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1. Introduction

Lateritic soils are widely used in civil construction, 
since they generally present high shear resistance (Sun et al., 
2016). However, there are limited research regarding their 
hydromechanical behavior, soil-water characteristic curves 
(SWCC) and structure.

The analysis of water retention behavior in the soil is 
important for various geotechnical engineering applications, 
being fundamental to comprehend water flow, deformation 
process and shear resistance in unsaturated soils. The SWCC 
represents the soil capacity of storing and/or releasing water 
in the presence of different suctions. The SWCC performs 
a significant role on estimating hydraulic conductivity, 
shear parameters and volume variation of unsaturated soils 
(Vanapalli et al., 1996; Ajdari et al., 2012), becoming, then, 
an essential component in certain recent constitutive models 
for unsaturated soils.

According to Fredlund & Rahardjo (1993), the SWCC 
can be defined as the relation between suction and moisture 
content or saturation degree. It is usually sigmoid-shaped, 
though, several authors affirm that the SWCC shape is 
dependent on few factors, such as the granulometry (Marinho, 
2005; Chiu et al., 2012; Carvalho & Gitirana, 2021), the 
soil structure (Vanapalli et al., 1999; Zhou et al., 2014), the 
temperature (Chahal, 1965; Romero et al., 2001) and the 
tension state (Vanapalli et al., 1999; Tavakoli Dastjerdi et al., 
2014). According to Gitirana & Fredlund (2004), the pore 
size distribution might influence the soil-water characteristic 
curve shape, which may present an “S” shape – unimodal, 
containing only one dominating pore size – or “Double S” 
shape – bimodal, containing macro and micropores.

Moreover, the type of soil and structure may directly 
affect the SWCC shape of undisturbed and compacted 
soils. This structure can also be represented by the pore 
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size distribution (PSD) obtained through mercury intrusion 
porosimetry (MIP) (Romero et al., 1999).

Although some researchers report this determination, 
most of them concern only compacted soil (Vanapalli et al., 
1999; Kim & Kim, 2010) or undisturbed soil (Aung et al., 
2001; Miguel & Vilar, 2009; Miguel & Bonder, 2012), 
individually. Therefore, there is a lack of knowledge on 
gathering both conditions.

This paper aims to verify the influence of soil pore 
distribution on SWCC of three unprecedented tropical soils 
from the south of Brazil, determining and modeling it along 
the drying branch of undisturbed and compacted samples.

2. Materials and methods

2.1 Materials

The lateritic soils used in this study were collected in 
a range of 2 meters depth from three municipalities of the 
Paraná state, south region of Brazil: Londrina, Tuneiras do 
Oeste and Mandaguaçu, as illustrated in Figure 1. The three 
soils do not have the same geological origin: Londrina’s is 
a residual basalt, Tuneiras do Oeste’s is from a geological 
transition area, between sandstones and basaltic flows, and 
Mandaguaçu’s is a sedimentary soil from a sandstone origin 
(Gonçalves et al., 2018).

Disturbed and undisturbed samples were collected in the 
field for laboratory tests, the first being used for compaction 
according to NBR 7182 (ABNT, 2016), using the Normal 
Proctor Energy (6 kgf.cm/cm3). A cylinder 12.7 cm high and 
10 cm in diameter was used, where 3 layers of soil of equal 
masses were sequentially arranged, each one being compacted 
with 26 blows given by a 2.5 kg and 30 cm high of fall socket. 
It should be noted that there was scarification of the first 
and second layers before receiving the next one. The main 

characteristics of the soils, as well as the undisturbed and 
compacted samples used in the tests are presented in Table 1.

2.2 Methods

2.2.1 Mercury intrusion porosimetry (MIP)

Mercury Intrusion Porosimetry (MIP) tests were performed 
in samples of the studied soils in order to obtain the pore size 
distribution (PSD), contributing to the bimodal definition of 
curves and the prediction of SWCC main parameters.

