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Abstract

Municipal solid waste (MSW) disposal sites play a vital role in waste management but pose

significant environmental risks due to the transport of contaminants into soil and groundwater.

This work examines these risks through an integrative study comprising experimental, analyt-

ical, and numerical analyses. A detailed experimental investigation of the tropical soil profile

and weathered sandstone near Brazil’s Bauru MSW disposal site revealed key geotechnical and

hydraulic properties influencing contaminant transport, including anisotropic permeability

and expansive behaviors attributed to clay minerals. Laboratory column tests using the

non-reactive tracer NaCl and heavy metals (Mn, Ni, Pb) identified hydraulic conductivity

(k), dispersivity (α), hydrodynamic dispersion (Dh), retardation factor (Rd), and partition

coefficient (Kd) as critical parameters. Numerical simulations using CODE_BRIGHT eval-

uated the fate and transport of contaminants in Bauru’s MSW disposal site’s North-South

and East-West profiles over 1, 10, and 100 years under varying leachate heads. Results show

that increased leachate head accelerates breakthrough times, with horizontal flow dominating

permeable soil horizons. The East-West profile exhibited greater vulnerability to contaminant

migration, though sandstone layers provided some attenuation. These findings underscore the

importance of integrating field data, laboratory experiments, and modeling to enhance MSW

disposal site management strategies, mitigate contamination risks, and safeguard environmen-

tal resources.

Keywords: Bauru’s MSW disposal site; Weathered sandstone; Tropical soil; Contaminant

transport; Numerical simulations.
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Introduction

Municipal solid waste disposal sites are integral to modern waste management

systems but present significant environmental risks due to the potential for contaminant

transport into surrounding soil and groundwater. This issue is particularly pressing in

increasing urbanization and growing global waste volumes. The environmental impact of

MSW disposal sites is especially concerning when contaminants, such as heavy metals, organic

compounds, and gases, migrate through the soil and water systems, posing long-term threats

to ecosystems and public health.

There is a growing need to refine and enhance numerical and analytical models that

simulate contaminant transport in MSW disposal sites. Different numerical and analytical

models are increasingly applied but require continuous improvement to predict long-term

contaminant behavior accurately. Furthermore, the interaction of contaminants with different

geological formations, e.g., tropical soils and sandstones, introduces complexities in how

contaminants migrate. Studies on soil and rock properties, such as strength, stiffness,

deformability, and hydraulic conductivity, are essential for understanding contaminant spread.

Long-term contaminant behavior in MSW disposal sites, particularly over 100 years

in a natural attenuation context, must be understood more. Contaminants can reach critical

levels when there are no interventions, posing long-term environmental risks. Moreover,

the integration between laboratory data and modeling efforts is beneficial and necessary to

improve predictions’ reliability. This interdisciplinary collaboration is vital for managing

contaminant transport risks and making informed decisions regarding MSW disposal site

operations and remediation efforts.
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In this context, this work was motivated by the following questions:

1. What are the leading software programs, periods covered, and tracers used to simulate

the transport of contaminants in MSW disposal sites?

2. How does weathered sandstone near an MSW disposal site behave regarding strength,

deformability, and permeability?

3. What are the primary contaminant transport parameters and their variation in a tropical

sandy soil profile and an outcropping sandstone as a function of confinement pressure

and depth?

4. Using the previous laboratory parameters, how would the contamination plume spread

with different leachate heads in other periods?

Objectives

This thesis aims to advance the study of Bauru’s MSW disposal site by determining

crucial new laboratory data on the transport of contaminants in tropical sandy soil and the

outcropping sandstone around the MSW disposal site, as well as to estimate the sandstone’s

hydromechanical parameters to support and validate numerical analyses and, through them,

extrapolates the MSW disposal site’s behavior concerning the natural attenuation of the

contamination plume.

Thesis presentation

The thesis has been divided into four main chapters to address these concerns.

Recent research has focused on improving the accuracy and reliability of contaminant

transport models in MSW disposal sites. Chapter 1 reviews advancements in modeling

approaches and presents widely used tools like COMSOL Multiphysics, MODFLOW, and

POLLUTE. These models simulate contaminants’ spatial and temporal distribution, providing

3



Introduction

critical insights into the dynamics of heavy metals, inorganic tracers, and organic compounds

in MSW disposal site environments. Integrating field and laboratory data with numerical

models is crucial to refining our understanding of MSW disposal site behavior and mitigating

potential environmental risks.

In addition to the challenge of modeling contaminant transport, the mechanical

and hydraulic behavior of soils and rock formations surrounding MSW disposal sites plays a

crucial role in determining how contaminants move through these environments. Chapter 2

investigates the properties of weathered sandstone in tropical regions, highlighting the outcome

of uniaxial compressive strength and Young’s modulus and underscoring the differences in

permeability and shear strength between gray and brown sandstones. The influence of mineral

composition, consolidation pressures, and anisotropy on water flow through these formations

offers essential insights into their capacity to contain or allow the spread of contaminants.

Chapter 3 explores MSW disposal site-related contamination by examining the

hydraulic properties of tropical soils and bedrock near Bauru’s MSW disposal site in Brazil. By

studying key transport parameters, such as hydraulic conductivity, dispersivity, hydrodynamic

dispersion, partition coefficient, and retardation factors, this chapter provides an understanding

of how NaCl, as a non-reactive tracer, migrates through soil profiles and bedrock under

varying stresses and depths. Furthermore, it also presents the transport of Mn, Ni, and Pb in

unconsolidated sandstones to assess the sandstone’s ability to retain these critical contaminants.

These findings offer essential data for future numerical modeling and decision-making in

Bauru’s MSW disposal site.

Lastly, Chapter 4 focuses on numerical simulations of contaminant transport from

Bauru’s MSW disposal site in Brazil, using NaCl to project the long-term environmental

impact over 100 years. The study underscores the significance of hydraulic leachate heads

in accelerating breakthrough times, particularly in heterogeneous geological formations like

tropical soil and sandstone. The findings stress the need for intervention to prevent critical

contamination levels from threatening local water resources and ecosystems long term.
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Analysis of the current scenario of

contaminant transport in municipal

solid waste disposal sites



Abstract

Municipal solid waste (MSW) disposal sites are essential components of waste management

systems, but they pose significant environmental risks due to the potential for contaminant

transport through soil and groundwater. This paper analyzes the state of contaminant

transport in MSW disposal sites, focusing on studies published between 2019 and January

2022, focusing on state-of-the-art modeling approaches and the most frequently studied

contaminants. The review emphasizes the application of advanced numerical and analytical

modeling techniques. COMSOL Multiphysics was used in 26% of the analyzed studies, MOD-

