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Abstract. This work aims to verify the effects of the natural structure of a residual soil on its erodibility and 

the potential, employing compaction, to restore the erosion resistance. It is a residual soil of gneiss that occurs 

in the state of Santa Catarina, Southern Brazil. Infrastructure earthworks expose this material to the action of 

water, which can develop severe erosive features. The erodibility evaluation was made using the MCT 

methodology based on infiltrability and modified loss of mass by immersion tests. These tests were conducted 

in undisturbed specimens at natural moisture content and in compacted specimens at optimum moisture 

content. Such tests were also carried out in specimens air-dried for 24, 48, and 96 hours. This soil is inherently 

erosive, but the natural macrostructure makes it even more susceptible to erosion. Even compaction under 

modified energy is not able to recover the erodibility resistance. Drying slightly reduces the soil’s erosive 

potential when compacted, regardless of the compaction energy, but clearly increases the erosive potential of 

undisturbed soil. 

1 Introduction 
Erosion consists of processes by which materials from the 

earth's crust are removed and transported from one point 

to another to be deposited there. When erosion is caused 

by water, it is called hydric erosion (Bastos 1999 [1]). 

This process can be greatly accelerated through anthropic 

action. This is basically due to changes in topography, 

which promotes an increase in energy and the 

concentration of water flow and exposes soils to water 

action. In urban areas, water erosion causes problems to 

the infrastructure, such as the silting up of water bodies, 

reservoirs, and storm sewage networks, geometry changes 

of embankments inducing slope failures, the formation of 

gullies, and the degradation of bridge pillars and piers 

(Briaud & Ho 2010 [2], Verstraeten & Poesen 2000 [3], 

Vilar 1987 [4]). 

Measuring soil erosion has been one of the main 

targets of scientific research and government programs 

since the beginning of the 20th century (Garcia-Ruiz et al. 

2015 [5]), and given its environmental, economic, and 

social impacts, remains a relevant issue. Soil erodibility, 

according to Wang et al. (2013) [6], consists of the 

susceptibility of the soil to be eroded. Nogami & Villibor 

(1995) [7] describe specific erodibility as the soil’s 

intrinsic resistance to detaching particles under the 

dynamic action of surface flow and raindrops. 

Among the properties of the soil that impact 

erodibility, shear strength, texture, permeability, 

mineralogy, and structure can be mentioned (Bastos 1999 

[1], Wischmeier & Smith 1978 [8], Watson & Laflen 

1986 [9], Kimiaghalam et al. 2016 [10], Duiker et al. 2001 

[11], Lal 1990 [12]). The correlation between 

susceptibility to erosion and such properties is well 

explored when the MCT (Miniature Compacted Tropical) 

methodology (Nogami & Villibor 1979 [13]) is used. 

Although its application is practically restricted to Brazil, 

several studies have shown interesting results when using 

this proposition, as shown by Bastos (1999) [1], Higashi 

(2006) [14], Molinero Junior (2010) [15] and Couto 

(2015) [16]. 

The MCT erodibility criterion was developed 

regarding to the behavior of tropical saprolitic and lateritic 

soils. The soil structure has strong control over such 

materials’ geomechanical behavior, including erodibility, 

because it can provide an additional portion of shear 

resistance due to cohesion. According to Bastos (1999) 

[1], the silt fraction of kaolinitic-micaceous saprolitic 

soils, in contrast to temperate climate quartz silts, imposes 

high erodibility on tropical soils. 

Compaction can also affect soil erodibility. According 

to Silva (2009) [17], the enveloping technique decreases 

the erodibility by around 70% compared to the 

unprotected soil. Hanson et al. (2010) [18] show that in 

the dry branch of the curves, the compaction moisture has 

a remarkable influence on erodibility, with the minimum 

erodibility being obtained in moisture levels close to the 

optimum moisture. 

In the study area of this work, saprolitic gneiss soils 

are often excavated in earthworks and extracted for the 

construction of compacted landfills. In such cases, they 

are exposed to the action of rain, becoming more 

susceptible to erosion. Thus, this work presents a study 

about the effects of the structure of a residual soil of gneiss 

on its erodibility, and the potential, employing 

compaction, to restore the resistance against erosion.  
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2 Materials and Methods

2.1 Study Area

The municipality of Joinville is located in Southern 

Brazil. Its urban area extends predominantly over flat 

areas, which correspond to recent sedimentary deposits. 

Figure 1 shows the geological features of the 

municipality. 

The urban occupation occurs on the sedimentary 

deposits and in some hilly areas that correspond to a 

metamorphic basement formed by gneisses and 

migmatites, which are characterized by thick weathering 

profiles (thicknesses greater than 50 m in certain cases). 

Due to urbanization, these hill lands are cut, and the soils 

are extracted to be used in landfills. Thus, the association 

of the exposure of these soils and the quite high rainfall 

levels (> 2000 mm/year) creates an environment in which 

water erosion is enhanced. 