During preparation of soil samples for MIP test, the 
method of greenhouse drying was used. The greenhouse was 
chosen because it results in less changes in the intra-aggregate 
pore shape once the changes of these pores are related to the 
processes of wetting and drying. Furthermore, due the shorter 
period of drying, the capacity of the particles to reorganize 
is limited (Li & Zhang, 2009; Sasanian & Newson, 2013; 
Otalvaro et al., 2016).

The pore distribution curves were obtained by means of 
mercury intrusion porosimetry tests (MIP tests) with specimens 
of about 1 cm of nominal dimensions (ASTM, 2018). The 
applied mercury pressures ranged from approximately 0.7 to 
414000 kPa, with the application of pressure steps until the 
mercury could no longer be intruded in the soil void volume.

2.2.2 Soil-water characteristic curves (SWCC)

Two different methods were applied to measure the 
hydromechanical behavior of unsaturated soils for a wide range 
of suction. For suctions ranging between 10 and 1000 kPa, 
the pressure plate device was used based on the principle of 
axis translation, or pressure plate method (PPM). The filter 
paper method (FPM) was applied to obtain suctions along 
the entire range of suction values varying between 1 and 
106 kPa, according to ASTM (2016).

Figure 1. Location of soil collection.



Oliveira et al.

Oliveira et al., Soils and Rocks 45(2):e2022070521 (2022) 3

In PPM and FPM, undisturbed and compacted samples 
of varied sizes were used, molded with the aid of plastic rings. 
The size of the specimens for the filter paper method was 
21 mm in height and 47 mm in diameter. For the pressure 
plate method, the specimens were 25 mm in height and 
35 mm in diameter.

2.2.2.1 Pressure plate method (PPM)

Part of the pressure plate system is a high air entry 
(HAE) ceramic plate, covered on one side by a thin neoprene 
diaphragm, secured to the edges of the plate. The diameter of 
the ceramic plate was 280 mm and can support up to 15 bars 
(1500 kPa). This system operates based on the principle of 
shaft translation, which involves increasing the air pressure 
(ua), keeping the water pressure (uw) (Marinho et al., 2008).

Four specimens of each condition (undisturbed and 
compacted) from each soil were previously saturated by 

capillary action and placed on the HAE plate inside the 
pressure cell. The tests were carried out increasing the 
matric suction from 10 to 300 kPa in several steps. When 
the amount of water in the sample reached equilibrium then 
the next level of suction could be applied. Equilibrium was 
considered reached after the constant mass of the specimens, 
meaning that for that pressure there was no longer a pore 
size prone to losing water.

2.2.2.2 Filter paper method (FPM)

The principle about FPM is that after balancing, the 
soil and paper suction are the same. Filter paper is a porous 
material and as such can retain water like soil (Chandler et al., 
1992). Basically, filter paper achieves equilibrium with the soil 
through vapor (total suction) or liquid flow (matric suction).

For the experimental points of the SWCCs to be 
representative of the drying branch, it was decided to control 

Table 1. Characteristics of three lateritic soils (Cancian et al., 2017; Gonçalves et al., 2017; Gonçalves et al., 2019).
Soil Londrina Tuneiras do Oeste Mandaguaçu

Physical indexes
Specific gravity, Gs 3.03 2.89 2.69
Limit of liquidity (%) 51.0 20.0 31.0
Plasticity index (%) 13.0 7.0 16.0
Particle size distribution with deflocculant – ABNT (1995) and ASTM (2017)
Sand – 0,06 < f < 2,0 mm (%) 21.0 74.3 71.0
Silt – 0,002 < ϕ < 0,06 mm (%) 23.5 4.7 15.5
Clay – ϕ < 0,002 mm (%) 55.5 21.0 13.5
Coeffıcient of uniformity - CU 3.3 156,8 148.2
Coeffıcient of curvature - CC 0.3 30.2 37.1
Particle size distribution without deflocculant – ABNT (1995) and ASTM (2017)
Sand – 0,06 < f < 2,0 mm (%) 20.0 74.3 84.0
Silt – 0,002 < ϕ < 0,06 mm (%) 77.5 23.7 16.0
Clay – ϕ < 0,002 mm (%) 2.5 2.0 0.0
Coeffıcient of uniformity- CU 1.9 50.0 9.5
Coeffıcient of curvature - CC 0.3 9.2 2.4
Classifications (1)

