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Abstract
The incorrect disposal of hazardous waste causes serious
problems around the world. For instance, mining waste is
one of the main sources of potentially toxic metals in the
environment. In the Ribeira Valley region of Brazil,
residues generated during lead ore smelting were improp-
erly deposited in the Ribeira de Iguape River and on the
soil’s surface without protection. An alternative solution
for mitigating local contamination is verifying whether a
local residual soil is appropriate to use as a mining waste
landfill liner. The soil is sandy silty clay, with a plasticity
index of 24%, an optimum water content, wopt, of 26.3%
and a maximum dry density, qdmax, of 1.515 g/cm3 from
the Standard Proctor test. Specimens molded at an
optimum compaction condition showed hydraulic con-
ductivity of 10−9 m/s and effective shear strength param-
eters of c′ = 22 kPa and u′ = 26.8°. The soil is acidic (pH
4.6), exhibits low CEC (41.4 mmolc/dm

3) and presents a
predominance of negative charges on the particle surface
(PZSE 3.6 < pH), favoring cation retention. The hydrau-
lic and mechanical characteristics together with the
chemical properties suggest that this soil is a candidate
for use as a liner. Further studies are underway to
characterize its chemical contaminant retention and to
complete the analysis about its suitability for the desired
purpose.
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1 Introduction

Inadequate disposal of hazardous waste causes serious
problems around the world. Substances present in such
waste can be released into the environment and affect its
quality. For instance, potentially toxic metals can be
absorbed by and accumulate in various lifeforms and persist
for decades in the environment (Lester 1987; Alloway
1995).

Potentially toxic metals originate in natural or anthropic
processes, and their toxic effects depend on the quantity of
the ions available for cation exchange (Sparks 1995; Sposito
1984). One of the main sources of metals in the environment
is the incorrect disposal of mining waste that contains these
elements. In the Ribeira Valley of Brazil, residues generated
during the lead (Pb) ore smelting process were improperly
deposited in the Ribeira de Iguape River. Between 1991 and
1995, waste was deposited directly onto the soil surface
without base or cover protection. Thus, the river and soil
were contaminated by metals such as Pb and cadmium
(Cd) (Kasemodel et al. 2016).

An alternative to minimize mining waste contamination is
the deposition of residues in a waste containment facility
with liner and cover systems. A liner’s function is water-
proofing and contaminant retention (Daniel 1993; Rowe
et al. 1995). Besides low hydraulic conductivity and ade-
quate shear strength, the material selected for the construc-
tion of a sealant barrier must have favorable characteristics
to retain the contaminants, and resistance to chemical ele-
ments and to the erosive process (Bradl 2004). In the context
of the Ribeira Valley problem, an alternative is the use of
local soil as a liner. It’s a residual soil formed under tropical
climate, for which there is still little information related to its
contaminant retention ability. Thus, the purpose of the cur-
rent study is to characterize a residual soil collected in the
Ribeira Valley, to verify whether it presents suitable prop-
erties to be used as a sealant barrier in mining waste con-
tainment facilities.

J. P. Marques (&) � V. G. S. Rodrigues � O. M. Vilar �
E. R. Esquivel
São Carlos School of Engineering, University of São Paulo,
São Carlos, SP 13566-590, Brazil
e-mail: jessica.pelinsom.marques@usp.br

V. G. S. Rodrigues
e-mail: valguima@usp.br

© Springer Nature Switzerland AG 2019
A. Shakoor and K. Cato (eds.), IAEG/AEG Annual Meeting Proceedings, San Francisco,
California, 2018—Volume 2, https://doi.org/10.1007/978-3-319-93127-2_5

27

http://orcid.org/0000-0002-1278-0804
http://orcid.org/0000-0001-8937-839X
http://orcid.org/0000-0002-1448-5243
http://orcid.org/0000-0002-2542-7081
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93127-2_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93127-2_5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-93127-2_5&amp;domain=pdf


2 Materials and Methods

The studied soil is a residual soil from the municipality of
Eldorado Paulista, in the Ribeira Valley of Brazil. Figure 1
shows an overview map of the region.