FLOW in 23%, and POLLUTE in 13%, reflecting their growing importance in simulating

complex contaminant transport phenomena in MSW disposal sites. The findings highlight

the primary use of these models for simulating the spatial distribution of contaminants over

varying time frames, with 100, 10, and 20-year periods being the most frequently employed

by authors. Heavy metals, comprising 41% of all tracers, were the most commonly studied

contaminants, with lead (Pb), copper (Cu), chromium (Cr), cadmium (Cd), and zinc (Zn)

being the most prevalent. Inorganic tracers, such as chlorine (Cl), chlorides, and ammonium

(NH4), along with non-heavy metals, accounted for 26%, while organic compounds like toluene,

dichloromethane, and benzene comprised 24% of the tracers. Methane (CH4) was the primary

gas tracer, representing 9% of the simulation tracers. This study emphasizes the importance

of integrating field and laboratory data with numerical and analytical models to improve the

accuracy and reliability of predictions. It calls for continuous refinement of these models,

considering the inherent complexities of MSW disposal sites, to manage contaminant transport

risks better and contribute to developing more sustainable waste management practices.

Keywords: MSW disposal sites; Analytical and numerical modeling; Contaminant transport;

Organic and inorganic tracers; Heavy metals.
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1.1 Introduction

Efforts towards waste reduction, reuse, and recycling are primarily directed at

preventing it from being immediately considered final waste and transported to MSW disposal

sites without undergoing prior stages of treatment. The goal is to extract or add value to the

waste, reducing the overall waste volume in MSW disposal sites, especially in regions with

limited disposal capacity, such as large urban centers. This approach is crucial in mitigating

the environmental impact of waste and promoting sustainable waste management practices

(Daniel, 1993; Malusis & Shackelford, 2004; Varank et al., 2011).

Despite concerted efforts, MSW continues to be widely disposed of in sanitary landfills,

controlled landfills, and dumps, making them one of the leading sources of environmental

pollution and a significant risk to human health (Rowe & Barakat, 2021; Shackelford &

Jefferis, 2018). In addition, MSW in countries with less economic capacity is often mixed with

hazardous waste, such as Health Services Waste (HSW) and Industrial Waste (IW), leading

to increased waste volume and improper disposal methods that exacerbate the environmental

and health impacts (Mondelli et al., 2007, 2012; Samadder et al., 2017).

The typical result of these cases is a gradient of pollutant concentration in the

physical environment, with the highest concentrations close to the polluting sources. Flora,

fauna, and human beings can be exposed to and contaminated by heavy metals by consuming

them in food or water (Hamer, 2003; Bakis & Tuncan, 2011; Gworek et al., 2016). Chronic

exposure to heavy metals is associated with severe damage to human health, such as exposure

to lead (kidney and brain damage, anemia, insomnia, irritability, concentration, and learning

disorders), cadmium (damage to kidneys, lungs, and bones), mercury (damage to the nervous

system, lungs, and development of fetuses) and arsenic (disorders of the central nervous and

cardiovascular systems, polyneuropathy, increased risk of cancer) (Järup, 2003).

Thus, many studies on contaminant transport have been centered around heavy

metals, frequently found in the leachate produced by MSW (Dong et al., 2020; Garg et al.,

2020; Sun et al., 2020; He et al., 2022; Yong et al., 2022). Nevertheless, researchers have

also focused on other organic and inorganic pollutants, pharmaceuticals, and personal care

7
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products. Each of these substances has unique migration profile trends and a range of

transport parameters (Chen et al., 2019; Divya et al., 2020; Lin & Yeh, 2020; Ding et al.,

2021; Peng et al., 2021; Wu et al., 2021; Yu et al., 2021; Yan et al., 2022).

It is important to note that applying engineering techniques to prevent or contain soil

and water contamination, such as using liners and clay to create a barrier against transport

by advection, does not entirely prevent the transport of contaminants by molecular diffusion.

Factors such as the composition of the waste and the leachate, the water content in the soils,

the position of the water table, the stage of decomposition of the waste, the degradation

of geomembranes, the heterogeneity of the physical environment, climatic factors, the gases

generation, and the consolidation of the mass of waste, among others, suggest a complex

flow behavior in porous media. Therefore, it is necessary to consider these factors while

implementing any remediation strategy (Feng et al., 2019; Ozelim et al., 2021; Yu et al., 2021).

Another critical phenomenon inside MWS disposal sites due to biochemical reactions

is the accumulation and diffusion of heat generated. Wang et al. (2017) comment that the

internal temperature of MWS disposal sites can reach 55°C to 60°C, affecting geomembranes,

hydraulic conductivity, and sorption of clays.

Given the aforementioned complexity, one way to evaluate the behavior and fate

of contaminants in soil, rock, air, and water is through laboratory and field tests aimed at

determining parameters that help interpret and obtain analytical and numerical models that

can describe this behavior and predict the performance of MWS disposal sites over time.

Therefore, this work aims to investigate cases reported in the literature that pro-

vide enlightenment on analytical and numerical modeling and better analyze the primary

pollutants/tracers to understand the migration of contamination plumes in MWS disposal

sites.
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1.2 Material and Methods

1.2.1 Information sources

This study conducted a literature review following the modified Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA) report for systematic reviews by

Page et al. (2021a,b). The construction and visualization of bibliometric networks employing

VOSviewer software version 1.6.18.

In January 2022, a literature search was carried out utilizing the Web of Science,

Scopus, and SciELO databases. The search strategy involved the following keywords: "contam-

inant transport" AND "landfill" OR "landfills" AND "municipal solid waste" OR "MSW." For

the Brazilian SciELO database, the search incorporated the Portuguese keywords: "transporte

de contaminantes" E "aterro" OU "aterros" E "resíduos sólidos urbanos" OU "RSU."

1.2.2 Search strategy and selection process

After identifying the documents in the databases, filters were made using the

databases’ automation tools: (i) year of publication, (ii) book chapters, and conferences.

Duplicate studies were then removed using Zotero 6.0.1 software. Finally, the papers were

screened to determine their adherence to the review’s objective. This screening process

involved three stages: title, abstract, and full text. The analysis was conducted following the

inclusion and exclusion eligibility criteria.

1.2.3 Eligibility criteria

The selected studies were limited to papers published between 2019 and 2022 that

reported on the transportation of contaminants in MSW disposal sites, specifically in English or

Portuguese. To ensure the quality and relevance of the studies, exclusion criteria were applied

for conference papers, systematic literature reviews, book chapters, duplicate papers, studies

unrelated to the transportation of contaminants in landfills, and documents in languages

other than English or Portuguese, as exemplified by Figure 1.1.
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Figure 1.1: Identification of studies through databases.
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1.3 Results and Discussion

1.3.1 Database

The literature search returned 1504 documents that were screened for eligibility. Of

these, 1331 were excluded during the filters in the databases themselves, followed by 51 papers

due to duplicate documents between the databases. After screening the titles and abstracts

and reading the complete text, 72 papers were subtracted, resulting in 50 studies, as shown in

Figure 1.1. The authors with the highest number of citations during the period under review

are detailed in Table 1.1.