USCS – ASTM (2017) CM SC SM
MCT - Nogami e Villibor (1981) LG’ LA’ LA’
Mineralogical composition
Kaolinite (%) 41.9 16.4 13.0
Gibbsite (%) 7.5 - -
Undisturbed samples characteristics
Mean molding moisture content (%) 32.0 8.0 3.0
Mean dry density (g/cm3) 1.14 1.45 1.61
Saturated moisture content (%) 47.0 26.0 19.0
Initial void ratio - e0 1.7 1.0 0.7
Compacted samples characteristics
Optimal moisture content (%) 32.4 10.8 14.0
Maximum dry density (g/cm3) 1.43 1.96 1.86
Saturated moisture content (%) 40.0 17.0 20.0
Initial void ratio - e0 1.1 0.5 0.4
(1)Notes - Classifications: USCS – Unified Soil Classification System; MCT - Miniature, Compacted, Tropical. LG’ – Lateritic clay soils; LA’ – Lateritic sandy soils.



The structure of tropical lateritic soils as an impacting factor in the shape of soil-water characteristic curves

Oliveira et al., Soils and Rocks 45(2):e2022070521 (2022)4

the masses of the specimens over time while drying in the 
open air, using a 0.0001g precision scale. That is, estimates 
were made about the weight of the specimens for several 
different moisture contents. As soon as the weighing indicated 
the calculated mass, it would be verified that it had reached 
the desired moisture content.

Ten specimens of each condition (undisturbed and 
compacted) of each soil were previously saturated and the 
partial air-drying process began. For the measurement of 
matric suction, each specimen received two Whatman nº 42 
filter papers, one under and one over the specimen. Total 
suction was not measured in this study. Each filter paper 
was cut so that when placed in contact with the specimen, 
its entire surface would remain in contact with it without 
interference from the plastic ring.

After assembly, the set was wrapped in plastic film 
and then in aluminum foil. The packaging process was 
necessary to guarantee the balance of the specimens with the 
filter paper without external interference (unforeseen loss or 
gain of moisture). In addition, the specimens were placed in 
a polystyrene box to keep the temperature controlled for 21 
days, based on Marinho (1997).

With the balance of the water potential between the 
filter paper and the specimen, it was possible to measure their 

volumetric moisture contents. The filter paper technique obtains 
the matric suction indirectly, using for this determination the 
correlations proposed by Chandler et al. (1992), as shown 
in Equations 1 and 2.

( )4,84 0,0622. 47%  1 0 paperw
paper paperw ψ −

≤ → =
 (1)

( )6,05 2,48. 47%  1 0 paperlogw
paper paperw ψ −

> → =  (2)

Where Ψpaper is the suction of the filter paper in (kPa), and wpaper 
is the volumetric moisture content of the filter paper in (%).

3. Results

3.1 MIP test results and SWCCs in the full suction 
range

Figure 2 presents the PSD and the cumulative distribution 
of undisturbed and compacted samples for CM, SC and SM 
soils. In Figure 2a, all three undisturbed soils exhibit distinct 
bimodal PSD, given its first peak next to 0.01 μm for CM 

Figure 2. PSD of undisturbed samples (a) incremental pore volume and (b) cumulative % of total intrusion volume; and compacted 
samples (c) incremental pore volume and (d) % of total intrusion volume.
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and SC samples, and near to 0.1 μm for SM sample. The 
second peak for all samples of soils is located between 10 
and 100 μm.

For all three unsaturated compacted soils, illustrated 
in Figure 2c, it was also verified bimodal PSD with first 
peak next to 0.01 μm for CM and SC samples, and close to 
0.1 μm for SM sample. The second peak is observed for all 
three soil samples between 1 and 10 μm. It should be noted 
that the trimodal behavior observed in SM compacted soils 
is probably due some failure during MIP, as clarified by 
Sasanian & Newson (2013).

