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Abstract: This paper explores the feasibility of employing drinking water treatment sludge (WTS)
mixed with soils, lime, or rock powder in geotechnical applications, as well as discusses the sustain-
ability of the approach based on experimental results, aiming at the beneficial reuse of waste and
the preservation of natural geomaterials. The selected materials were two soils largely used in earth-
works, two WTSs, a high purity calcium hydrated lime, and rock powder from a granitic–gneissic
quarry, all occurring in São Paulo State, Brazil. The mixtures were chemically, mineralogically, and
geotechnically characterized, and the geotechnical properties permeability, shear strength, and de-
formability were investigated. Soil-WTS mixtures showed hydraulic conductivity (10−10–10−6 m/s,
depending on soil and WTS), effective cohesion (10–30 kPa), friction angle (34◦–40◦), undrained
strength (>50 kPa), and compression index (0.1–0.4) compatible with those of soils usually employed
in earthworks. Lime:WTS and rock powder:WTS mixtures achieved 50 kPa undrained strength for
WTS contents lower than 24% and 8%, respectively, and could be used as daily and intermediate
covers of waste landfills, as well as in other applications with low soliciting stresses. The possibility
of WTS being pumped instead of transported by trucks was analyzed in the light of results from
rheological tests.

Keywords: waste utilization; waste characterization; geotechnical; mechanical and hydraulic proper-
ties; sustainability

1. Introduction

Water treatment sludge (WTS) is the residue generated at water treatment plants
(WTPs) by the regular washing of decanters and filters. The main treatment processes
to transform raw water into potable water in a conventional WTP are coagulation, floc-
culation, decantation, filtration, pH correction, disinfection, and fluoridation. During
these processes, several chemicals are added to the water, e.g., chlorine, coagulants, lime,
and fluorine. Coagulants (ferric, alum, polymeric) cause impurities to accumulate at the
bottom of sedimentation basins and filters, which are periodically washed, producing WTS.
Considering that WTS generation amounts to 0.2% to 5% of the volume of treated water [1]
and the estimated increase in global demand for potable water is of 1% per year [2], WTS
figures as a major waste stream, presently and for the foreseeable future.

WTS is composed of more than 97% water, chemical compounds from the treat-
ment process, and suspended solids, mainly soil particles—sand, silt, and clay, but may
also present organic matter, algae, bacteria, and viruses. Dewatering usually raises the
solids content to 20–30%, which corresponds to 250–400% gravimetric water content, i.e.,
a suspension.

In most developing countries, WTS is still released in water bodies—a practice no
longer allowed in countries with sound environmental regulations—causing silting and
deterioration of water quality. Environment-friendly alternatives, such as disposal in
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sanitary or dedicated landfills or discharge in sewage treatment plants (STPs), still pose
sustainability concerns: WTS impairs the structural stability of sanitary landfills and
overloads STPs, by themselves insufficient in most developing countries, while dedicated
landfills conflict with the global environmental goal of reducing land disposal of waste.
On the other hand, reuse may introduce WTS in the circular economy and also substitute
natural resources in several production processes. The percentage of reused or recycled
WTS is an indicator proposed by the standard ISO 24512:2007 for the evaluation of water
supply services management. Sustainable management of WTS is also encompassed by
UN Sustainable Development Goal 6—Water and Sanitation [3].

Some techniques aiming at WTS reuse have been investigated: precast concrete
elements, brick, ceramic, and cement production [4–8]; composting [9]; removal of phos-
phorous from residual waters [10–12]; crop production [13] and forestry [14]; absorption
of heavy metals [15,16]; coagulant recovery [17,18]; landfill lining [19,20]; geotechnical
material [21–24], among others. Reviews about the beneficial reuse/recycling alternatives
for WTS have been presented by some authors [25–27]. Despite the significant number
of studies, worldwide cases of WTS reuse are rare in the literature. Novel management
practices, such as agriculture, forestry, land reclamation, incorporation into soils, soil im-
provement, and incorporation into construction materials have been reported in the 2000s
by governmental agencies in some countries (e.g., UK, Japan, France, Germany, USA),
still representing low percentages of the total mass generated. However, information has
not been updated in recent years on the respective websites or in regulations or technical
reports. Reuse of wastewater and sewage sludge, i.e., biosolids, which are much more
voluminous and with a wider range of applications, may have overshadowed the use of
WTS. This does not mean that WTS reuse is not taking place; for example, WTS is used
as an additive for sewage treatment in Portugal, and USEPA established directives for
WTS reuse in 2011. Developing countries, however, still need sound research to enhance
WTS reuse under their specific conditions and need information on the performance of
practical applications already under way. Though still scarce, research on the geotechnical
properties and practical applications of WTS has increased in the last years. This paper
investigates the feasibility of employing WTS at as-collected water content in geotechnical
applications, such as covers and bottom liners of sanitary and industrial landfills, backfill
for trenches, bridge abutments and geosynthetic-reinforced earth walls, pavement and
buildings subbases, reinforcement for soft soils, and embankments. Additionally, it dis-
cusses the sustainability of this approach based on experimental results, aiming at the
beneficial reuse of waste and the preservation of natural geomaterials.

Two approaches are envisaged: (1) the partial substitution of soils with adequate
geotechnical properties by WTS in order to preserve natural resources; (2) the mixing of
WTS with additives to design a new geomaterial, aiming at beneficial reuse.

WTS addition may reduce the shear strength, increase the compressibility, or impair
the workability of soils; therefore, the maximum allowable content of WTS was sought in
the first approach. Two sludges and two soils were mixed in different proportions, and
geotechnical properties were determined for the mixtures.

The second approach investigated WTS-additive mixtures that could reach a minimum
undrained strength for workability and spreading in the field. In this case, a sludge was
mixed separately with lime and rock powder to obtain a workable material for applications
involving low soliciting stresses. Experimental adaptations to deal with materials with
shear strength lower than that of soft clays are presented. The scientific background to
integrate rheology into geotechnical tests discussed in [28] is here first applied to WTS.
Subsequent steps will be to produce materials with good geotechnical properties for
general earthworks.

The experimental results of both approaches are finally discussed in the light of
technical feasibility, as well as environmental, economic, and social sustainability. The
discussion perspective focuses on developing countries, where environmental regulations
and new business models for water and sanitation are still being implemented.



Sustainability 2021, 13, 9848 3 of 26

The new approaches and the scientific contribution of this research are (1) the geotech-
nical utilization of as-collected WTS, without any previous treatment such as drying or
chemical addition, which would drastically reduce the economic feasibility of reuse (air
or oven-drying improves the geotechnical properties of WTS, but is time, space, and
energy consuming); (2) the determination of geotechnical properties for multipurpose
applications—while most investigations are directed toward a specific use and therefore
may discard suitable materials for geotechnical applications other than those previously
envisioned, the multipurpose approach can itself indicate the best alternative of reuse;
and (3) the integration of geotechnical and rheological tests to understand the behavior of
geomaterials and to discuss new possibilities of transport and manipulation in the light of
sustainability.

2. Materials and Methods
2.1. Materials

Two WTSs were investigated, Cubatão-WTS and Taiaçupeba-WTS, both generated
at conventional-treatment WTPs located in São Paulo State, Brazil (Figure 1). Samples
of both WTSs were collected directly after centrifuge dewatering. The protocol to obtain
representative samples was designed according to the Theory of Sampling [29].
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Figure 1. Location of Cubatão-WTP, Cubatão River, Taiaçupeba-WTP and Taiaçupeba Reservoir.