The soil was collected in the superficial portion of the
profile (0–40 cm). It was a highly weathered pink and white
colored soil. It is a residual soil resulted from shale rock
alteration. The soil was collected in the coordinates S 24° 31′
12″ e W 48° 04′ 37″. The samples were shade dried, quar-
tered and homogenized. This study includes measuring soil
geotechnical properties and characteristics. The properties
and characteristics considered were particle size distribution,
according to Brazilian standard NBR 7181/2016 (ABNT
2016); consistency limits [NBR 6459/1984 from ABNT
(1984) and NBR 7180/1984, also from ABNT (1984)]; and
Standard Proctor compaction test [NBR 7182/1986 from
ABNT (1986)]. Subsequently, three compacted cylindrical
specimens of 5 cm in diameter and 10 cm in height were
prepared under the optimum conditions for measuring
hydraulic conductivity and shear strength. The hydraulic
conductivity tests were conducted using triaxial cells as
flexible wall permeameters (Head 1998). Shear strength tests
were consolidated undrained (CU) with consolidation
stresses, r03, of 50, 100 and 200 kPa. The failure was indi-
cated by the peaks in the curves r01=r

0
3 against axial strain.

Mohr-Coulomb criterion yielded shear strength parameters

for both total and effective stresses, according to Eqs. (1)
and (2), respectively:

s ¼ cþr � tan uð Þ ð1Þ

s ¼ c0 þ r
0 � tan u0ð Þ ð2Þ

In these equations, c and u are the total cohesion and
shear strength angle, c′ and u′ are the effective cohesion and
shear strength angle.

The study also included soil chemical tests following
geotechnical tests. Soil pH measurement were taken in distilled
water and in KCl solution as described by the Brazilian Agri-
culturalResearchCorporation (EMBRAPA) (EmpresaBrasileira
de Pesquisa Agropecuária 2011). The procedure was performed
in triplicate and the pH readings were taken with a Digimed
DH21pHmeterwith a glass electrode. The results allowed for the
calculation of DpH (pHKCl–pHH2O), providing information
about the surface electrical charges of the particles.

The PZSE—Point of Zero Salt Effect was measured
through a potentiometric titration (Alleoni et al. 2016). HCl
was used as an acid, NaOH as a base and KCl as the
electrolyte.

The organic matter (OM) content was determined through
oxidation with a potassium dichromate solution in the
presence of sulfuric acid (Camargo et al. 2009). Cation
exchange capacity was obtained through the sum of the
bases method (Embrapa 1997).

Fig. 1 Overview map of the Ribeira Valley region, highlighting Eldorado municipality. Adapted from Vale do Ribeira Program, Federal
University of Paraná (UFPA)
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3 Results and Discussion

Table 1 shows the results from soil geothecnical character-
ization tests. A predominance of fines (54.5% clay and
20.4% silt) was observed, which is a favorable characteristic,
since the natural materials adsorption capacity is strongly
influenced by its surface area exposed to reactions and
therefore by the particle size (Langmuir 1997). Also, these
proportions satisfy the recommended literature suggestions
for the use of clayey soil as liners that are a minimum of
20% clay (Rowe et al. 1995) and 30% fines (silt + clay)
(Benson et al. 1994).

Also from Table 1, the soil LL is 58% and the PI is 24%
that classifies the soil as CL in the Unified Soil Classification
System (American Society for Testing and Materials 2000),
i.e., an elastic clay of low plasticity, lean clay. PL and PI
values obtained for the residual soil comply with the litera-
ture recommendations for a good performance as sealant
barrier, since typical recommendations indicate a minimum
PL of 20% and a minimum PI of 7% (Benson et al. 1994).

Figure 2 shows the compaction curve of the soil that
presented an optimum water content, wopt, of 26.3% and a
maximum dry density, qdmax, of = 1.515 g/cm3 through a
Standard Proctor test. Table 2 shows the conditions of the
compacted specimens used in the hydraulic and triaxial shear
tests. The hydraulic conductivity was 6.5 � 10−9 m/s. This
result is in the same order of magnitude of the recommen-
dations found in literature about soils to be used as liners
(Daniel 1993; Rowe et al. 1995; Benson et al. 1994; United
States Environmental Protection Agency 1989).

Figure 3 shows the shear strength envelopes. For total
stress, cohesion was 34 kPa and the friction angle was 13.5°.
Effective parameters were cohesion of 22 kPa and friction
angle of 26.8°, figures consistent to those typically observed
for soils classified as CL in the Unified Soil Classification
System (Carter and Bentley 1991).