The tendency in the PSD observed in Figure 2 defines 
the existence of two main pore families: intra-aggregate 
(diameter until 1 μm) and interaggregate (diameter greater 
than 1 μm), as cited by Gutierrez et al. (2008) and Li & Zhang 
(2009). The authors explain that the intra-aggregate pores 
are formed from the composition of mineral agglomerates 
and the interaction between them in the clayey matrix of 
the soil, while the interaggregate pores are characterized 
by conditioning the structural porosity, that is, they are 
related to the arrangement of the grains in themselves. The 
existence of a separation interval between the dominant pores 
observed, is a particular characteristic of lateritic soils very 
weathered in Brazil, noted also by Miguel & Bonder (2012) 
and Otalvaro et al. (2016).

The amount of PSD with a diameter of up to 1 µm, intra-
aggregate, was more expressive for the CM soil sample than 
for the others (SC and SM), which was expected due to the 
more clayey character and the recognized microaggregation 
of this soil (Gonçalves et al., 2019).

Comparing the compacted and undisturbed samples, the 
CM curves showed a similar trend (especially for the intra-
aggregate pores), even under different initial void indices 
(1.7 and 1.1, respectively). The finding that compaction has 
practical implications only in pores with larger soil diameters 
had already been reported by several authors (Delage et al., 
1995; Simms & Yanful, 2001; Sun et al., 2016; Gao & Sun, 
2017). This result implies that the porosity (the relationship 
between the void volume and the sample volume) of the 
CM soil remains practically unchanged with the use of 
compaction. On the other hand, the expressive variation of 
interaggregate pores for SC and SM is a direct result of the 
restructuring process, with a consequent decrease in porosity, 
for the same reason.

It is noteworthy that for CM soil the compaction process 
increased the discrepancy between intra and interaggregate 
pores (with the evident maintenance of the first family and 
reduction only in the second) and for SC and SM soils there 
is an equivalence between the proportion of the volume of 
pores, with differences of less than 15% between them. 
Furthermore, the percentage difference between the intra-
aggregate pores, when going from undisturbed to compacted 
condition, for all three soils (CM, SC and SM) was 13, 25 
and 44%, respectively. This allows us to conclude that the 
transition of pore volume from inter to intra-aggregate due to 

compaction is more expressive, as the soil is more granular 
and/or has a lower clay fraction.

Finally, the total intrusion volume for CM for the 
undisturbed and compacted conditions is clearly lower than 
the values   for SC and SM, as can be seen in Figure 2b and 2d. 
According to Nimmo (2005), this occurs because the formation 
of intra-aggregate pores occurs in the clay soil matrix, which 
is considerably larger in CM soil than in the others. Thus, a 
higher intra-aggregate pores amount caused a lower amount 
of mercury intruded into the CM soil.

From the determination of the pore distribution as 
bimodal for all three soils studied, both in the undisturbed 
and compacted condition, it is possible to predict that the 
variation in the volumetric moisture content and/or the 
saturation degree with the soil suction will have the existence 
of transition zones, with intermediate and well-defined levels 
characterized by low variation in moisture content for a 
wide range of suction. This shape corresponds to the typical 
shapes of a bimodal soil, like the shapes obtained by Burger 
& Shackelford (2001) and Carvalho et al. (2002).

Figure 3 shows the results obtained by the drying 
process using the PPM and FPM methods for undisturbed 
and compacted soils. Some of the points resulting from the 
different methods for the same suction values   do not coincide 
perfectly, however, the discrepancy is low, enabling the 
assertive inference of the curve. It is noteworthy that the 
samples tested had similar void ratios (with coefficients of 
variation lower than 10% for undisturbed soils and 5% for 
compacted soils). This implies considering that the observed 
discrepancies are restricted to factors such as intrinsic 
structural differences and the uncontrollable heterogeneity 
of the material itself.