Cubatão-WTP collects raw water with turbidity of 800 NTU from the Cubatão River
and supplies 4.5 m3/s of potable water to a 1.5 million population. The water passes
through desanders before being submitted to the conventional treatment, which uses ferric
chloride as a coagulant. WTS produced by washing sedimentation basins and filters is sent
to a thickening tank (2% to 4% solids) and then dewatered by centrifuges, generating circa
60 tons/day of WTS with 20% to 25% solids. Cubatão-WTS is presently sent to a private
waste disposal site.

Taiaçupeba-WTP collects raw water from the Taiaçupeba reservoir and produces
15 m3/s of potable water for the São Paulo Metropolitan Region (21 million inhabitants).
The coagulation process employs aluminum sulfate and a polymer (superfloc 8392).
Residues collected from the sedimentation basins and filters backwashing are sent to
an equalization tank (2% solids content), then to a thickening tank (4% solids content), and
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finally to centrifuges (16% to 18% solids content). WTS is further air-dried and disposed of
in engineered cells inside the WTP or sent to an external landfill.

Two tropical lateritic soils widely used in geotechnical works were selected for the
research: Botucatu clayey sand and Campinas clay, both largely occurring soils in Sao
Paulo State, Brazil. Additives were a commercial high-purity calcium hydrated lime and
granite–gneiss rock powder collected in a quarry in Cubatão, São Paulo State.

All mixtures were prepared with WTS at as-collected water content (after centrifuge-
dewatering), and soils, lime, and rock powder were prepared at hygroscopic water content.
Soils were air-dried, a usual practice in soil mechanics laboratories, while lime and rock
powder were already obtained in a dry state. The proportions of WTS and mixed material
by wet mass were selected according to an arbitrary criterion of workability/compactability
of the resulting mixture. For the analysis of test results, WTS content was expressed by dry
mass basis (mass of WTS solids divided by mass of soil, lime, or rock powder solids).

Three soil:WTS ratios by wet mass were selected between 1.5:1 and 5:1, resulting
in 12 different mixtures. Four lime:WTS ratios by wet mass, varying between 1:1 and
1.5:1, and four rock powder:WTS ratios, between 1:1 and 5:1, were also tested. Mixtures
were named with letters sequentially indicating soil or additive, WTS, and soil:WTS or
additive:WTS ratio, as presented in Table 1.

Table 1. Tested mixtures: composition and notation.

Notation. Soil or Additive WTS Proportion
(by Wet Mass)

WTS Content (%)
(by Dry Mass)

BC5:1 Botucatu sand Cubatão 5:1 4.5
BC4:1 Botucatu sand Cubatão 4:1 5.6
BC3:1 Botucatu sand Cubatão 3:1 7.5
BT5:1 Botucatu sand Taiaçupeba 5:1 3.4
BT4:1 Botucatu sand Taiaçupeba 4:1 4.2
BT3:1 Botucatu sand Taiaçupeba 3:1 5.7
CC4:1 Campinas clay Cubatão 4:1 7.0
CC3:1 Campinas clay Cubatão 3:1 9.3
CC2:1 Campinas clay Cubatão 2:1 13.9
CT3:1 Campinas clay Taiaçupeba 3:1 5.7
CT2:1 Campinas clay Taiaçupeba 2:1 8.5

CT1.5:5 Campinas clay Taiaçupeba 1.5:1 11.3
LC1:1 Lime Cubatão 1:1 28.6

LC1.2:1 Lime Cubatão 1.2:1 25.0
LC1.3:1 Lime Cubatão 1.3:1 22.2
LC1.5:1 Lime Cubatão 1.5:1 20.0

RPC2.1:1 Rock Powder Cubatão 2.1:1 14.3
RPC3:1 Rock Powder Cubatão 3:1 10.0
RPC4:1 Rock Powder Cubatão 4:1 7.4
RPC5:1 Rock Powder Cubatão 5:1 5.9

2.2. Chemical and Mineralogical Characterization of the Investigated Materials

Chemical composition was obtained by X-ray fluorescence using a spectrometer
(Axios-Advanced PANalytical; standardless analysis from fluor to uranium) and loss-on-
ignition (LOI) at 1020 ◦C for two hours. Analyses were carried out on powder of oven-dried
samples (35 ◦C). Concentrations of elements were semiquantitative and presented in the
form of oxides normalized to the value of 100%. Chemical parameters, pH in water and
KCl, P, K, Ca, Mg, Al, Al+H, exchangeable bases, cation exchange capacity, saturation
by exchangeable bases, saturation by aluminum, organic carbon, and organic matter by
titrimetric method were determined using air-dried samples according to methods of the
Brazilian Agricultural Research Corporation [30]. In order to determine organic matter
content, 100 g samples were oven dried at 105 ◦C and then ignited using a muffle furnace
at 440 ◦C during 24 h, in accordance with ASTM D2974 standard.
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Mineral composition was determined by X-ray diffraction using Phillips diffractome-
ter MPD 1880 and scanning electron microscopy (SEM) using FEI Quanta m600 FEG
microscope, equipped with a Bruker X-ray energy dispersion spectrometer (EDS) Quan-
tax 400 (technology SDD—Silicon Drift Detector) and data analysis using Sprit software.
The analyses were conducted on samples oven-dried at 35 ◦C. Crystalline phases were
identified by comparing obtained diffractograms with those of the International Centre of
Diffraction Data and the PANalytical Inorganic Crystal Structure Database. Microscopic
analyses were carried out by collection of backscattered electron images and specific chem-
ical analyses by EDS for the compositional characterization of particles. The SEM analyses
were conducted on pulverized samples (powder) glued to a double-sided carbon tape and
coated with platinum.

2.3. Geotechnical Characterization of the Materials

Geotechnical characterization comprised determination of water content (w), particle-
size distribution (PSD), liquid limit (wL) and plastic limit (wP), specific gravity of solids
(Gs), and organic matter content (OM), following ASTM standards: ASTM-D2974-14,
ASTM-D422-07, ASTM-D4318-17, ASTM-D854-14, and ASTM-D2974-14, respectively.

For the sludges, solids content (SC) and dehydration over time were also determined:
2 kg samples were air-dried and monitored over time until reaching the residual water
content. Water content was determined at 105 ◦C following the recommendation of [31]
for organic sludges. For the other characterization tests, WTS samples were tested at
as-collected water content since several authors have reported significant alterations in
WTS caused by previous air-drying [32–35]. Atterberg limits were determined by the
wet method (from wet to dry) following ASTM D4318-17. PSD of the sludges was also
determined by laser analyses using wet and dry (powder) samples.

2.4. Geotechnical Properties of the Investigated Materials

Compaction tests at standard Proctor effort followed ASTM-D698-12e2 with air-dried
samples (Method A) and material reuse (necessary due to the great number of compaction
tests since each test uses ~3 kg of material). Compaction of additive:WTS mixtures was car-
ried out after previous drying to hygroscopic moisture. Compaction of soil:WTS mixtures
was carried out with and without previous drying. Refs. [35,36] showed that previous
air-drying alters compaction parameters (maximum dry unit weight and optimum water
content) of soil:WTS mixtures and that there is a linear correlation between compaction
parameters and desiccation ratio, defined according to Equation (1). Compaction tests for
each soil:WTS mixture were conducted at three different desiccation ratios.

Desiccation ratio (%) =
w0 − wi

w0
× 100 (1)

where w0 = as-mixed water content, and wi = water content after air-drying.
Soils and soil:WTS mixtures specimens were submitted to oedometric compression,

permeability, unconfined compression, and triaxial compression tests. Specimens were
compacted at optimum compaction parameters at Proctor standard effort. However, some
mixtures (those with higher WTS content) were tested at as-mixed moisture, as they already
were slightly wet-of-optimum. Additive:WTS mixtures were submitted to unconfined
compression tests on specimens compacted at as-mixed water content at Proctor standard
effort. When the stress–strain curve did not present a peak, i.e., the axial stress continuously
increased with strain, the adopted failure criterion was 15% (maximum) deformation.