 

 

Fig. 1. Geological framework of Joinville; DC/DCA: 

unconsolidated Cenozoic sedimentary plains; DCGMGL: 

migmatite/gneiss/granulite; DCGR1/DCGR2: granitoid;

DCMU: mafic/ultramafic bodies; DSVP1: Vulcan-sedimentary 

sequences; DVM: Mesozoic fissuring volcanism (data from 

CPRM, 2010 [19]).

2.2 Experimental campaign

The specimens were sampled in an area where the soil is 

exposed (Figure 2). Coordinates of the sampling area are 

715094.56 E; 7078267.86 S, and 23 m above sea level.  

The soil was sampled in an undisturbed and disturbed 

state. The undisturbed soil was sampled according to the 

procedures presented by ABNT NBR 9604 (2016) [20], 

in the saprolitic layer of the profile. 

The physical characterization included tests of 

specific gravity (ASTM D854, 2014 [21]), consistency 

limits (ABNT NBR 6459, 2016 [22] and ABNT NBR 

7180, 2016 [23]) and grain size distribution (ABNT NBR 

7181, 2016 [24]). Sodium hexametaphosphate was used 

as a dispersive agent in the sedimentation analysis. Tests 

with suppression of dispersive agent were also carried out 

in order to evaluate the effects of structuring on the texture 

of the material. 

 

 

Fig. 2. Erosive features in the study area. 
 

The compaction curves of the studied soil were 

determined for normal (600 kJ/m³), intermediate (1300 

kJ/m³) and modified (2750 kJ/m³) compaction energies, 

through Proctor compaction tests, according to ABNT 

NBR 7182 (2016) [25]. 

The erosive potential characterization was based on 

two tests: infiltrability and modified loss of mass by 

immersion. These tests are part of the MCT 

methodology’s experimental procedures, proposed by 

Nogami & Villibor (1979) [13]. These tests were carried 

out with undisturbed and compacted specimens. 

The undisturbed specimens were extracted from 

blocks obtained in the field using cylindrical rings with 

the specific dimensions for the execution of infiltration 

tests (50 mm height and 48 mm diameter) and loss of mass 

by modified immersion (25 mm height and 48 mm 

diameter). The compacted specimens were extracted from 

compacted soil specimens in the 1000 cm³ cylinders used 

for Proctor compaction tests. Compaction was carried out 

with the soil at optimum moisture content for each of the 

energies abovementioned. The tests were carried out on 

specimens under natural or molding moisture and air-

dried for 24, 48, and 96 h. A total of 32 specimens were 

prepared: 16 for infiltration tests and 16 for modified loss 

of mass by immersion tests. The conditions and 

identification of the specimens are described in Table 1. 

Table 1. Identification of tested specimens. 

 
Undistur-

bed 
600 

kJ/m³ 

1300 

kJ/m³ 

2750 

kJ/m³ 
Natural / 

optimum 

moisture (UM) 

IND-UM EN-UM EI-UM EM-UM 

Air dried 24 h IND-24 EN-24 EI-24 EM-24 

Air dried 48 h IND-48 EN-48 EI-48 EM-48 

Air dried 96 h IND-96 EN-96 EI-96 EM-96 

 

In the infiltrability test, one measures the water rate 

that infiltrates by capillarity and its variation over time. 

This test is performed by subjecting a soil specimen to the 

distilled water’s infiltration in a circular tube (5 mm 

diameter). The displacement of the meniscus (water 

infiltration) is then measured over time, and the data is 

plotted in a graph that shows the infiltrated volume versus 
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the root of time. The initial slope of this graph 

corresponds to the coefficient of sorption (s). 
The modified loss of mass by immersion test is based 

on the test proposed by DNER ME 256 (1994) [26]. In 

this test the specimen, confined laterally by a ring and by 

a porous stone in one of its faces, is immersed for a period 

of 20 hours. After this period, the percentage of the solid 

particles disaggregated in relation to the initial mass of 

solid particles is determined (parameter pi). The test 

modification refers to the use of specimens whose face 

coincides with the limit of the ring (different from the 

original test in which part of the soil is partially extruded 

from the ring). The use of the modified procedure is 

reported by Bastos (1999) [1], Higashi (2006) [14], and 

Heidemann et al. (2018) [27]. 

The erosive potential is given by the pi/s ratio, here 

named erodibility (E). According to Nogami & Villibor 

(1979) [13], soils with E>52 should be considered as 

having high erosive potential, while Pejon (1992) [28] 

proposed a limit criterion given by E>40. 

3 Results
Table 2 shows the physical indexes of the soil in its natural 

state. The grain size curves of the studied soil are shown 

in Figure 3.  

Table 2. In situ properties of the studied soil. 

G 2.712 

wnat (%) 25.0 

γd,nat (kN/m³) 14.7 

Sr (%) 78.7 

e 0.85 

wL 45 

PI 16 

 

 

Fig. 3. Grain size curves. 
 