It is recognized that the shape of the SWCC depends 
on both the pore size distribution and the particle size 
distribution. Gerscovich (2001) indicates that sandy soils 
tend to show a sudden loss of moisture when suction exceeds 
AEV1, while clayey soils tend to have smoother curves. Thus, 
considering the percentages of particle size fractions, the 
behavior mentioned was evidenced for the soils in this study.

Furthermore, the same author emphasizes that, with 
a less considerable influence, the same behavior can be 
expected when comparing characteristic curves of uniform 
soils and well-graded soils, respectively.

For an adequate adjustment to the behavior of soils 
that present micro and macro structures composed of clay 
aggregates, typical of tropical and subtropical environments, 
the bimodal model proposed by Gitirana & Fredlund (2004) 
is recommended. Its application is shown in Figure 3 together 
with the sampling points. Table 2 shows the parameters of the 
model by Gitirana & Fredlund (2004), obtained from these 
curves. The results suggest good fits of the experimental data 
to the model of Gitirana & Fredlund (2004) with the presented 
parameters (coefficients of determination R2 all above 0.9).

As already mentioned in the presentation of the 
porosimetry results, soil compaction decreased the amount 
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of interaggregated pores, implying a decrease in the amount 
of water needed to saturate the soil. Can this be noticed in 
the θsat presented in Table 2, where the saturation moisture 
values   for compacted soils are lower than for undisturbed 
soils, for all soils.

The two AEV found corroborate the ranges of values   
as a function of particle size presented by Aubertin et al. 
(1998). It is noteworthy that this statement is true only when 
particle size analysis is used regardless of the deflocculant.

Undisturbed soils with a higher percentage of fines had 
typically higher AEV1 than for those with a lower percentage, 
in agreement with Vanapalli et al. (1999). For compacted 
soils, this trend was not evidenced, since for SM soil the 
AEV1 obtained was superior to that of SC and practically 
equal to that of CM.

This C-SM sample’s behavior may be related to the 
intra-aggregate pore size density and, consequently, to the 
mercury total intrusion volume. After the compaction process, 

Figure 3. SWCC in the drying branch for a wide suction range: (a) and (c) volumetric moisture content and (b) and (d) saturation 
degree, respectively.

Table 2. SWCC parameters for three compacted and undisturbed lateritic soils.

Soil sample
1st Portion 2nd Portion

a
θsat (%) AEV1 

(kPa) Ψres1 (kPa) Srres1 (%) AEV2 
(kPa) Srb2 (%) Ψres2 (kPa) Srres2 (%)

U-CM 63 4 45 55 12000 53 20000 5 0.08
U-SC 49 2 21 27 13000 20 22000 0.1 0.09
U-SM 40 1 30 16 2000 14 5000 1 0.02
C-CM 54 12 70 80 11000 66 20000 10 0.04
C-SC 34 6 13 63 10000 45 21000 4 0.10
C-SM 31 10 170 63 1500 62 6000 6 0.04
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the pore size density of all soil samples has changed. A higher 
variation of total intrusion volume is observed for SM (from 
10% to 50%) than for SC (from 25% to 45%) and CM (from 
75% to 90%). This way, as shown in Figure 2, SM soil assumes 
a higher quantity of intra-aggregates compared to SC soil. 
Therefore, for compacted soils the pore size density seems 
to impact AEV1 more than the presence of fines.

Regarding AEV2, it was noted that they were higher for 
soils with a higher clay fraction, however, not proportionally 
for undisturbed soils. When observing the two structures, for 
each type of soil, a certain similarity is observed, indicating 
again that the proportion of initial voids does not affect the 
water-soil characteristic curve at high suction, as discussed 
in this article (Gao & Sun, 2017). Furthermore, similar AEV2 
values, especially for CM and SC, indicate that there was 
an influence of the similar mineralogical composition of the 
studied soils (Gonçalves et al., 2017), since this is the suction 
range where the adsorption effects occur (Romero et al., 1999).