Oedometric compression tests were carried out according to ASTM- D2435-11a, with
the specimen inside a stainless-steel ring of 71.3 mm diameter and 20.0 mm height, inunda-
tion with distilled water at initial loading, incremental loading (load increment ratio of 1),
subsequent unloading, and loading interval of 24 h. The applied vertical stresses were: 10,
20, 40, 80, 160, 320, 640, 1280, and 2560 kPa.
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The hydraulic conductivity of compacted soils and soil:WTS mixtures was determined
by constant head permeability tests in flexible-wall permeameter, following ASTM-D5084-
16, with specimens of 70 mm height and 70 mm diameter. Saturation was achieved by
backpressure ranging from 500 to 700 kPa to reach B-value equal or higher than 0.96.

For each soil and soil:WTS mixture, isotropically consolidated undrained (CIU) triaxial
compression tests with measurement of pore pressure were carried out with confining
pressures of 50, 100, and 200 kPa on specimens of 38 mm diameter and 76 mm height,
following ASTM-D4767-11. The undrained strength was defined as the maximum deviator
stress till axial strain of 17%.

Unconfined compression tests were carried out following ASDTM-D2166-16 at 1.0 %/min
strain rate with triplicate specimens of 50 mm diameter and 50 mm height (compacted by
mini-MCV equipment) for each material. Since the L/D ratio of the specimens was 1, a
correction factor of 0.69 was applied to the maximum axial stress in order to obtain the
equivalent axial stress for L/D = 2, based on the correction equation suggested by [37].

UCS( L
D=2) =

UCS( L
D )[

1.83− 0.39
(

L
D

)] (2)

where UCS(L/D = 2) = standard unconfined compression strength, and UCS(L/D) = measured
UCS for tested samples with L/D ratio.

2.5. Environmental Characterization of Cubatão-WTS and Taiaçupeba-WTS

The environmental characterization of Cubatão-WTS was based on the chemical
analysis of four different samples submitted to X-ray fluorescence in two laboratories.
The Brazilian standard for waste classification NBR 10,004 [38] uses specific properties
(radioactivity, inflammability, pathogenicity, and corrosivity) or results of solubilization
and leaching tests to classify waste in three classes—hazardous, non-hazardous non-inert,
and non-hazardous inert. NBR 10,004 implicitly considers WTS, municipal solid waste,
and sewage treatment sludge as non-hazardous non-inert. Even so, since the quality of the
raw water of Taiaçupeba Reservoir posed some concern, solubilization and leaching tests
were carried out for Taiaçupeba-WTS following Brazilian standards NBR 10,006 [39] and
NBR 10,005 [40], respectively. Ongoing research aims to analyze the chemical impact of
WTS reuse at each specific geotechnical application.

Biological characterization of WTS is not required yet, despite the probable presence
of microorganisms, hormones, and nano plastics that are not destroyed by the conventional
treatment. Further research is necessary to address this topic.

2.6. Rheological Behavior of Cubatão-WTS

A sample of Cubatão-WTS at water content of 240% (solids content of 30%) was
mechanically mixed for 1 min at 10,000 rpm before the rotational rheometry tests. Stepped
flow tests were performed using a Haake Mars 60 Rheometer with steel parallel plate
geometry (diameter of 35 mm, gap of 1.0 mm) at a constant temperature of 23 ◦C. Shear
strain rate (usually named “shear rate” at rotational tests) was twice increased (acceleration)
from 0 to 50 s−1 (3000 rpm) and subsequently decreased (deceleration)—i.e., two cycles of
shear rate acceleration–deceleration were performed, totalizing 400 s of test (Figure 2).
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Figure 2. Shear rate history applied during “stepped flow” or “stepwise flow” rheology tests [41].

2.7. Particular Aspects of WTS Characterization

Characterization of WTS is challenging because quantities and characteristics vary
not only among different WTPs but also within the same WTP along any given year. Great
variations in WTS composition (organic matter, clay, and sand particles) due to seasonality
of raw water quality have been reported [6]. The sampling procedure of both sludges was
based on the Theory of Sampling to warrant a homogeneous sample representative of one
month of WTS generation [42].

WTS characterization has been discussed in a recent technical event in Brazil, LETA
2021 (First Meeting on Water Treatment Sludge: Connections for Technology Innovation),
which brought together professionals and researchers dealing with WTS to disclose the
state-of-the-art in this subject and to propose new lines of action. Our position, which was
in accordance with that of many colleagues who deal with WTS, is that WTS should be
characterized according to the desired application. For instance, grain size distribution is
fundamental for use in the ceramics industry since different ceramic elements demand suit-
able ranges of clay and sand fractions. On the other hand, mineralogical characterization is
necessary for the cement industry since predominance of amorphous material disqualifies
WTS for this application. Mineralogical classification is also important to identify active
clay minerals for coagulant, phosphorous, or heavy metals recuperation. Micro and macro
properties of WTS are intrinsically related [43] and should be selected for characterization
according to each potential use.

Environmental characterization, on the other hand, should be related to WTS condi-
tioning when reused. A WTS that presents heavy metals might release excessive concen-
trations if used in a compacted soil layer exposed to weather; however, leaching of these
metals might not occur if the WTS is encapsulated in a concrete–bitumen matrix.

3. Results
3.1. Characterization of Cubatão-WTS and Taiaçupeba-WTS
3.1.1. Chemical and Mineralogical

The chemical composition of both WTSs obtained by X-ray fluorescence in terms
of major elements is presented in Table 2, while chemical parameters are presented in
Table 3. The mineralogical tests show that Cubatão-WTS is composed of quartz, goethite,
muscovite, and kaolinite, mineralogically compatible with the gneissic rocks and residual
soils through which the Cubatão River flows. Taiaçupeba-WTS, collected in a reservoir,
is mainly composed of amorphous phase, with traces of quartz, gibbsite, and kaolinite.
There are three main likely sources of amorphous material in Taiaçupeba-WTS: organic
matter, expected because raw water comes from a reservoir; amorphous aluminum or
iron (hydr)oxides from the coagulant; and the polymer of high molecular weight that
Taiaçupeba-WTP uses for coagulation and dewatering improvement.
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Table 2. Chemical composition of Cubatão-WTS and Taiaçupeba-WTS (percentage by dry mass).

Oxide Cubatão-WTS Taiaçupeba-WTS

SiO2 18.3 4.87
Al2O3 8.89 29.6
Fe2O3 46.0 12.3
MnO 0.21 0.32
MgO 0.438 <0.10
CaO 1.59 0.49

Na2O 0.10 <0.10
K2O 1.00 <0.10
TiO2 0.417 0.17
P2O5 0.249 0.45

LOI (Loss-on-Ignition) 22.0 52.6

Table 3. Chemical parameters of Cubatão-WTS and Taiaçupeba-WTS.

Parameter Cubatão-WTS Taiaçupeba-WTS

pH (in H2O) 7.0 6.4
pH (KCl 1 mol·L−1 solution) 5.9 5.6

∆pH −1.1 −0.8
P (mg·kg−1) <2 4.2

K2+ (mmolc·kg−1) 1.5 2.5
Ca2+ (mmolc·kg−1) 266 32
Mg2+ (mmolc·kg−1) 45 4
Na+ (mmolc·kg−1) 4 14.8
Al3+ (mmolc·kg−1) 1 1

H+ + Al3+ (mmolc·kg−1) 9 20
Exchangeable bases

(mmolc·kg−1) 316.5 53.3

CEC (mmolc·kg−1) 325.5 73.3
Base saturation (%) 97 73

Aluminum saturation (%) 0 2
Organic matter (%) 2.4 26.7
Organic carbon (%) 1.4 15.5

CEC = cation exchange capacity.