Table 1.1: Authors with the highest number of citations until March 2022.

Scopus Web of Science
Reference Citations Reference Citations

Sun et al. (2020) 43 Sun et al. (2020) 40
Nika et al. (2020) 24 Chen et al. (2019) 25
Abbas et al. (2019) 19 Divya et al. (2020) 15
Feng et al. (2019) 16 Jarsjö et al. (2020) 15
Garg et al. (2020) 15 Abbas et al. (2019) 15

1.3.2 Bibliometric analysis

Figure 1.2 depicts that of the 50 papers reported in the period analyzed, 37.5% were

from China, 10.7% from the UK, 7.1% from Brazil and India, and 5.4% from Canada, while

Egypt, Italy, and Sweden 3.6% each. Notably, China had the highest contribution and the

most authors with multiple institutional affiliations, with four double citations. The United

Kingdom and the Kingdom of Saudi Arabia followed, each mentioned by the primary author

once.

Figure 1.3 shows the connections related to each cluster of keywords. The keywords

can be classified into four clusters: blue for "diffusion", red for "transport", green for "soil",

and yellow for "contaminant transport". All the above start from "landfill".

11



Chapter 1 Results and discussion

Figure 1.2: Number of publications by country involving the terms searched and the authors selected
between 2019 and 2022.

The words "landfill" and "diffusion" are highlighted in blue. As mentioned above,

transport by diffusion is widely studied in MSW disposal sites since attempts to reduce

advection by installing low-permeability liners do not prevent transport by diffusion. Thinking

of a landfill with protective liners, not surprisingly, the words "geomembrane" and "composite

liner" also belong to the blue cluster. Other critical words highlighted are "porous media",

"advection", "consolidation", and "analytical solution". All are closely related, but the last

one stands out, in which authors have sought to update analytical solutions for contaminant

transport already established in the literature that incorporate different parameters for

different engineering solutions.

The yellow "contaminant transport" cluster features "municipal solid waste" and

performance more prominently and "adsorption" less prominently. Perhaps because the

keywords "transport" and "diffusion" exemplify different transport mechanisms or because

of the complexity involved in the transport of contaminants, the keywords remained more

general in the yellow cluster, as there is no doubt that the transport of pollutants in municipal

solid waste depends on its performance. And its performance relies on a series of factors

12



Chapter 1 Results and discussion

Figure 1.3: Division into clusters with the predominant keywords identified in the databases from the
works previously selected.

such as "leachate", "flow", "hydraulic conductivity", "sorption", "advection", "diffusion", and

"composite liner", among others that were part of other clusters, but which are also related to

"contaminant transport", "performance" and "municipal solid waste", perhaps only summarized

by the keyword "performance" in the yellow cluster.

The presence of the keywords "migration", "flow", "coefficients", and "hydraulic

conductivity" in the green set "soil" is noticeable in almost all of the papers dealing with

the migration of contaminants in porous media, both in manuscripts dealing with more

conservative situations that do not involve chemical and attenuation processes, and those

involving various other factors such as those dealt with by the other keywords "sorption",

"degradation", and "biodegradation". This shows how wide-ranging the situations linked to

the transport of contaminants through the soil and the considerations that authors need to

make, with various factors acting concurrently, whether in the definition of parameters, which

13



Chapter 1 Results and discussion

transport mechanism can be considered dominant in a given situation, and which can be

disregarded, whether there is chemical, biological, of retardation, attenuation or transport.

These previous factors explain the challenges facing contaminant transport and attenuation

mechanisms in the physical environment.

Finally, the red with the main keyword "transportation" focuses on the impacts

generated on the physical environment due to the various transportation mechanisms, par-

ticularly on water resources, exemplified by the keywords "water" and "groundwater". The

keywords related to the impact on water resources include "leachate", "landfill leachate",

"contaminants", "contamination", "groundwater contamination", "quality", "heavy metal" and

"pollution". These words illuminate the authors’ concerns about surface and groundwater

contamination. "Quality" can refer to both leachate and water quality. "Heavy metal" also

stands out as one of the main components targeted by the research. This set of keywords

also includes "clay", site, simulation, and removal, which can be related to managing and/or

remediation of contaminated areas.

In short, keywords can be grouped into:

• Blue set: diffusion, containment barriers and analytical solutions;

• Yellow set: an overview of contaminant transport;

• Green set: transport mechanisms and soil attenuation;

• Red set: impact of contaminants on water resources.

Tables 1.2 to 1.19 contain information on the 50 papers analyzed within the specified

period. The tables present details regarding the computer programs utilized for simulating

contaminant transport, as well as for validating the models put forth by the respective authors.

Additionally, the tables outline the tracers under investigation, their initial concentrations,

and the simulation durations as reported in the papers.
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Table 1.2: General characteristics of the studies selected between 2019 and 2022.

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Ahmed et al. (2019) MODFLOW Pb, Cr, Cu, and Ni Pb: 0.305 mg/L
Cr: 1.840 mg/L
Cu: 0.602 mg/L
Ni: 1.225 mg/L

From 30 days to 1 year

Bortone et al. (2019) COMSOL
Multiphysics

Benzene
Toluene

Benzene: 9 µg/L
Toluene: 60 µg/L

5, 15, 20, and 100 years

Chen et al. (2019) Development of an
analytical solution,
validated through
the HYDRUS-1D
program

Acetone 100 µg/L 2, 5, and 10 years for model
verification with experimental
50 years for model verification
with HYDRUS 1D. Up to 1000
years for behavior prediction

de Oliveira et al.
(2019)

MPHMTP
(Multiphase Heat
and Mass Transfer
Program)

TiO2, SiO2, CuO,
and ZnO

250, 500, 750, 1000,
1500, 2000, 4000, 6000,
and 8000 mg/L

700 min

Dominijanni & Man-
assero (2019)

Development of an-
alytical solutions

Toluene The authors do not in-
form the initial value
of the concentration,
they used the relative
concentration

Authors’ focus was spatial
rather than temporal, involving
various configurations for land-
fill liners

Feng & Jin (2019) MODFLOW (2000) Sulfate ions 5000 mg/L 16 years. From January 2015
to December 2030
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Table 1.3: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Feng et al. (2019) Authors present an-
alytical solution for
the transport of or-
ganic contaminants
in different engineer-
ing liner configura-
tions

Toluene 1 mg/L Up to 1000 years (time needed
to reach the breakthrough
curve)