For undisturbed soils, the trend is evident that the more 
granular the soil, the lower the values   of Srres1, which is in 
accordance with the theory of water adsorption by specific 
surface area of   the particles (the larger the effective particle 
diameter, smaller specific surface area, less possibility of 
water adsorption). As for the compacted soils, a higher 
value of Srres1 was also found for the CM soil, as expected, 
however, the values   for the two sandy soils (SC and SM) were 
coincident. Possibly the explanation for this is correlated to 
the fact that the pore distribution for these two soils, after 
the use of compaction, has remained practically the same 
(percentage difference between the interaggregate pores after 
compaction equal to 3%).

As explained by Carvalho & Leroueil (2004), regardless 
of the initial void ratio that a soil sample may have, there is 
the possibility of presenting a characteristic suction curve that 

is unique, removing the interference of this parameter from 
the assessment. This means that even if two specimens of the 
same soil initially have different void ratios, the parameter 
“e x Sr” appears as a constant, unless other factors intervene, 
such as structural differences (for example, undisturbed and 
compared samples), cementation breakage with pore distribution 
variation or the hysteresis phenomenon itself. To obtain the 
transformed SWCC, Figure 4 shows the relationships between 
e x pF (which is the logarithm of suction in cm.H2O) and 
the saturation degree (Sr). It is noteworthy that such curves 
were obtained from those previously defined by Gitirana 
& Fredlund model (2004), which presented satisfactory 
adjustments to the experimental data.

Silva et al. (2020) and Carvalho & Gitirana (2021) 
explain that for deeply weathered soils, the quantity and 
distribution of pores define the slope of the plateau present in 
the transformed SWCC (e x pF versus saturation degree). The 
smoother this slope, the greater the amount of interaggregate 
pores. For the studied soils, it is possible to notice that the 
curves of undisturbed soils presented levels with lower slopes 
than the curves of compacted soils. This once again confirms 
the decrease in interaggregated pores because of compaction.

In addition, it is highlighted that the curves presented 
can be taken as generic for any analyzes that require the 
estimation of the suction of unsaturated specimens for the 
studied soils and conditions, even if the samples have a 
slight variation in the initial void ratio, safeguarding only the 
possible interferences of the drying and moistening cycles.

3.2 SWCC predicted by PSD

In MIP test, it is assumed the soils contain pores with 
diameter (d) in the shape of cylindrical flow channels, 
which are filled with mercury under a determined pressure 

Figure 4. SWCC transformed in the drying arm for a wide range of suction versus saturation degree.
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application. The necessary pressure to completely fill the 
pores with mercury is inversely proportional to the pore 
size. This relation was firstly pointed by Washburn (1921), 
and it is shown in Equation 3:

4   
  Hg Hgcos

P
D

σ α
=  (3)

Where D is the pore diameter in (μm), σHg is the air/mercury 
surface tension of 0.484 N/m, αHg is the contact angle, assumed 
as 140º (Otalvaro et al., 2016), and P is the pressure in (kPa). 
As σHg and αHg are constants, the application of a known 
pressure produces the dimension of corresponding pores.

Some researchers as Delage et al. (1995), Aung et al. 
(2001), Simms & Yanful (2001), Zhang & Li (2010) and 
Mascarenha et al. (2010), affirm that the mercury intrusion 
in a porous medium occurs similarly to the application of 
pressure in a saturated soil, in other words, like the drying 
curve of the SWCC. Therefore, according to Otalvaro et al. 
(2016), the suction may be obtained by replacing the pressure 
in Equation 4:

( ) 4  
  w w

a w
cos

u u
D

σ α
− =  (4)

Where (ua – uw) is the matric suction in (kPa), σw is the 
surface tension of the interface air/water of 0.073 N/m at 
20° C, according to Fredlund & Rahardjo (1993), αw is the 
contact angle assumed as zero, according to Philip & De 
Vries (1957). Considering the diameters of the Equations 3 
and 4 as similar, the relation P ≈ 5.10 (ua – uw) is attainable. 
Thus, it is possible to convert mercury intrusion pressure 
into matric suction.