The chemical composition of both WTSs agrees with the corresponding mineralogical
composition, coagulant, and organic matter content. For instance, high concentration of
iron in Cubatão-WTS and high concentration of aluminum in Taiaçupeba-WTS are related
to the use of ferric chloride and aluminum sulfate as coagulants, respectively.

For Brazilian WTSs, pH values have been reported to vary from 5.9 to 8.3 [44]. Both
Cubatão-WTS and Taiaçupeba-WTS presented a pH of around 7 (Table 3). The organic
matter content of Cubatão-WTS is lower than that of Taiaçupeba-WTS, as expected due to
the differing water sources (river and reservoir, respectively); however, the cation exchange
capacity (CEC) is higher for Cubatão-WTS than for Taiaçupeba-WTS. The mineralogical
composition of Cubatão-WTS does not explain this high CEC value; it is likely that the
method used for determining CEC, based on exchangeable bases, may have computed the
calcium cations present due to lime addition as adsorbed cations.

3.1.2. Geotechnical

The geotechnical characterization of both WTSs is presented in Table 4. Both sludges
are fine materials with high liquid limits at natural moisture; however, they are located
below the A-line of Casagrande’s plasticity chart, i.e., their fines are not active. Both WTSs
undergo irreversible cementation when subjected to air or oven-drying, Taiaçupeba-WTS
more markedly than Cubatão-WTS, to the point of being classified as an organic soil. The
specific gravity (Gs) values are related to the chemical composition: Gs of Cubatão-WTS
is higher than that of most soils due to the high content of iron (except for lateritic soils
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which are also iron-rich), and Gs of Taiaçupeba-WTS is lower than that of most minerals
due to the high organic matter content.

Table 4. Geotechnical characterization of Cubatão-WTS and Taiaçupeba-WTS.

Parameter Cubatão-WTS Taiaçupeba-WTS

Liquid limit, wL (%) 237 536
Plastic index, PI (%) 138 30

Specific gravity of grains, Gs 2.95 2.42
Clay fraction (%<2 µm) 78.1 52.5

Fines fraction (%<75 µm) 98.3 95.0
Sand fraction (%) 1.7 5.0

Organic matter, OM (%) 19.2 49.0
USCS 1 classification MH OH

1 USCS = Unified System of Soil Classification.

3.1.3. Environmental

Cubatão-WTS elemental concentrations by dry mass obtained for four samples at two
different laboratories are displayed in Table 5 and compared with intervention values for
agricultural, residential, and industrial uses according to the environmental legislation of
São Paulo State [45]. The tests scanned a wide range of elements, but just those detected
are shown in Table 5.

Table 5. Chemical composition of Cubatão-WTS compared with allowable values from legislation of São Paulo State [46].

Element Average (%) Coefficient of Variation (%)
Intervention Value (mg × kg−1)

Agriculture Residential Industrial

Fe 45.2 21
Si 6.18 30
Al 3.37 34
Ca 1.57 32
K 0.66 31

Mg 0.25 23
Ti 0.22 19
Cl 0.14 15
Na 0.07 31

Element Average (mg × kg−1) Coefficient of variation (%)

Mn 2092 37
P 1265 20
S 1166 15

Ni 525 111 190 480 3800
Cu 414 85 760 2100 10,000
Cr 243 49 150 300 400
Sr 227 24
Zn 163 37 1900 7000 10,000
Zr 62 60
Pb <QL - 150 240 4400
V <QL -

Concentrations of the potentially toxic elements Cu, Cr, and Ni show a great variability.
The slightly acidic pH value may favor the mobility of these elements. However, total
concentrations in WTS do not represent concentration in leachates. Moreover, except for
Ni, concentrations of all controlled elements are below the intervention values for the
three uses.

Concentrations obtained by solubilization and leaching tests with Taiaçupeba-WTS
are shown in Tables 6 and 7, compared with allowable values according to Brazilian
standards [38].
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Table 6. Concentrations obtained by leaching test compared with allowable limits according to Brazilian standards [47].

Constituent Measured (mg/L) Quantification Limit (mg/L) Maximum Allowable (mg/L)

Ag Undetected 0.025 5.0
As Undetected 0.025 1.0
Ba 0.424 0.010 70.0
Cd Undetected 0.003 0.5
Cr Undetected 0.010 5.0
Pb Undetected 0.010 1.0
Se Undetected 0.025 1.0
Hg Undetected 0.0008 0.1
F− 0.55 0.600 150.0
pH 5.3

Table 7. Concentrations obtained by solubilization test compared with allowable values according to Brazilian standards [47].

Constituent Measured (mg/L) Quantification Limit (mg/L) Maximum Allowable (mg/L)

Ag Undetected 0.025 0.05
Al 0.025 0.010 0.20
As Undetected 0.008 0.01
Ba 0.247 0.010 0.70
Cd Undetected 0.003 0.005
Cr Undetected 0.010 0.05
Cu Undetected 0.010 2.00
Fe 0.012 0.010 0.3

Mn 3.948 0.005 0.10
Pb Undetected 0.007 0.01
Se Undetected 0.008 0.01
Zn 0.008 0.003 5.0
Hg Undetected 0.0008 0.001
Na 39.445 0.060 200.00

SO4
2− 75.117 4.0 250.00

N 6.73 1.5 10.00
Cl− 193.312 0.5 250.00
F− Undetected 0.6 1.50

CN− Undetected 0.05 0.07
Phenols 0.0189 0.005 0.01

pH 6.99

Leached concentrations of the analyzed constituents are lower than the allowable
limits, whereas solubilized concentrations of Mn and phenols exceed limit values, charac-
terizing Taiaçupeba-WTS as non-hazardous non-inert. Mn concentration may be related
to chemical waste discarded in one of the rivers feeding the reservoir, while phenols may
derive from chemical and industrial waste discharge as well as from decomposition of
vegetation [47].

Non-hazardous non-inert waste can be co-disposed of at sanitary landfills with mu-
nicipal solid waste according to Brazilian standards. Therefore, the application in sanitary
landfills as daily cover is allowed; however, WTS at as-collected water content is a suspen-
sion difficult to spread in the field and impairs the stability of the waste mass. Mixture with
soils and additives significantly improves the geotechnical behavior and opens a range
of possibilities for reuse. For the most promising soil:WTS and additive:WTS mixtures,
further environmental investigation will be carried out simulating field conditions.

3.2. Characterization of Soils and Soil:WTS Mixtures
3.2.1. Chemical and Mineralogical

The chemical composition of both soils obtained by X-ray fluorescence is presented in
Table 8, while chemical parameters are presented in Table 9. The mineralogical analysis
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shows that Botucatu clayey sand, a lateritic residual soil derived from the alternating basalt
and arenite layers of Parana Basin, is composed of quartz, kaolinite, gibbsite, hematite,
and anatase. Campinas clay, a lateritic residual soil derived from diabase, presents quartz,
kaolinite, gibbsite, hematite, magnetite, and ilmenite, with traces of smectite. Kaolinite is
the most common clay mineral found in the clay fraction of Brazilian lateritic soils [48],
while crystalline aluminum and iron (hydr)oxides such as gibbsite, hematite, and goethite
are also of common occurrence in the fines fraction of lateritic soils. These oxides cover and
cement clay (kaolinite) particles, forming the microaggregates that compose the peculiar
microstructure of lateritic soils.

Table 8. Chemical composition of Botucatu clayey sand and Campinas clay (percentage by dry mass).