The studied soil is a silt, with high plasticity, being 

classified as ML according to the USCS system (ASTM 

D4287, 2017 [29]). According to Nogami & Villibor 

(1995) [7], soils with such characteristics are inherently 

susceptible to erosion 

The difference between the grain size curves 

demonstrates the dispersive solution’s effect on the 

macro-structural features, such as concretions and 

pseudomorphic minerals. It also shows that in situ, this 

soil contains lumps with sand size formed by particles 

with predominantly silt size. As there is no percolation of 

fluid in the field that has an effect similar to that of the 

deflocculating solution, it is debatable the establishment 

of parameters of erodibility derived from textural features 

(obtained traditionally) for residual soils, especially those 

composed of fine particles. 

The compaction curves are shown in Figure 4, and the 

physical indices of the compacted soil at the optimum 

moisture content for normal, intermediate, and modified 

energies are shown in Table 3. Compared to the soil in a 

natural state, compaction under modified energy 

promotes an increase in apparent dry weight (γd) about 

20%, and a reduction of 40% in the void ratio. The 

physical indices in Table 3 were used as a reference in the 

preparation of the compacted specimens used in the tests 

of infiltrability and loss of mass by immersion. 

 

 

Fig. 4. Compaction curves for different compaction energies. 
 

Table 3. Properties of the compacted soil under different 

compaction energies. 

 EN EI EM 

Wopt (%) 24.1 19.9 17.5 

γd,max (kN/m³) 15.3 16.4 17.4 

e (%) 0.74 0.63 0.53 

Sr 86.0 88.1 90.4 

 

The results of the infiltration tests are shown in Figure 

5. The specimens are named as described in Table 1. This 

figure shows a general trend, both in the increase in the 

infiltration rate (slope of the curves) and in the total 

infiltrated volume as the drying time increases. In the 

field, infiltration reduces the amount of water on the 

surface and, consequently, the intensity of the surface 

flow, responsible for triggering erosion. 
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Fig. 5. Results of infiltrability tests. 
 

It is also a trend that the increase in the compaction 

energy and higher initial moisture reduce the sorption 

coefficient, as shown in Figure 6, which summarizes the 

results in terms of variation of this coefficient. The 

increase of compaction energy reduces the sorption 

coefficient just on dry specimens air-dried during 48 and 

96 h. For the soil tested under optimum moisture, the 

increase in compaction energy also increases the sorption 

coefficient because the specimens are less humid at the 

beginning of the test and, therefore, more susceptible to 

water infiltration. 

The results of the modified immersion mass loss tests, 

summarized in Figure 7, show clear behavioral 

differences between the undisturbed and compacted soil. 

The soil structure imposes a much greater resistance to the 

loss of mass, and in natural moisture, the compacted soil 

loses about six times more mass than the undisturbed 

material. 

 

 

Fig. 6. Measured values of sorption coefficient. 
 

 

Fig. 7. Measured values of loss of mass by immersion. 
 

Drying does not affect the loss of mass of the 

compacted soil. In this sense, the undisturbed soil is much 

more sensitive. Drying causes volumetric strains, which 

in the undisturbed soil could impose cracks, as observed 

in the specimens tested. In the compacted soil, structural 

features like cohesion are absent and, therefore, the 

volumetric variations, normally smaller due to 

compaction, have no greater effects. 

Figure 8 shows the results in terms of the erodibility 

parameter of the MCT criterion (E=pi/s). It is noticed that 

both erodibility criteria reported, that is, E=52 (Nogami & 

Villibor 1979) [13] and E=40 (Pejon 1992) [28] qualify 

this soil as erosive. The soil in the undisturbed state is less 

erosive than when compacted, mainly as a result of its 

lower loss of mass. The arrow in Figure 8 points towards 

the trend of increasing erodibility, in the undisturbed soil, 

due to drying. 

Comparatively, the effects of the compaction energy 

variation and drying before the test on the compacted 

soil’s erosive potential are much less, since all the points 
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are grouped in the same region of the graph. Even so, in 

the case of compacted soil, it appears that drying reduces 

the erosive potential. 

 

 

Fig.8. Erodibility of the studied soil. 

4 Conclusions
The studied soil corresponds to a high plasticity silt. 

Conventional particle size tests point to a clay percentage 

below 10%. Tests without the use of a dispersive solution 

show that, in a natural state, particles smaller than 0.03 

mm are mostly grouped, forming lumps of silt and fine 

sand size. Hence, it is debatable to correlate erodibility 

potential from textural features (obtained through the 

traditional process) for fine residual soils. 

The erodibility tests show that the soil’s natural 

structure has a significant impact on its erosive potential. 

The undisturbed soil presents erodibility parameter "E" 

lower than those measured in compacted soil for all the 

moisture conditions considered. However, even at natural 

moisture content, this soil is classified as erosive by both 

used criteria (E = 40 and E = 52). 

Drying increases the erosive potential of the 

undisturbed soil. Despite promoting an increase in the 

sorption coefficient (which is important to the resistance 

to erosion), it also significantly increases the loss of mass. 

Compaction is unable to give significant resistance to 

erosion for this soil, regardless of the compaction effort. 

Infiltrability and loss of mass by immersion are little 

affected by the variation in compaction energy. 

Considering the results obtained, earthworks that 

involve exposure and movement of this soil must consider 

measures that aim to protect this material from rain and 

runoff. The adoption of higher compaction energies as a 

way to reduce erosion potential is not justified. 
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