Fonseca et al. (2019) Use of semi-
analytical solution
in pure diffusion
and sorption tests

Cl, K, Na, and NH4 Cl: 4157.8 mg/L
K: 1525 mg/L
Na: 2625 mg/L
NH4: 357.06 mg/L

1.06, 2.01, and 3.07 days

Naveen et al. (2019) fluidyn-Pollusol Iron 100 mg/L From 25 hours to 60 days
Rowe & Abdelrazek
(2019)

SEEP/W
CTRAN/W
POLLUTE

Chloride 1500 mg/L (for
150,000 t/ha) and
2500 mg/L (for
250,000 t/ha)

250 years

Samad et al. (2019) MODFLOW Cd, Cr, Hg, Pb, and
Zn

Not mentioned Investigated the spatial distri-
bution

Shu et al. (2019) Proposal of a
method to calcu-
late the analytical
breakthrough time.
Validated with
Dtransu 2D soft-
ware

Chemical Oxygen
Demand (COD)

20 mg/L 50 years
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Table 1.4: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Slavinskienė et al.
(2019)

Microsoft Excel
add-in module
XLSTAT for statis-
tical analysis

NH4, Fe, K, and Cl Not reported Focus was on attenuation dis-
tance in different aquifers

Uddh Söderberg
et al. (2019)

Visual MINTEQ As, Cd, Pb, and Sb The authors used vari-
ous average concentra-
tions depending on the
depth sampled.
The highest concentra-
tions were found in the
0 to 1.5 m depth inter-
val, reported here: As:
140 mg/kg
Cd: 13 mg/kg
Pb:1700 mg/kg
Sb: 38 mg/kg

100 years

Xie et al. (2019) COMSOL
Multiphysics, used
to compare with the
proposed analytical
solution

Methane gas Not available The focus of the work was
depth, but there was a simu-
lation with 10 days in order to
ascertain the time to reach the
steady-state
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Table 1.5: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Balbarini et al.
(2020)

COMSOL
Multiphysics

13 key pharmaceu-
ticals
(mainly sulfon-
amides, barbitu-
rates, and ethyl
urethane)

The authors noted
that not enough
data was available to
conduct numerical
simulations. There-
fore, they opted to
simulate the local
hydrogeology and in-
vestigate groundwater
flow combined with
statistical analyses
of pharmaceutical
contaminant concen-
trations

The work centered on the par-
ticular distribution of the con-
tamination plume towards the
Grindsted stream

Ding et al. (2020) Development of two
analytical models
with cutoff walls.
COMSOL
Multiphysics to
validate the model

Toluene 1 mg/L to validate
the model. A function
that varies with depth
(z) was used for the
simulations:
C=Cin,max × exp(-(z-
µ)/2σ2). The authors
assigned a maximum
concentration of 10
mg/L (Cin,max) and
a breakthrough con-
centration of 1 mg/L
(Ccw,max). The
breakthrough time
was set at the ratio
Ccw,max/Cin,max=0.1

2 years to validate with ana-
lytical model and 100 years to
validate with COMSOL Multi-
physics. 200 years of simulation
implementing analytical models
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Table 1.6: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Divya et al. (2020) MODFLOW Chloride 100 mg/L 1 year (2017–2018)
Dong et al. (2020) Development

of own framework
Chromium 30.65 mg/m3 for the

source and 10 mg/m3
for other areas

6 years. From 2010 to 2015

Faisal et al. (2020) COMSOL
multiphysics

Cd 50 mg/L 100 years

Fandiño et al. (2020) MODFLOW Cr, Cu, Pb, and Zn Cr (mg/L) RL 0.64,
ET < 0.05; Cu (mg/L)
RL 0.65, ET < 0.03
RT; Pb (mg/L) RL
0.40, ET 0.20; Zn
(mg/L) RL 2.80, ET
0.05.
RL: the concentration
of raw leachate. ET:
the concentration of ef-
fluent treatment sys-
tem.

50 years

Feng et al. (2020) Study of an analyt-
ical model with ex-
perimental data

Multicomponent
gas (CH4, O2, CO2,
and N2)

The authors consid-
ered the concentration
of each component at
the landfill gas source:
CH4: 20.72 mol/m3
O2: 0 mol/m3
CO2: 20.72 mol/m3
N2: 0 mol/m3

The authors analyzed contami-
nation by depth
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Table 1.7: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Francisca & Glat-
stein (2020)

The authors devel-
oped two transport
models: high and
low permeability lin-
ers

The paper does not
specify the metals
used in the pro-
posed analytical so-
lution, but uses ex-
perimental results
for Cd, Cu and Pb
for the modeling

1 mg/L Modeling of reactive filters
and permeable reactive barriers:
150 years. Modeling of bottom
liners in landfills: 1400 years
to evaluate different hydraulic
conductivities. 250 years for
the same hydraulic conductivity
and different hydraulic heads
(leaching heights)

Garg et al. (2020) MATLAB Chlorides, Zn, Fe,
Pb, and Cu

Chloride: 4000 ppm
Zn: 3.2 ppm
Fe: 73.6 ppm
Pb: 19.4 ppm
Cu: 62.6 ppm

100 years

Guarena et al.
(2020)

Proposal for an an-
alytical solution

NaCl The work only reports
the zero concentration
downstream of the sim-
ulated landfill

The authors do not verify the
variation over time. They com-
pared the relative concentra-
tions of the leachate pond with
the contamination downstream
of the landfill, using various
combinations of materials as
landfill liners
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Table 1.8: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Hagan & Darko
(2020)

MODFLOW There was no
specific study of
a pollutant but
a hydrogeologi-
cal study. The
flow velocity was
investigated and
associated with the
potential transport
of contaminants

The authors did not in-
vestigate a specific pol-
lutant

From 7 to 833 years

Hassanzadeh et al.
(2020)

Development of a
computer model us-
ing UFV (upwind
finite-volume)

Cl–, Na–, K+, and
Total Organic Car-
bon (TOC)

The authors mention
the concentrations in
the leachate, but do
not specify those used
in the simulations.
Na: 2541 mg/L
K: 5166 mg/L
Cl: 3456 mg/L
TOC: 1783 mg/L

Work focuses on the vertical
and horizontal spread of the
contamination plume

Jarsjö et al. (2020) MODFLOW Pb and As Concentration in soil:
Pb: 780 mg/kg
As: 2300 mg/kg
Concentration in wa-
ter:
Pb:0.0781 and 0.0071
g/m3
As (V): 3.4 g/m3
As (III): 77.0 g/m3

41 years
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Table 1.9: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Lin & Yeh (2020) The authors devel-
oped an analytical
model. They com-
pared it with a fi-
nite difference solu-
tion and other exist-
ing models. How-
ever, they suggest
using
MATLAB or
Mathematica soft-
ware to implement
the model presented