Oxide Botucatu Clayey Sand Campinas Clay

SiO2 68.1 31.1
Al2O3 16.5 23.9
Fe2O3 7.17 24.4
MnO 0.03 0.141
MgO 0.04 0.17
CaO 0.02 0.09

Na2O - <0.02
K2O 0.04 0.03
TiO2 1.55 5.21
P2O5 0.05 0.14

LOI (Loss-on-Ignition) 6.11 14.2

Table 9. Chemical parameters of Botucatu clayey sand and Campinas clay.

Parameter Botucatu Clayey Sand Campinas Clay

pH (in H2O) 4.7 5.0
pH (KCl 1 mol·L−1 solution) 4.5 4.4

∆pH −0.2 −0.6
P (mg·kg−1) <2 <2

K2+ (mmolc·kg−1) <0.5 2.2
Ca+ (mmolc·kg−1) 2 21

Mg2+ (mmolc·kg−1) 0.4 4
Na+ (mmolc·kg−1) <0.2 <0.2
Al3+ (mmolc·kg−1) 3 1

H+ + Al3+ (mmolc·kg−1) 25 49
Exchangeable bases

(mmolc·kg−1) 2.2 27.3

CEC (mmolc·kg−1) 27.2 76.3
Base saturation (%) 8 36

Aluminum saturation (%) 58 4
Organic matter (%) 0.9 2.5
Organic carbon (%) 0.5 1.4

CEC = cation exchange capacity.

Both soils presented predominant percentages of silicon, aluminum, and iron, coherent
with their lateritic nature and mineralogical composition. CEC values for the clayey sand
and the clay are low, indicating non-active soils (lower than 200 mmolc·kg−1), which is
common for Brazilian lateritic soils [49] due to the covering of clay minerals by iron and
aluminum oxides. Similarly, the pH values correspond to acid soils, which is typical of
lateritic soils.

3.2.2. Geotechnical

The geotechnical characterization of soils and mixtures is presented in Table 10. Addi-
tion of WTS to the soils did not significantly alter the particle size distribution (PSD), or else
caused some of the mixtures to present only a slight increment in fines content compared
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with that of the natural soil, which may be explained by the low solids content added to
the soils (varying from 3.4% to 13.9%).

All soil:WTS mixtures presented higher liquid limits and plasticity indexes with
increasing WTS content. WTS addition, however, dislocated the mixtures in Casagrande’s
plasticity chart parallel to or crossing downwards the A-line. Since both WTSs were not
active, they did not impart cohesive behavior to the soils.

Table 10. Geotechnical characterization of Botucatu clayey sand and Campinas clay.

Material wL (%) PI (%) Gs Clay Fraction (%) Fines (%) Sand (%) OM (%) USCS

Botucatu clayey
sand—sample 1 31 14 2.69 24.4 34.2 65.8 - SC

BC5:1 32 14 2.71 26.8 36.1 63.9 - SC
BC4:1 32 15 2.70 23.9 32.2 67.8 - SC
BC3:1 33 16 2.69 27.1 36.6 63.4 - SC

Botucatu clayey
sand—sample 2 25 8 2.80 28.9 35.3 64.7 3.5 SC

BT5:1 39 18 2.72 26.8 36.8 63.2 - SC
BT4:1 44 19 2.70 26.1 38.8 61.2 - SC
BT3:1 52 23 2.68 28.1 38.7 61.3 - SM

Campinas clay 45 18 2.98 52.0 78.1 21.9 11.7 CL
CC4:1 46 18 2.98 44.7 80.1 19.9 - ML
CC3:1 50 16 2.98 47.9 80.5 19.5 - ML-MH
CC2:1 63 27 2.98 45.0 80.8 19.2 - MH
CT3:1 61 23 2.95 49.6 79.1 20.9 - MH
CT2:1 77 34 2.94 52.0 81.9 18.1 - MH

CT1.5:1 90 36 2.92 48.0 79.7 20.3 - MH

Note: wL = liquid limit, PI = plasticity index, GS = specific gravity of grains, OM = organic matter, USCS = Unified System of
Soil Classification.

3.3. Characterization of Additives and Additive:Soil Mixtures
3.3.1. Chemical and Mineralogical

The chemical composition of both additives obtained by X-ray fluorescence is pre-
sented in Table 11, while chemical parameters are presented in Table 12. The mineralogical
analysis shows that lime is composed of calcite and portlandite. Portlandite derives from
the calcination of carbonate rocks from Minas Gerais, Brazil, and calcite derives from non-
calcinated rock or carbonatation of lime. Rock powder presents quartz, albite, microcline,
phlogopite, amphibolite, and kaolinite, all of them minerals typical of granitic–gneissic
rocks. The presence of kaolinite indicates that the rock was chemically weathered, even
though the particles looked as if they came from sound rock.

Table 11. Chemical composition of lime and rock powder (percentage by dry mass).

Oxide Lime Rock Powder

SiO2 0.35 64.5
Al2O3 0.08 14.0
Fe2O3 0.98 4.83
MnO 0.01 0.10
MgO 0.35 1.45
CaO 68.2 3.09

Na2O <0.001 3.88
K2O 0.03 4.68
TiO2 <0.001 0.76
P2O5 0.08 0.28

LOI (Loss-on-Ignition) 30.3 1.8

The lime used in this investigation was composed mostly of calcium, with a low
percentage of impurities. The high value of loss-on-ignition can be explained by the fact
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that it is a hydrated lime. The pH value is inside the usual range for hydrated lime (12–13).
The high value of CEC may be due to the experimental method based on exchangeable
bases, which interpreted the high concentration of calcium as adsorbed cations.

Rock powder is mostly composed of silicon and aluminum, which are the main
elements of the rock-forming minerals. Loss-on-ignition is low as expected for a granitic
rock. Rock powder is also alkaline due to the high content of alkaline metals (Na, K)
and alkaline earth metals (Ca, Mg) in its composition. The low value of CEC for the rock
powder is coherent with the composing minerals, none of which are very active.

Table 12. Chemical parameters of lime and rock powder.

Parameter Lime Rock Powder

pH (in H2O) 12.2 9.5
pH (KCl 1 mol·L−1 solution) 12.5 8.5

∆pH 0.3 −1.0
K2+ (mmolc·kg−1) 4.1 24.9
Ca+ (mmolc·kg−1) 745 22

Mg2+ (mmolc·kg−1) 2 5
Na+ (mmolc·kg−1) - -
Al3+ (mmolc·kg−1) 0 0

H+ + Al3+ (mmolc·kg−1) 0 3
Exchangeable bases

(mmolc·kg−1) 751.1 51.9

CEC (mmolc·kg−1) 751.1 54.9
Base saturation (%) 100 95

Aluminum saturation (%) 0 0
Organic matter (%) 0.2 1.1
Organic carbon (%) - -

CEC = cation exchange capacity.

3.3.2. Geotechnical

The geotechnical characterization of the additives and additive:WTS mixtures is
presented in Table 13.

Table 13. Geotechnical characterization of additives and additive:WTS mixtures.

Material WTS Content (%) wL (%) PI (%) Gs Clay Fraction (%) Fines (%) Sand (%) USCS

Lime (L) 61 17 2.44 33.5 (2) 98.9 (2) 1.1 (2) MH
LC1:1 28.6 58 16.9 2.55 (1) - - - MH

LC1.2:1 25.0 - - 2.54 (1) - - - MH
LC1.3:1 22.2 - - 2.53 (1) - - - MH
LC1.5:1 20.0 56.1 17.9 2.53 (1) - - - MH

Rock
powder

(RP)
NP NP NP 2.67 4 20 79 SM

RPC2.1:1 14.3 NP NP 2.71 (1) - - - SM
RPC3:1 10.0 NP NP 2.70 (1) - - - SM
RPC4:1 7.4 NP NP 2.69 (1) 7.1 14.8 65.5 SM
RPC5:1 5.9 NP NP 2.69 (1) - - - SM

Note: wL = liquid limit, PI = plasticity index, GS = specific gravity of grains, OM = organic matter, USCS = Unified System of Soil
Classification, NP = non-plastic. (1) Weighted average of the specific gravity of grains of WTS and additive. (2) Grain size distribution for
lime obtained by laser diffraction granulometer from Helos Sympatec.

