercury to fill the voids within the sample.
The pressure applied by the equipment to push mercury
inside of the voids is related to the size of the pore. The
higher is the pressure required the lower is the size of the
pores. The equipment has a maximum pressure limitation,
which means that at some point, smaller voids will not be
filled. In order to analyse the relationship between the
measured void ratio (e;) of the specimen at a macro scale
and the void ratio generated by mercury filling the pores
of specimens in the MIP test (enw), the error between these
void ratios (%) was calculated (Table 1).

In addition to the effects associated with the
limitations of the MIP test, this difference between the
void ratios is associated with two other effects. The first
is related to pores within clay aggregates that were not
connected to larger pores and thus were isolated within
the sample. The other effect is associated with sample
preparation, although the lyophilisation process reduces
the changes caused on soil structure by the water removal
process, it does not eliminate it. Several authors, including
Romero & Simms [11], have reported that the void ratio
of a sample obtained by the MIP (enw) does not coincide
with the actual value of void ratio of the sample and that
this would be one of the limitations of the technique.

Sasanian & Newson [37] evaluated the effects of
moisture content variations over the pore size distribution
of two clays. According to the authors, the two clays have
similar results, suggesting that the error may be inherent
to the test and independent of the clay type.

Due to the difficulty of analysing only qualitatively
the loading effects on the pore size distribution, the
cumulative experimental curves have been fitted using the
equation proposed by Durner ([38], which is a
modification of the van Genutchen equation [39]. This
modified equation includes multi modes, allowing the
separation and capture of the micro and macro
components of the soil structure, such analysis have been
successfully performed by Lopes et al. [40]. For this case
the equation of the void ratio intruded by mercury (e"mw)
adjusted can be presented as:

where, subscript m is associated with the micropores, and
M to the macropores, e, and ey are the void ratios, a,, and
oy are fitting parameters related to a dominant pore size;
and n,, and ny, are fitting parameters associated with the
uniformity of pore size.
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Fig. 1. Experimental cumulative intrusion curves of all samples

One of the hypotheses assumed was that the
microstructure does not change, or at least the variation is
very small, which is supported by additional analysis
carried out by Borges [41]. Thus, in all fittings presented
here the parameter related to the microstructure, (en, Om,
and nn,) were kept constant and equal for all samples. To
determine the value of the fixed parameters of the
micropores presented here, the average of values (en, Om,
and ny) found in the fittings where all parameters of the
micro and macropores were allowed to change was taken.
With the microstructure parameters fixed, the parameters
related to macropores (e, o, and nys) were adjusted.

Table 2 presents the macrostructure fitting parameters
for the samples. In general, the macropore parameters
evolve as expected. The decrease in ay values is higher
for the natural sample than for the compacted and slurry
samples at the same state, which may be related to the
existence of a weak bond between aggregates (probably
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iron oxide) that are not present in the other samples (Fig.
2).

Table 2. Macro parameters for PSD fitting, when micro
parameters are fixed em = 0.34, am = 0.029 and nm = 4.65

Samples Macro parameters R
€ oM nm
N-0-0 1.11 87.02 1.67 0.978
N-800-0 048 12.05 1.56 0.999
C-0-0 0.71 50.52 1.61 0.975

C-800-0 047 1630 1.59 0.998
C-800-1000 0.48 27.80 1.78 0.991
S-0-0 0.63 22.18 1.92 0.992
S-800-0 0.39 8.05 1.33  0.996
S-800-1000 0.29 6.70  1.54 0.995

After this bond is destroyed by loading, the natural
sample behaves similarly to the samples in the other states
(Figure 2). Although the initial structures are different, the
values of ay decrease, which means that all the samples
would evolve to a unimodal behaviour if the vertical loads
continued to increase.
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Fig. 2. Fitting curves of cumulative intrusion curves for natural,
compacted and slurry saturated samples not loaded

For the compacted samples (Fig. 3) the values of ny
could mean that loading can lead to a more uniform
distribution of the macropores, its value being around 1.5,
the small variation can also be a result of the sampling
process, that is, statistical phenomenon. If the hypothesis
that ny is little influenced by structure, loading and the
imposition of suction, it is possible to assume that this
parameter is not related to the structure, but with an
intrinsic soil property associated with grain size, shape of
grains, the interaction between minerals, clay, water, or
others.

The results of the soil in the slurry state are shown in
Fig. 4, it is possible to observe that there is a decrease of
the values of au, indicated in the figure by the different
inclination of the curves, note that this does not undergo
major changes during loading. On the other hand, the
values of e, changes more significantly, which decrease
with the application of loading and with the imposition of
suction.

All this confirms the analyses carried out by Borges
[40] in which it was observed that none of the processes
of obtaining the samples (loading, cycles of wetting and
drying, compaction and slurry preparation) were able to
significantly affect the micropores.
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Fig. 3. Fitting curves of cumulative intrusion curves for all three
compacted samples
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Fig. 4. Fitting curves of cumulative intrusion curves for all three
slurry samples

5 Final remarks

The work carried out and presented here had its focus on
the structural behaviour of the soil in saturated and
unsaturated conditions. From the analysis and discussion
of the results, some observations and hypotheses, valid
within the limits of this study, could be raised.

Regarding the influence of the structure on soil
behaviour, it was verified that all the samples presented a
bimodal pore size distribution. The segment of the curve
associated with the micropores is very similar in the three
soil states; this means that the difference in soil structure
does not affect the level of micropores. Additionally, the
structural modification of the soil under study, due to the
mechanical and / or hydraulic loading, leads to changes in
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the structure of the macropores and does not affect the
micropores.

Furthermore, it is noted that even keeping the

parameters related to the microstructure constant in the
adjustment of the macro, the results are good. This is
justified by the fact that the microstructure of all samples
are very similar.

The authors would like to acknowledge both Brazilian research
councils, the National Council for Scientific and Technological
Development (CNPq) and the National Council for the
Improvement of Higher Education (CAPES) for funding this
research.
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