The research was
validated by two
studies. For the
first one, the work
does not specify
the tracer when
validating with the
research by Chen
et al. (2019).
When validating
with the work of
Park et al. (2012),
it uses 5 VOCs
(volatile organic
compounds):
dichloromethane,
methyl tertiary-
butyl ether, tri-
chloroethylene,
toluene, and
chlorobenzene with
constant concentra-
tion co: 0.1 kg/m3

The authors used rela-
tive C/Cpeak concen-
tration when validat-
ing with the work of
Chen et al. (2019).
VOCs: 0.1 kg/m3

1, 5, and 10 years to validate
with Chen et al. (2019), with
100 years for parameter sensi-
tivity analysis.
400 days to compare with Park
et al. (2012)
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Table 1.10: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Mahallei & Badv
(2020)

POLLUTE Chlorine The authors used
different mixtures of
sand and bentonite.
In the validation stage,
each test was carried
out in duplicate with
different initial concen-
trations:
3% bentonite and 97%
sand: 1825 mg/L and
2085 mg/L
6% bentonite and 94%
sand: 1975 and 1900
mg/L
3% brick clay, 12%
bentonite and 85%
sand: 10200 mg/L for
both
No information on the
initial concentration
in the simulation by
depth

45 s to validate with the numer-
ical solution provided by
POLLUTE.
After validation, the authors
aimed to simulate the variation
in concentration by depth along
the soil profile
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Table 1.11: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

McWatters et al.
(2020)

POLLUTE Aroclor - PCB
(polychlorinated
biphenyl)

Several situations to
validate the modeling
Situation 1 (Influence
of leachate concentra-
tion): Different con-
centrations were an-
alyzed to adjust the
modeling, up to the
limit value of 240 ug/L
Situation 2: (Influ-
ence of variable Darcy
velocity and leachate
collected) co:8 ug/L
(specimen A) and co:50
ug/L (specimen B)
provided the most rea-
sonable comparison be-
tween the model and
the concentrations ob-
served in the CCL
Situation 3: Influence
of increasing leachate
heads
For cell 1, based on the
insights from the mod-
eling in scenarios 1 and
2, the modeling of sce-
nario 3 was based on
co:8 ug/L (sample A)
and 50 ug/L (sample
B). *

Up to 25 years for parameter
fitting and model validation
Up to 6000 years in simulations

24



C
hapter

1
R
esults

and
discussion

Table 1.12: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

McWatters et al.
(2020) - continuation

*Concentrations used
in the modeling of each
cell:
3 ug/L; 8 ug/L; 50
ug/L; 60 ug/L; 160
ug/L; 192 ug/L.

Podlasek et al.
(2020)

HELP (Hydrologic
Evaluation of Land-
fill Performance)
for modeling the
unsaturated area
MODFLOW 2005
and MT3DMS
for modeling the
saturated region
and contaminant
transport

Ammonium and ni-
trate ions

80 kg N/ha
(kg of nutrient per
hectare)

5 years for the hydrological bal-
ance
Up to 20 years for simulation

Pu et al. (2020) Developing an
analytical solution.
CST3 and
POLLUTE to
check the analytical
solution

Benzene 100 ug/L Up to 100 years to validate the
analytical solution
Between 200, 300, and 1000
years, depending on
the simulated boundary condi-
tion
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Table 1.13: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Ding et al. (2021) Development of an
analytical model
COMSOL to com-
pare with the pro-
posed analytical so-
lution

The authors simu-
late four scenarios.
For each one, they
exemplify a type
of pollutant, but
they don’t make it
clear whether they
use them in the
simulations
Scenario 1. Finite
pulse injection to
simulate pesticides
Scenario 2. De-
scribe sewage
leaking from tanks
and/or pipes
Scenario 3. Simu-
lating the decay of
radioactive contam-
inants
Scenario 4. Cou-
pled with the
situation of instant
contaminant injec-
tion with leakage

Authors have varied
the rate of contam-
inant injection and
the number of injec-
tion points as pollu-
tant sources

From 1000 to 1500 days depend-
ing on the simulated condition
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Table 1.14: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

El-Mathana et al.
(2021)

The Groundwater
Modeling System
(GMS)
and MODFLOW

Total Dissolved
Solids (TDS)
Lead, Boron, Ni-
trate, Manganese,
and Chemical
Oxygen Demand
(COD)

* 20 years to calibrate the model
and 100 years of simulation

* Tracer Concentration

Study area (mg/L) Pond (mg/L) IsmailiaCanal (mg/L) Dumpsite (mg/L)

TDS: 200 500 300 30000

COD: 2 2 10 10000

Nitrate: 0.5 0.5 1.5 2

Manganese: 0.2 0.5 0.25 1

Boron: 0 0 0.28 2

Lead: 0 0 0.065 0.02
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Table 1.15: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Ma et al. (2021) MATLAB Dissolved organic
matter (DOM)

There was no initial
concentration
Samples were collected
from monitoring wells
at 12 landfills and ana-
lyzed by fluorescence

The simulations focused on
identifying the spread of DOM
in different origins

Ozelim et al. (2021) Development of an
analytical solution
using Python

Copper and zinc The authors use var-
ious initial concentra-
tions for
validation. In the re-
sult called “properly
modeling
the sorption isotherm”
by the authors, the ini-
tial
concentration was 800
mg/L

104 hours

Peng et al. (2021) New analytical
model for organic
contaminant trans-
port.
COMSOL
Multiphysics for
model validation

Toluene 0.054 mol/m3 1000 years
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Table 1.16: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Rowe & Barakat
(2021)

Two approaches: us-
ing the
POLLUTE V7 an-
alytical model and
the SEEP/W and
CTRAN/W finite
element numerical
solutions

Perfluorooctane
sulfonate (PFOS)

Case study I - varying
transmissivity:
co:4800 ng/L
Case study II - vary-
ing the initial concen-
tration co (mg/L):
4800, 160, 740, 1670

Case I (years): 220, 215, 135,
and 170
Case II A (years): 220, 510, 345,
280
Case II B (years): 135, 245, 185,
160

Singh & Rajput
(2021)

Application of the
analytical solution
in three case stud-
ies.
No computer pro-
gram was provided

Not reported Case 1: background
concentration:
0.1 mg/L
pollutant concentra-
tion: 1 mg/L
Case 2: background
concentration:
0.1 mg/L
for the first layer, and
0.001 mg/L for the
second one
pollutant concentra-
tion: 1 mg/L
Case 3 background
concentration:
0.1 mg/L
for the first layer,
and 0.001 mg/L for
the second and third
layers
pollutant concentra-
tion: 1 mg/L