Lime PSD could not be determined by sedimentation (hydrometer) since lime floccu-
lates in contact with water. A laser diffraction granulometer test showed that the lime is
a fine sand with 48.3% fines. According to the consistency limits, lime and the lime:WTS
mixtures were classified as MH (elastic silt). Rock powder has 20% non-plastic fines. Rock
powder and rock powder:WTS mixtures were classified as silty sands (SM).
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3.4. Geotechnical Properties of Soils and Soil:WTS Mixtures
3.4.1. Compaction

The results of the compaction tests show that the maximum dry unit weight decreases
and the optimum water content increases with WTS addition, i.e., at the optimum com-
paction point, the void ratio and the water content of the mixture are higher than those of
the soil. These alterations are more evident and proportional with increasing WTS content,
so that correlations between maximum dry unit weight and WTS content, and between
optimum water content and WTS content, can be established. Compaction parameters of
BC and BT mixtures as a function of WTS content are presented in Figure 3, while Figure 4
shows compaction parameters as a function of WTS content for CC and CT mixtures. While
the general rule of thumb requires a minimum of 10 points for an accurate estimate of a
linear regression, a lower number may suffice when a high R2 is expected, and/or error
is small, and/or the aim is merely to obtain a general trend. The obtained determination
coefficients R2 indicate that the variation of the dependent variables, maximum dry unit
weight and optimum water content, can indeed be explained by the variation of the in-
dependent variable sludge content. More experimental points would of course improve
the estimate. Nonetheless, we believe the presented correlations may in themselves be
enough to determine the ideal mixture of soil and WTS to be used in the field. Therefore,
the overall behavior of any new pairing of soil and WTS may be determined by a few
compaction tests.
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Figure 3. Compaction parameters as a function of WTS content for BC and BT mixtures: (a) Maximum dry unit weight;
(b) Optimum water content.
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Figure 4. Compaction parameters as a function of WTS content for CC and CT mixtures: (a) Maximum dry unit weight;
(b) Optimum water content.
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Some traces resulted in mixtures wet-of-optimum, and therefore were of limited
workability. However, drying the mixture prior to compaction causes the maximum dry
unit weight to increase and the optimum water content to decrease. These alterations
are proportional to the desiccation ratio, so that a correlation between the compaction
parameters and the desiccation ratio can be established. Figure 5 shows the recovery of
compaction parameters as a function of desiccation ratio for all the mixtures. Since air
drying mixtures is much faster than air drying WTS, these correlations may indicate the
use of mixtures with higher WTS content that, once air-dried to a certain desiccation ratio,
may show a good performance in the field, comparable with that of soil.
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Figure 5. Maximum dry unit weight and optimum water content as a function of desiccation ratio: (a) BC and BT mixtures;
(b) CC and CT mixtures.

3.4.2. Shear Strength

The long-term stability of embankments is usually analyzed for drained conditions, i.e.,
effective stresses. The shear strength of the mixtures in terms of effective stresses obtained
from triaxial tests was compared with shear strengths in a database of Brazilian soils used
for the construction of large earth dams. These embankments have shown satisfactory
stability and deformation behavior over decades. Figure 6 shows the strength envelopes of
the mixtures compared with the soil envelopes from the database. Clearly, the mixtures
presented higher shear strength than the soils from the database for confining (normal)
stresses higher than circa 80 kPa. Most mixtures presented a friction angle φ′ slightly
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higher than that of the natural soil. Addition of a clayey material with high plasticity
limit was expected to reduce the friction angle; however, WTS fines were elastic (both
WTSs were located below the A-line in Casagrande’s plasticity chart). Furthermore, values
of friction angle higher than 40◦ have been reported for several WTSs [21,50]. Mixtures
of zeolite and WTS were also reported to exhibit an increase in φ′ with increasing WTS
content [51]. The increase in the friction angle was accompanied by a decrease in the
cohesion with increasing WTS content, resulting, for each soil, in a single envelope for the
different mixtures with each WTS, as shown in Figure 6, with a determination coefficient
R2 higher than 0.98.
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Figure 6. Shear strength envelopes comparison: (a) CC and CT mixtures; (b) BC and BT mixtures.

For the analysis of end-of-construction stability of embankments, the undrained
shear strength must be considered for design purposes. The specification of a minimum
undrained shear strength is generally governed by stability or trafficability. According
to [52], a range of 50 to 60 kPa is often considered to be an acceptable value for satisfactory
equipment maneuvering without soil rutting, while [53] cites a minimum undrained
strength of 40 to 50 kPa as typically required for earthworks. For daily cover in sanitary
landfills, a minimum undrained shear strength of 10 to 20 kPa is required to assure easy
spreading and workability of the material [20,52].

Figure 7 shows the as-compacted undrained shear strength su (unsaturated) from UC
tests compared with the undrained shear strength su (saturated) from CU tests carried out
with 50 kPa confining pressure. The mixtures were compacted at their mixing moisture,
i.e., with no previous drying. WTS addition clearly decreases the undrained shear strength.
However, most mixtures answered to the criterion of su equal or higher than 50 kPa.

3.4.3. Permeability and Deformability

Results of oedometric compression tests for soils and mixtures are presented in
Table 14. In Table 15, permeability of soils and mixtures are presented as ranges since
tests were carried out with several different confining pressures (50 to 200 kPa) and hy-
draulic gradients (10 to 50).
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Table 14. Results of oedometric compression tests for soils and mixtures.

Material Cc/(1 + e0) Ce/(1 + e0)

Botucatu clayey sand 0.048 0.014
BC mixtures 0.084–0.110 0.012–0.020
BT mixtures 0.110–0.142 0.016–0.030

Campinas clay 0.103 0.022
CC mixtures 0.113–0.167 0.014–0.023
CT mixtures 0.138–0.189 0.014–0.025

Note: Cc = compression index, Ce = expansion index, e0 = initial void ratio.
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Figure 7. Undrained shear strength as a function of WTS content obtained by triaxial compression tests (saturated) and
unconfined compression tests (as-compacted, unsaturated): (a) BC and BT mixtures; (b) CC and CT mixtures.

Table 15. Hydraulic conductivity of soils and mixtures.

Material Hydraulic Conductivity K (m/s)

Botucatu clayey sand 10−8–10−6

BC mixtures 10−9–10−6

BT mixtures 10−10–10−8

Campinas clay 10−9–10−8

CC mixtures 10−10–10−9

CT mixtures 10−10–10−9

Most of the mixtures presented low to medium compressibility (compression index
varying from 0.10 to 0.40). In comparison, some residual soils used for highway embank-
ments in São Paulo State present compression index values ranging between 0.16 and 0.44
with an average of 0.31 [54]. In general, the average compression index of compacted
Brazilian residual soils is about 0.15. The compression coefficients (compression index Cc
divided by 1 + initial void ratio e0) of BC and BT mixtures were 1.8 to 3 times that of B soil,
and of CC and CT mixtures, they were 1.1 to 1.8 times that of C soil; however, all values
are inside an acceptable range for general earthworks. The same observation is valid for
the expansion coefficients of the mixtures as compared with those of the soils.