With this premise, works such as those by Sun et al. 
(2016) sought a simplified approach for predicting the soil 
characteristic curve using only the results of MIP tests. 
According to the authors, good fits were found for compacted 
soils by predicting AEV1 or AEV2 from the estimated 
suction for the pore diameter at the region peak of inter 
or intra-aggregate, respectively. Despite the same authors 
emphasizing that the predictions for undisturbed soils may 
be less accurate, especially for those with a high content of 

fines, given the possibility of contraction and the appearance 
of cracks in the specimen during drying, the same technique 
was applied here, since two of all three soils studied were 
characterized as sandy.

Table 3 presents the AEV1 and AEV2 estimated by the 
method of Sun et al. (2016). It is observed that the AEV1 for 
the soil with higher fines content remained higher than the 
others, regardless of the condition. However, considering the 
adjustment shown in Figure 5, all estimated values   were higher 
than those obtained. For the AEV2 values, a numerical trend was 
noted like the adjustment of the curve by Gitirana & Fredlund 
(2004), but in this case with estimated values   lower than those 
obtained. For practical purposes, discrepancies suggest that 
the simplification, although imprecise, may be acceptable.

Regarding the slope of different parts of the curves, 
Sun et al. (2016) points out that the peak in the interaggregated 
pore zone can determine the slope of the first segment of the 
SWCC, the intra-aggregate pore peak is related to the slope 
of the third segment, and the flat segment between the two 
peaks influences the slope of the middle segment in the SWCC.

Thus, according to the authors, a cumulative distribution 
function (called F(d)) represents the volume of pores with 
diameters greater than d in a gram of dry soil. F(d) can be 
determined based on the results of MIP tests showed in 
Figures 2b and 2d and the saturation degree in one gram of 
dry soil (Se) is given by Equation 5:

 1 00
100

r re
e

re

S S
S

S
−

= ×
−  (5)

Where ( )100 /re a e aS e e e= −  with ae  being the void ratio 
before MIP tests, ( ) . . 

míne w Sde F Gρ=  and ( )míndF  is the 
accumulated volume of mercury for the smallest diameter 
measured by MIP test, and Gs is the specific gravity. From 
the parameters obtained (Table 3), the curves predicted by 
the PSD results of this study are shown in Figure 5.

The coefficients of determination indicate good fits 
between the data predicted by the PSD and those adjusted by 
Gitirana & Fredlund (2004) model, both in the undisturbed 
and compacted conditions. For SC and SM soils, both with 
a sandier character, the forecast for undisturbed samples was 

Table 3. Estimated parameters for prediction of SWCC by PSD - Sun et al. (2016).

Soil sample AEV1 (kPa) AEV2 (kPa) SG ae ( )mínF d

U-CM 10 15000 3.08 0.9 0.28
U-SC 5 15000 3.46 1.0 0.29
U-SM 5 2400 2.81 0.7 0.26
C-CM 40 15000 3.14 0.8 0.25
C-SC 10 15000 2.85 0.4 0.14
C-SM 20 2000 2.96 0.5 0.17

Note: Data SG , ae  and ( )míndF  obtained in MIP tests reports.
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better than compacted samples, contrary to what was presented 
by Sun et al. (2016), who described better adjustments for 
the compacted condition.

On the other hand, the CM soil, despite the satisfactory 
numerical fit, did not show agreement between the shape of 
the adjusted and predicted curves for the interaggregated 
pore region and transition zone. The explanation for this 
may also be related due to the significant difference between 
the values   of e0 and ea that was evidenced. Yan et al. (2021) 
emphasizes that the SWCC of clayey soils can present 
inaccuracy when transformed directly from the PSD. This 

is because the pore structure changes with suction during 
the SWCC test, while in the test to obtain the PSD, this 
characteristic remains constant.