Case 1: 2 and 3 years
Case 2: from 1 to 5 years
Case 3: 2 years29
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Table 1.17: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Yan et al. (2021a) Proposed analytical
solution for
non-isothermal
diffusion in an
unsaturated com-
posite liner.
COMSOL
Multiphysics to val-
idate the analytical
solution

Cl– and DCM
(Dichloromethane)
to validate the
simulations
Benzene used in
the simulations

Cl–: 0.1 M
DCM: 1 mg/L
Benzene: 1 mg/L

10 and 20 years

Yan et al. (2021d) Analytical model
for contaminant
transport
coupled with consol-
idation settlement
in a clay
liner under tran-
sient conditions.
COMSOL
Multiphysics to
validate
the analytical solu-
tion

Not informed to val-
idate results with
COMSOL software
Br– to validate with
experimental data
Not mentioned for
simulations

Validation: 1 mg/L
Br: 961.6 mg/L

10, 20, and 50 years to validate
the model
Up to 100 years for simulations
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Table 1.18: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Yan et al. (2021b) Development of an
analytical model for
organic contam-
inant transport
coupling
consolidation and
diffusion
COMSOL Multi-
physics to validate
the proposed model

Not informed for
validation with ex-
perimental results
Dichloromethane
(DCM) to validate
with COMSOL

Validation with experi-
mental: 100 mg/L
Validation with
COMSOL: 1 mg/L

2 years to validate with
experimental
10 years to validate with
COMSOL
Up to 200 years in simulations

Yan et al. (2021c) 2D analytical
solution for con-
taminant transport
through cutoff walls

Toluene (TOL) 10 mg/L 50, 200, and 250 years

Zhang et al. (2021) Use of existing ana-
lytical solutions

Chloride and
ammonia-nitrogen
for model valida-
tion

NH4 N:
200-250 mg/L
Chloride:
750-808 mg/L

18000 days

He et al. (2022) MODFLOW Cu +
2 0.014 mg/L From 1 to 10 years
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Table 1.19: The general characteristics of the studies selected between 2019 and 2022 (continuation).

Reference Computational
Program

Pollutant/Target
Tracer

Tracer
Concentration

Simulation Time

Wang et al. (2022) COMSOL Multi-
physics to validate
the model

Potassium bromide
(KBr)

For validation:
Br–: 1672 mg/L
K+: 259 mg/L
In the simulations:
Br–: 10 mol/m3 = 799
mg/L
K+: 10 mol/m3 = 391
mg/L

18 days

Yan et al. (2022) Proposed analytical
solution

Toluene (TOL) and
Dichloromethane
(DCM)

1 mg/L Analyzed in terms of depth

Yong et al. (2022) HYDRUS-1D Cadmium (Cd),
copper (Cu), lead
(Pb), and zinc (Zn)

Cd: 1 mg/L
Cu: 2.3 mg/L
Pb: 2.8
Zn: 7 mg/L

120, 150, and 180 days for re-
sults validation
10, 20, 30, 40, 50, and 100 years
applied in the simulations
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Chapter 1 Results and discussion

The computer programs used in the works analyzed are depicted in Figure 1.4.

Notably, COMSOL Multiphysics accounted for 26% of the programs, MODFLOW for 23%,

and POLLUTE for 13%. These software solutions employ distinct methodologies for solv-

ing the equations governing contaminant transport, with COMSOL Multiphysics utilizing

the finite-element method, POLLUTE, produced by Rowe & Booker (1984) employing the

finite-layer method, and MODFLOW relying on the finite-difference method. It is worth

noting that COMSOL Multiphysics and POLLUTE are commercial software, while the U.S.

Geological Survey (USGS) is the developer of MODFLOW.

Figure 1.4: Programs used for the simulations or validation of simulations involving the transport of
contaminants from the works selected between 2019 and 2022.

MSW disposal sites are complex systems that generate leachate and gas, iterate

with the physical environment, and depend on local climatic conditions such as temperature

and rainfall. These factors affect many phenomena and parameters to be considered in the

simulations, leading to challenging numerical solutions with high computational demands and

greater complexity in validating the results. Therefore, choosing representative pollutants

and understanding the main transport phenomena associated with the contaminant and the
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physical environment in which transport occurs is essential. The same considerations apply

to the selection of software, the choice of which depends on the complexity of the problem.

COMSOL Multiphysics is a highly robust program widely recognized for its ability to

analyze unsaturated materials and can couple different phenomena to the contaminant trans-

port such as settlement, reactive pollutants (organic and inorganic), gas, and heat generation,

among others, in addition to allowing complex geometries and different boundary conditions.

On the other hand, it requires a significant licensing investment, high computational demand,

and user training (Bortone et al., 2019; COMSOL Multiphysics, 2019; Xie et al., 2019).

MODFLOW is a free groundwater flow tool capable of simulating large areas. Widely

used by industry and academia, when coupled with MT3DMS, it is able to simulate the

contaminant transport. Aimed at the saturated zone of the physical environment, it is also

capable of estimating pumping parameters, which are often used to validate the simulations

with data from monitoring wells. This is also a limitation since it is not possible to simulate

unsaturated zones, and it is not possible to couple different physical phenomena such as gas

generation, heat, and geomechanics (Harbaugh, 2005; Bear & Cheng, 2010; Ebrahim et al.,

2019).

Unlike its predecessors, POLLUTE is geared towards 1D simulations, especially for

the flow and fate of contaminants in MSW disposal site layers. It can handle steady-state

and transient flow simulations at a low computational cost. The software can assess the

performance of flow barriers, the efficiency of geomembranes, as well as the combined use of

different solutions, including remediation. However, due to its simplicity, it cannot simulate

unsaturated conditions, extensive areas, or intricate environments that necessitate integrated

analysis involving gas generation, heat, and geomechanical considerations (Shackelford et al.,

1989; Shackelford & Daniel, 1991; Rowe & Booker, 2004).

The most reported tracers in the period analyzed are illustrated in Figure 1.5 and

the group to which they belong in Figure 1.6. With 41% of the papers, the use of heavy

metals was notable, including Pb, Cu, Cr, Cd, and Zn with 30% of the elements cited. Among

the inorganic and non-heavy metals, chlorides stood out, with 9% of use being over 26% of

the surveyed period. They were followed by organic elements, which accounted for 24% of
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the total. Toluene and dichloromethane accounted for 13% of the total and were the most

prevalent organic elements. The use of gases as tracers was lower, with 9% of the total, and

methane stood out with 3% of the target tracers.

Figure 1.5: Main tracers used by the authors of the papers picked between 2019 and 2022.

Given the heterogeneity of the generated leachate and the challenges associated with

working with it in natura, using a wide variety of tracers has proved common. The 41%

of studies that used heavy metals as target pollutants show how important and damaging

they are to the environment. Additionally, organic contaminants were the subject of nearly

a quarter of the studies. While the use of gases as tracers is currently limited, substantial

potential exists for further exploration in this area.