Table 15 shows that WTS addition to both soils caused a reduction in hydraulic
conductivity, indicating the possibility of using the mixtures with permeability lower than
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10−9 m/s as an adequate material for the construction of compacted clay liners (CCLs) or
other impermeabilizing functions.

3.5. Geotechnical Properties of Additive:WTS Mixtures
3.5.1. Compaction

Compaction parameters of lime:WTS and rock powder:WTS mixtures as a function
of WTS content are presented in Figure 8. The mixtures were air-dried to the hygroscopic
water content, and the compaction test was carried out with increasing water contents.
Increase in WTS addition caused a decrease in maximum dry unit weight of rock pow-
der:WTS mixtures and an increase in maximum dry unit weight of lime:WTS mixtures,
whereas the opposite trends were observed for the optimum water content. Rock pow-
der:WTS mixtures become more porous and more humid at the optimum compaction point
with increasing WTS content, while lime:WTS become slightly denser and less humid.
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Figure 8. Compaction parameters as a function of WTS content for lime:WTS and rock power-WTS mixtures: (a) Maximum
dry unit weight; (b) Optimum water content.

3.5.2. Unconfined Compression

The unconfined compression tests were carried out with mixtures compacted at as-
mixed water content. The undrained shear strength of additive:WTS mixtures as a function
of WTS is presented in Figure 9. During the unconfined compression tests with lime:WTS
mixtures, the shear stress increased monotonically with the axial strain, and no peak
was observed, except for the mixture with 20.0% WTS content. Accordingly, the stress
correspondent to the axial strain of 15% (maximum) was adopted as a failure criterion. For
the rock powder:WTS mixtures, the stress–strain curves presented a peak value, except
for WTS content of 14.3%, in which case the stress for 15% axial strain was adopted as the
failure threshold.

For the lime:WTS mixtures, the higher the WTS content, the lower is the undrained
shear strength (Figure 9a), because the mixtures become less dense and more humid. An
exponential regression describes the su curve of lime:WTS mixtures with a determination
coefficient R2 of 0.9307. As already observed, this indicates a general trend, whereas a more
precise regression would require more experimental points. Rock powder:WTS mixtures
presented much lower undrained strength values than lime:WTS mixtures, which may be
explained by both rock powder and WTS both being non-cohesive materials. The trend
of the undrained shear strength curve (Figure 9b) of rock powder:WTS mixtures suggests
that the optimum value of WTS content is 7.4%, where the maximum su is obtained.
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Figure 9. Undrained shear strength as a function of WTS content: (a) WTS-lime mixtures; (b) WTS-rock powder mixtures.

3.6. Rheological Behavior of Cubatão-WTS

Results of the rheometry flow tests are displayed in Figure 10. The complete shear
history (two cycles of acceleration–deceleration) in Figure 10a shows that curves of acceler-
ation and deceleration are different, i.e., a delay response of shear stress occurs, describing
a hysteresis loop (area between acceleration and deceleration curves). Information about
rheological behavior can be obtained by curve shape and/or hysteresis loop. Typically,
only the second cycle is used to characterize the rheological behavior of materials because
that is where the steady state of flow is assumed to have been reached. The second cycle is
detailed in Figure 10b,c.

Some authors [55–58] have associated a positive hysteresis loop with thixotropic
behavior (viscosity decreases with time) and a negative hysteresis loop with rheopectic
behavior (viscosity increases with time). However, the hysteresis loop alone is not a faithful
indicator of thixotropy or rheopexy since the effects of shear rate and time on viscosity may
not be completely separated [56] in stepwise flow tests. At this point, results from the first
cycle, related to a “very early age” behavior, are also important to characterize thixotropy
and rheopexy. Figure 10d presents the results from the first cycle.

Figure 10b shows that shear stress for a certain value of shear rate is higher at deceler-
ation than at acceleration, describing a negative hysteresis loop, i.e., rheopectic behavior
(viscosity increases with time). The shape of the acceleration–deceleration curves describes
shear thickening (or dilatant) behavior (viscosity increases with shear rate increase). A
detailed analysis (Figure 10c) at low shear rates shows the opposite behavior: up to shear
rate of 3 s−1 (180 rpm), shear stress is lower at deceleration than at acceleration for the
same shear rate, describing a positive hysteresis loop, i.e., thixotropic (viscosity decreases
with time) and shear thinning (viscosity decreases with shear rate increase) behavior.

Results of the first cycle of acceleration (Figure 10d) show that, despite the mixing
procedure applied to WTS before the tests, a fast increase in shear stress occurred (0 to
340 Pa), followed by an abrupt decrease (340 to 84 Pa), while the shear rate increased (0 to
7.5 s−1, i.e., 0 to 450 rpm). This trend suggests that WTS recovered its agglomerated state
between the end of the mixing procedure and the beginning of the test, so that a higher
shear stress was needed to hold the shear rate. This interaction among particles being
overcome, WTS became softer and more fluid when further sheared. Viscosity decreased
due to shear rate increase but also due to the microstructure rearrangement, indicating a
thixotropy behavior of WTS for early ages. The analysis of shear stress response during
the first cycle of the flow test reinforced the interpretation based on the hysteresis loop:
Cubatão-WTS probably presents shear thickening and rheopectic behavior for shear rates
higher than 3 s−1 (180 rpm) and shear thinning and thixotropic behavior for shear rates
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lower than 3 s−1 (180 rpm). In other words, WTS viscosity decreases for low shear rates
and increases for high shear rates.
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Figure 10. Results of flow tests for Cubatão-WTS: (a) Two cycles od acceleration–deceleration; (b) Second cycle; (c) Detail of
second cycle at low shear rates; (d) First cycle. Source: Modified from Tsugawa et al. 2019.

Rheological behavior of WTS has been less investigated than that of wastewater and
sewage sludges [59–61]. In practice, flow test results can help to predict WTS behavior
during pumping, mixing, spreading, and transportation, as follows:

• According to the results of the second cycle (WTS already in flow), pumping at a shear
rate lower than 180 rpm is the best condition to avoid pipe clogging since viscosity
tends to decrease. On the other hand, the first cycle indicates that a stress of 350 Pa is
necessary to start WTS flow, i.e., pumping is more difficult to start than when WTS is
already flowing. Therefore, mixing WTS is recommended before pumping.

• An interesting piece of equipment with which to mix WTS before pumping is the
shallow soil mixer, whose arm is long enough to reach the bottom of a temporary
storage cell. This equipment could also be used to pump instead of washing material
at the bottom of the sedimentation basins.

• A concrete mixer may be an interesting alternative to produce additive:WTS mixtures,
considering that it operates at 30 rpm (at shear rates lower than 180 rpm WTS viscosity
decreases with shear rate, i.e., mixing is easier and demands less energy).
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• The environmental and economic costs related to the transportation of WTS by trucks
can make reuse impracticable, particularly where long distances must be transposed
to reach the end user. Apart from the high costs of fuel and vehicle maintenance, trans-
portation by trucks also poses a great environmental concern due to contamination
potential and greenhouse emissions. Underground transportation by a “sludge-pipe”
connecting WTP and WTS processing plants can be promising for big generators, such
as WTPs located in large cities where the lack of operational areas is an issue, and is
already under debate at the Basic Sanitation Company of Sao Paulo State (SABESP), as
presented at LETA 2021. Results from the rheological characterization of Cubatão-WTS
strongly support the feasibility of transportation by pipeline. Transportation of WTS
by pipeline without previous dewatering is also a possibility.

Rheological characterization can be a powerful tool to analyze reuse of WTS in geotech-
nical [28] and other applications, particularly focusing on WTS transportation.