Furthermore, still explaining the prediction behavior 
for the CM soil, according to Campos et al. (2017), MIP test 
presents high precision in the quantification of open pores, 
but does not allow the detection of closed pores, in addition 
to compressing the material, which may change the actual 
pore sizes. Therefore, it is reasonable to say that for a soil 
with a considerable number of fines and micro-aggregation, 
characteristics of the CM soil (Teixeira et al., 2010; 

Figure 5. SWCC adjusted and predicted results in drying arm for a wide range of suction versus saturation degree.
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Gonçalves et al., 2017), the test itself may have influenced 
the underestimated determination of voids characteristic of 
intra-aggregates pores, smoothing the curve.

4. Conclusions

There were obtained SWCC for compacted and 
undisturbed samples of three tropical lateritic soils of the 
south of Brazil, in addition to MIP tests aiming to study the 
soil structure. The following conclusions were achieved:

1. The SWCC of compacted and undisturbed samples 
for CM, SC and SM soils present similar shape to 
the usual bimodal SWCC (noting the presence of 
macro and micropores in the soil mass), when using 
both suction measuring methods. The AEV values of 
undisturbed samples were reasonably low during the 
desaturation of macropores, due to the aggregation 
of fine particles that result in greater pore sizes. The 
granulometric distribution curves obtained without 
using deflocculant during the sedimentation phase 
indicated this microaggregation.

2. The undisturbed samples for all three soil types 
exhibit distinct bimodal PSD. The compacted samples 
present similar bimodal PSD for sandy soils, given 
that clayey soil is different due to its considerable 
content of fines. The void ratio variation for CM 
soil, which occurs by the compaction process, alters 
only the interaggregate pore volume, while the intra-
aggregate pore volume remains nearly unaltered.

3. The SWCCs predicted by PSD obtained satisfactory 
numerical fits when comparing with those adjusted 
by Gitirana & Fredlund model. The SC and SM 
soils forecast for undisturbed samples was better 
than for compacted samples. The CM soil did not 
show agreement between the shape of the adjusted 
and predicted curves for the interaggregated pore 
region and transition zone.
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List of symbols

a Parameter of Gitirana & Fredlund model (2004)
AEV1 Air entry value of the 1st portion (kPa)
AEV2 Air entry value of the 2nd portion (kPa)
C Compacted
CC Curvature coefficient
CNU Non-uniformity coefficient
CM Clayey silt
D Pores diameter (μm)
e0 Initial void ratio
ea Void ratio before MIP
ee Accumulated volume of mercury for the smallest 

diameter measured by MIP
F(d) Cumulative distribution function
F(dmín) Accumulated volume of mercury for the smallest 

diameter measured by MIP
FPM Filter paper method
Gs Specific gravity
HAE High Air Entry
LA’ Lateritic sandy soils
LG’ Lateritic clay soils
MCT Miniature, Compacted, Tropical.
MIP Mercury intrusion porosimetry
P Pressure (kPa)
pF Logarithm of suction (cm.H2O)
PPM Pressure plate method
PSD Pore size distribution
R2 Coefficient of determination (adjustment)
SC Sandy clay
SM Sandy silt
Sr Saturation degree (%)
Se Saturation degree in one gram of dry soil (%)
Sr b2 Saturation of the beginning of the 2nd portion (%)
Sr res1 Residual saturation of the 1st portion (%)
Sr res2 Residual saturation of the 2nd portion (%)
SWCC Soil-water characteristic curve
U Undisturbed
USCS Unified Soil Classification System
ua Air pressure (kPa)
uw Water pressure (kPa)
wpaper Content of water of the filter paper (%)
αHg Contact angle of the air/mercury (°)
αw Contact angle of the air/water (°)
θ sat Saturation volumetric moisture content (%)
ρw Water specific gravity (g/cm2)
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σHg Surface tension of the air/mercury (N/m)
σw Surface tension of the air/water (N/m)
Ψpaper Suction of the filter paper (kPa)
Ψres1 Residual suction of the 1st portion (kPa)
Ψres2 Residual suction of the 2nd portion (kPa)
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