It should be noted that specific authors have employed multiple tracers with varying

characteristics. For instance, one tracer may have been utilized to validate the simulations,

while another was used to conduct them (Yan et al., 2021; Yan et al., 2021a). This practice

may stem from the challenges associated with handling heavy metals and organic tracers,

which often necessitate the recurrent use of conservative tracers due to their inert nature and
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limited affinity for sorption and chemical reactions (Morita & Wendland, 2019; Divya et al.,

2020; Hassanzadeh et al., 2020).

Figure 1.6: Predominant group of chemical compounds utilized in the period under review.

Heavy metals are persistent in the environment and bioaccumulate in the food

chain. A carcinogen and highly toxic even at low concentrations, lead has been the central

heavy metal targeted in research. Due to its low mobility and susceptibility to sorption,

precipitation, and pH-dependent behavior, using lead as a tracer presents significant challenges.

It is typically used in research involving reactive conditions and long-term contamination,

especially near polluting sources. Pb is most susceptible to the adverse effects of exposure

in children and pregnant women and is found in batteries, cigarettes, industrial waste from

iron and steel production, paints, and waste incineration. In children it is associated with

neurological damage, attention deficit disorder and aggression, in pregnant women it can lead

to problems in the fetus such as malformations, stillbirth, and premature birth (Lanphear

et al., 2005; WHO, 2019; National Institutes of Health, 2021).

As widely used as Pb, chlorine and its derivatives are conservative tracers not subject

to chemical and biological reactions, and with high mobility, they are generally used in
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advective-dispersive transport. However, they have also been utilized in works involving

diffusion, as evidenced by Mahallei & Badv (2020), which endorse chlorides as tracers to avoid

cation exchange in the soil. Widely used as a disinfectant in water treatment, as a household

cleaner, and in bleaches, chlorine is not reported to be carcinogenic, and there are no studies

on the consequences of its exposure on fetuses, children, or during pregnancy. The commonly

reported consequences of short-term exposure are related to irritation of the eyes, skin, and

respiratory system, while long-term exposure can cause severe lung damage (US EPA, 1994;

ATSDR, 2010).

Volatile organic compounds (VOCs) accounted for most of the organic components

cited in the studies, with toluene, dichloromethane, and benzene accounting for 15% of

the total chemical substances reported in the studied period. Widely used by industry

as a solvent, toluene is little affected by the sorption effect, proving to be mobile in the

liquid and gas phases. It is recurrent in studies aimed at natural attenuation because it is

biodegradable under anaerobic conditions. Dichloromethane is also widely used in industrial

processes as a degreasing agent and in the pharmaceutical industry. Because it has a low Kow

(octanol-water partition), is very soluble in water, and has a high vapor pressure, it spreads

quickly through saturated and unsaturated zones, making it a critical tracer in situations

involving high mobility, e.g., MSW disposal sites with a high hydraulic head or gas emission

studies. Carcinogenic and widely found in petroleum products, benzene can move through the

liquid and gaseous phases and is persistent in the environment. It is suitable for long-term

simulations, poses a high risk to human health, and is resistant to anaerobic biodegradation

conditions, making it a particular target for investigations in low-oxygen environments such

as landfills (Roberts et al., 1986; Banzhaf & Hebig, 2016; Bright et al., 2000).

As noted above, VOCs are toxic and carcinogenic substances and can migrate in

the aqueous and gaseous phases. Toluene is non-carcinogenic and can cause neurological,

respiratory, and skin problems in acute exposures. In contrast, chronic exposures can lead

to reduced cognitive capacity, liver and kidney damage, and interfere with the development

of fetuses, with consequent developmental problems in children (US EPA, 2005; ATSDR,

2017). Acute exposure to dichloromethane can lead to damage to the central nervous system,
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irritation to the eyes, skin, and respiratory system, and intoxication when processed by the

liver, consequences that worsen with long-term exposure and add to cardiovascular problems

(ATSDR, 2000; US EPA, 2011). Short-term exposure to benzene leads to effects similar to

those caused by toluene, with the aggravating factor of causing a drastic reduction in red

blood cells, which can develop into anemia when exposure is very high, in addition to being a

known carcinogen of leukemia, chronic exposure can also lead to severe damage to the bone

marrow, as well as developmental problems in fetuses and children (US EPA, 2003; ATSDR,

2007).

In addition to the organic substances mentioned above, methane (CH4) was the most

recurrent gas during the period studied. This primary gas, produced during the anaerobic

digestion of organic matter, is not very soluble in water and is highly mobile in the vadose

zone. One of the leading gases generated in MSW disposal sites and one of those responsible

for the greenhouse effect, it has high environmental and economic appeal, as it can be captured

to produce energy.

Figure 1.7: Different simulation times applied by the authors.
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Concerning time intervals in Figure 1.7, a century was the period most adopted

by the authors, with 9% of the total, followed by 10 and 20 years, with 7% and 6% of

the approaches, respectively. The studies that aimed to determine the plume’s path in the

horizontal and vertical directions achieved the same 9%. Another 40% had different simulation

intervals, ranging from 45 seconds (Mahallei & Badv, 2020) to six millennia (McWatters et al.,

2020). It should be noted that several studies simulated different years and, in some cases,

together with analyses of the spatial spread of the contamination plume, such as the studies

by Xie et al. (2019) and Ding et al. (2020).

Figure 1.8: Tracer groups’ occurrences in the most frequently reported types of simulations during the
analyzed period.

The commonly utilized tracers during prevailing periods, as well as their use in the

spatial distribution of contaminants, are shown in Figure 1.8. Tracers were widely applicable

across all categories of pollutants, including organic compounds, heavy metals, inorganic and

non-heavy metals, and gases, except for gases in 10-year simulations. The spatial distribution

analysis revealed the highest frequency of occurrences for inorganic tracers and non-heavy
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metals (eight occurrences), followed by organic tracers and heavy metals (six occurrences) and

gases (three occurrences). When predicting behavior over 100 years, heavy metals were the

predominantly used tracers, with seven occurrences, matching the usage frequency of organic

tracers in 10-year simulations. At 20 years, occurrences were less frequent but more evenly

distributed, with six occurrences of heavy metals, five of organic tracers, three of inorganic

non-heavy metals, and one occurrence of gas tracers.