4. General Discussion

Based on the results obtained by the experimental investigation, some aspects of WTS
reuse in geotechnics should be further discussed in the light of economic, environmental,
and social sustainability:

• This research used centrifuge dewatered WTS (at 20–25% solids) and showed the
influence of water content on the geotechnical behavior of soil:WTS and additive:WTS
mixtures. Important questions concern: (1) the validity of extending the results for
different dewatering methods, and (2) whether small municipalities in developing
countries have the technical and economic conditions to dewater WTS. In answer to the
first question, the range of 20–25% solids content is feasible to be achieved by different
dewatering methods, albeit within different time spans. Electrodes associated with
belt presses and geo-bags, geotextile-lined buckets submitted to vibration, geo-tubes
and geo-bags, and even drying beds produce similar final solids contents. Polymers
and vibration accelerate the dewatering process; however, the final product is still
~25% solids. Electrokinetic flow does not depend on the grain size of the medium
and was shown to be 10,000 times higher than hydraulic flow for bentonite; therefore,
dewatering is much quicker, even though the final solids content of WTS will still
fall within the 20–30% range. The second question has a very promising answer: a
simple and cheap drying bed may achieve the desired solids range, as shown in six
study cases of a modified drying bed design in use since 2004 in municipalities with
a population lower or equal to 100,000 inhabitants (WTP production of 25–290 L/s),
where the structuring gravel layer was substituted by non-woven geotextile; bed
height was 50–80 cm, WTS generation 2–32 L/month/inhabitant, dewatering cycle
30–40 days, and geotextile substitution 3–8 years. The information in this paragraph
comes from unpublished state-of-the-art data conveyed during invited presentations
at LETA 2021. The references and website are shown in the acknowledgments.

• The first step in waste management is the reduction in waste generation. Despite the
reduction in WTS generation not being the subject of this paper, some suggestions
arise from the experimental investigation: (1) improvement in the quality of raw
water, discussed in the next paragraph; (2) employment of other treatment processes,
e.g., electrocoagulation and electro-flocculation, which generate less sludge than the
conventional complete cycle treatment [62]; (3) employing adequate equipment to mix
and pump the material deposited at the bottom of the sedimentation basins instead of
washing (i.e., using more water) might also reduce the quantity of generated WTS; (4)
as discussed in the previous paragraph, usual dewatering methods produce WTS with
very high residual water contents—to develop more efficient dewatering methods
investigation is needed into the different states of water (free, interstitial, vicinal, and
hydration) in WTS and the kinetics of water desorption.

• Sustainable solutions for WTS reuse are directly related to the quality of raw water, a
point stressed in the presentations at LETA 2021. Discharge of domestic sewage and
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industrial effluents in water courses where raw water is captured brings chemical and
biological risks (algae, cyanobacteria, protozoa, virus, pharmaceuticals, and hormones)
that demand complementary processes and operations at the WTPs. A scanning of
organic compounds additional to those presently demanded by the environmental
regulations for WTS to assess the presence of pathogenic microorganisms, heavy
metals, and halogenated compounds derived from chlorine and organic matter is
recommended. Waste treatment and disposal, quality of raw water, water treatment,
residue generated at the WTP, and, finally, reuse alternatives for WTS form a cycle.
Attention and action in all these stages are necessary for the sustainable, healthy, and
environment-friendly supply of potable water.

• Fundamental steps for WTS reuse in geotechnics are characterization, determination
of geotechnical properties (sometimes adaptation of equipment and procedures are
necessary because of the water content being much higher than that of soft soils),
and assessment of environmental impacts based on WTS characteristics and on the
intended applications. Characterization, as previously discussed, should be related
to the desired use, and also environmental assessment should be based on the real
conditions of the applied product for the evaluation of toxicity in the short and long
terms. Due to the complexity of the many geotechnical applications for WTS, we
suggest that WTS should be licensed as a byproduct for each different intended
geotechnical application. Directives and protocols could then be made more direct
and clearer, furthering the WTS’s acceptance by environmental agencies, designers,
constructors, and the population in general as a by-product.

• Directives for the approval of beneficial uses of waste are needed. Many developing
countries still do not have regulations to declassify a residue as waste and reclassify
it as a by-product. As an example, we mention the conditions that must be met
according to the Portuguese regulation, article 44-A of the General Regime of Waste
Management [62]: certainty of posterior utilization; can be directly used, without any
process other than normal industrial practice; production must be an integrated part
of a productive process; must meet the relevant requirements concerning environment
and health protection and do not cause adverse impacts on the environment and
public health. According to this directive, WTS used in soil:WTS and additive:WTS
mixtures for geotechnical applications is a promising by-product.

• In this research, the use of WTS as a geomaterial has been proven to be technically
acceptable and environmentally safe. However, a protocol for characterization should
be followed for each WTS and each soil or additive to be mixed, i.e., each WTP must
be treated individually. This is common practice in geotechnics, where soils and rocks
are characterized for each project or work.

• Environmental sustainability of WTS reuse as here proposed is based on different
aspects: (1) the partial substitution of soil by WTS, which is a major advantage for
the preservation of natural resources in general, and particularly in countries whose
economy is based on agrobusiness and where land is an asset; (2) the intended reuse
does not require burning, incineration or any other activities that generate toxic
releases to the environment; (3) the application of WTS mixed with local soil for
general earthworks in municipalities avoids transportation over long distances; (4) the
utilization of a sludge-pipe between large WTPs and WTS processing centers may
reduce the carbon footprint as compared with overland transportation.

• WTS dewatering, transportation, and reuse should take into account the reduction in
carbon footprint. This evaluation must be carried out by further investigations.

• The economic sustainability of waste reuse depends on public policies since fresh
natural materials are generally preferred due to custom, lower costs, and security
wherever communities do not feel environmentally pressed to reuse waste. On the
other hand, the costs of an environmentally safe disposal of WTS, associated with fiscal
incentives for the use of by-products, can make WTS reuse attractive, thus furthering
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the necessary, if not urgent, change from the habitual and harmful discharge of WTS
in bodies of water.

• Waste reuse can be troublesome for those municipalities that cannot rely on qualified
staff to attend to all the associated technical and legal issues. Private businesses should
ideally play a crucial part in the valorization of WTS, buying WTS from WTPs as waste
or by-product, processing it, and selling it to the end user. These businesses would
obtain environmental licenses for the product and its intended uses, shouldering at
least part of the technical and legal burden for the municipalities.

• Developing countries would greatly benefit from creating a database of characteristics
of raw water and WTS characteristics to enhance WTS reuse.

• The social sustainability of the proposed WTS reuse alternatives relies on the opportu-
nity to generate income by creating new jobs associated with the new products and
WTS processing firms, the improvement of living standards and social equality since
usually low-income communities are those most affected by water pollution, and the
regaining of urban areas presently given to waste disposal.

5. Conclusions

The experimental investigation showed that soil:WTS mixtures are sound multipur-
pose geomaterials from a geomechanical point of view, considering permeability, shear
strength, and deformability properties. Preliminary environmental tests indicate that they
are also environmentally viable, even if further research is needed to reach definitive
conclusions. Future work includes leaching tests, simulating practical conditions for each
specific application and addressing other contaminants, such as microorganisms, phar-
maceuticals, and hormones. Lime:WTS and rock powder:WTS mixtures can be used for
applications with low soliciting stresses. However, minimum shear strength for earthworks
could only be achieved at low sludge contents, requiring that the search continues for
additives capable of creating good all-purpose geomaterials. The paper also highlights the
importance of determining the properties of WTS and characterizing it in geological and
rheological terms so that the possibilities of its sustainable reuse in developing countries
can be assessed at all stages, from mixing and transportation to environmental licensing.
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