Table 3 summarizes the results of hydraulic conductivity
and shear strength tests.

Finally, Table 4 gathers the chemical test results. The soil
CEC is 41.4 mmolc/dm

3. CEC demonstrates a soil’s ability
to retain and exchange positively charged ions on the col-
loidal surface. Therefore, it is important in soil characteri-
zation, mainly for studying contaminant retention. The CEC
value obtained for the studied soil suggests a predominance
of low activity non-expansive clay minerals such as
kaolinite, and a possible presence of Fe oxides. The typical
range of CEC values for kaolinite is 50–150 mmolc/dm

3,

Table 1 Geotechnical
characteristics of the Ribeira
Valley residual soil

Parameter Unit Average value

Clay content % 54.4

Silt content % 20.4

Fine sand content % 13.4

Medium sand content % 7.0

Coarse sand content % 3.8

Gravel content % 1.0

Liquid limit LL % 58

Plastic limit PL % 34

Plasticity index PI % 24

Optimum water content wopt % 26.3

Maximum dry density qdmax g/cm3 1.515

Fig. 2 Proctor compaction curve of the Ribeira Valley soil
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and for Fe oxides is 20–50 mmolc/dm
3 (de Mello et al.

1983). Kaolinite and Fe oxides are common in intensely
weathered soils formed in tropical environments, especially
in near the surface (Fookes 1997).

The soil’s organic matter content is 9 g/kg. Soil organic
matter plays an important role in its metal retention capacity.

The pH of the soil measured in water is 4.6. This con-
dition favors metal mobility because it allows the metals to
remain free in the solution (Sparks 1995). In addition, pH
influences the surface charge of Al, Fe, Mn and Si oxides
and hydroxides, and clay minerals like kaolinite (Langmuir
1997). The soil pH measured in the KCl solution is 3.7.
Thus, DpH is −0.9, a negative value that indicates a pre-
dominance of negative charges on the surface of colloidal
particles of soil. PZSE also provide information about the

charge of soil particles. The soil PZSE is 3.6. The value is
lower than the pH measured in water. This is more evidence
that the particles’ surface charges are predominantly nega-
tive. These negative charges favor the retention of cations,
such as potentially toxic metals (Sparks 1995; Sposito 1984).

4 Conclusion

The predominance of negative charges at the soil surface and
the geotechnical characteristics suggest that this is a soil
appropriate for composing a landfill liner, considering its
texture, low permeability, low clay activity (indicating
non-expansive clay) and shear strength. Thus, the use of the
local soil as a liner to mitigate contamination is a feasible
alternative for the recuperation of the region. For this reason,
complementary chemical tests are underway to address the
contaminant retention capacity of this tropical soil.

Acknowledgements The authors would like to thank the São Paulo
Research Foundation (FAPESP) for funding through a master’s degree
grant (2016/17894-2) and research grant (2014/07180-7), and the
National Council for Scientific and Technological Development
(CNPq) for a research productivity grant (305096/2015-0).

Table 2 Conditions of the compacted specimens used in the triaxial shear tests

Specimen wm wm − wopt qd (g/cm
3) RC e η (%) Sr (%)

1 25.8 −0.5 1.514 99.9 0.799 44.4 87.9

2 25.7 −0.6 1.513 99.9 0.800 44.4 87.5

3 24.9 −1.4 1.526 100.7 0.785 44.0 86.4

Obs.: wm—molding water content; RC = 100.qd/qdmax—Relative compaction; e—void ratio; n—porosity; Sr—degree of saturation

Fig. 3 Determination of strength parameters of the soil from Ribeira
Valley (Brazil) by Mohr-Coulomb failure criterion

Table 3 Results of hydraulic conductivity and shear strength tests

Parameter Unit Average value

Hydraulic conductivity, k m/s 6.5 � 10−9

Total cohesion c kPa 34

Total shear strength angle u ° 13.5

Effective cohesion c′ kPa 22

Effective shear strength angle u0 ° 26.8

Table 4 Parameters obtained from the Ribeira Valley residual soil
characterization tests

Parameter Unit Average value

CEC mmolc/dm
3 41.4

OM g/kg 9

pHH2O – 4.6

pHKCl – 3.7

ΔpH – −0.9

PZSE – 3.6
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