Naturally, gases would be less reported since they were a minority among the

tracers used, and the same reasoning applies to the other tracers. Heavy metals have been

preferred in 100-year simulations, likely due to their persistent nature and accumulation in

the trophic chain, posing significant risks to fauna and flora. However, as explained above, all

tracers have been widely used. Selecting the appropriate tracer or tracers is a critical and

challenging consideration, as each possesses unique peculiarities, such as different mobilities,

physicochemical properties, and reactions with the environment, being governed by various

physical, chemical, and biological phenomena, with their use depending on the objective of

the authors and, as Rosqvist & Bendz (1999), citeWoodman2015 and Woodman et al. (2017)

show, the choice of tracer type is fundamental to the success of research involving contaminant

transport, not only in analytical and numerical analyses but also in field and laboratory tests,

which subsidize the parameters of the simulations.

The number of studies returned by the keywords showed that MSW disposal sites

are still one of the predominant destinations for municipal solid waste, garnering significant

attention from several researchers in situations ranging from engineering liners to MSW disposal

sites without protective layers. The analysis indicates a notable emphasis on developing

analytical solutions in different configurations of protective liners that comply with various

environmental legislations, such as the work by Rowe & Barakat (2021) that addresses the

legislations of the American states of Texas, California, Michigan, and New York, the provinces

of British Columbia and Ontario in Canada, as well as Australia and Europe. Of the 50

articles analyzed, 24 focused on developing analytical solutions.

The studies also elucidated that understanding the transport phenomena associated

with them and their interaction with the environment is crucial in addition to the choice of
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tracers. For example, Rowe & Abdelrazek (2019), endorsed by Giroud & Morel (1992) and

Chappel et al. (2012), warn about the importance of advection transport. Neglecting this

aspect would mean an unattainable rigor in executing the MSW disposal site. The authors

illustrate the example of geomembranes, which ideally should only result in transport by

diffusion. However, due to their construction, they may have wrinkles and holes, inevitably

leading to percolation by advection in these places. Podlasek et al. (2020) points out

that success in predicting the contamination plume only occurs when the main transport

mechanisms are well-defined.

The authors addressed several crucial points during the study period, including the

consideration of unsaturated layers (Chen et al., 2019; Yan et al., 2021a), thermodiffusion

(Jones & Rowe, 2016; McWatters et al., 2016; Peng et al., 2021), and advection induced by

consolidation (Meric et al., 2017; Wang et al., 2022; Yan et al., 2022), as well as emerging

contaminants such as pharmaceutical and personal care products (Yu et al., 2021; Dai et al.,

2020).

Understanding the seepage of the contamination plume in MSW disposal sites is

complex, depending on the characteristics of the physical environment, the contaminants

involved, the layers of protection (or lack thereof), and the execution and maintenance of

the MSW disposal sites. The authors’ efforts have focused on understanding the application

possibilities and limitations of both the software and the analytical models used, whether for

use in projects, evaluating the behavior of MSW disposal sites in operation or closed down,

or even remediating them.
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1.4 Conclusions

This study aimed to enlighten the frontiers of knowledge regarding the transport of

contaminants involving MSW disposal sites using analytical and numerical modeling, as well

as both of them. The following key findings were observed:

(i) The most widely used programs for numerical analysis and validation of analytical

solutions were COMSOL Multiphysics, MODFLOW, and POLLUTE.

(ii) Researchers primarily focused on heavy metals as tracers, followed by inorganic and

non-heavy metals, organics, and gases.

(iii) Lead, chloride, chlorides, and toluene were the most commonly used tracers.

(iv) The predominant analysis periods were 100, 10, and 20 years and spatial analysis. The

joint tracer-simulation time analysis revealed heavy metals as the primary focus of

the 100-year simulations, organic tracers in the 1-decade simulations, and a similar

distribution of tracers in the 2-decade simulations and those with spatial distribution as

their target.
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Abstract

This study investigates a weathered sandstone outcrop’s mechanical and hydraulic behavior

in a tropical region, focusing on specimens distinguished by their predominant colors - gray

and brown. We evaluated the compressibility, shear strength, and permeability under dry and

saturated conditions. The presence of clay minerals from the smectite group was identified,

contributing to the sandstone’s expansive properties, with expansion pressures of 55 kPa

and 65 kPa for gray and brown sandstone, respectively. The uniaxial compressive strength

for dry sandstone was 8.31 MPa, with Young’s modulus of 3.99 GPa. Tensile strength by

diametrical compression ranged between 0.78 and 0.88 MPa. Under saturated conditions,

shear strength exhibited cohesion values between 70 and 110 kPa and friction angles from 44°

to 55°. The compressibility differences between the gray and brown sandstone were minimal,

with pre-consolidation stresses of 21 kPa (gray) and 14.5 kPa (brown). Permeability tests

revealed significant anisotropy. The brown sandstone demonstrated one to two orders of mag-

nitude higher permeability than the gray sandstone, particularly in the horizontal direction.

In the gray sandstone, vertical permeability ranged from 7.50×10−9 m/s (unconsolidated)

to 3.41×10−10 m/s (consolidated at 320 kPa), while horizontal permeability ranged from

3.38×10−9 m/s to 7.68×10−11 m/s under the same conditions. The brown sandstone exhibited

vertical permeability values between 1.01×10−8 m/s and 1.40×10−9 m/s, with horizontal

permeability ranging from 2.45×10−8 m/s to 4.85×10−9 m/s. These findings highlight the

influence of mineralogical composition and consolidation pressure on the sandstone’s behavior,

with implications for its mechanical performance and water flow characteristics.

Keywords: Tropical sandstone; Weathered sandstone; UCS; Compressibility; Young’s modulus;

Shear strength; Brazilian test; Hydraulic conductivity; Anisotropy.
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2.1 Introduction

Understanding rock strength, deformability, and permeability is crucial for many

science fields, including geology, geotechnical, and environmental engineering. These parame-

ters play a significant role in characterizing the behavior of rock formations and are essential

for various applications, most notably mining (Meng et al., 2016; Ranjith et al., 2017; Zhu

et al., 2019; Sotoudeh et al., 2020; Kassymkanova et al., 2023), petroleum engineering (Abay

et al., 2017; Liu et al., 2021; Wang & Tang, 2024), civil engineering (Wang et al., 2020; Zhu

et al., 2023; Huang et al., 2024), and environmental science (Ma et al., 2017; Hu et al., 2019;

Shaojie et al., 2021; Li et al., 2022; Miao et al., 2023; Zhang et al., 2023).

Such parameters are closely related. Changes in pore pressure resulting from a fluid

flow can influence deformability and potentially alter the rock’s mechanical behavior. As a

rock undergoes compression or shearing, pore spaces may become compressed or distorted,

changing the rock’s permeability.

Sedimentary rocks, such as sandstone, hold immense geological, economic, and

environmental significance due to their unique characteristics and wide–ranging applications.

They are often used to identify the location of oil and gas reserves and serve as essential

building materials. Additionally, sedimentary rocks can provide valuable insight into the

history of the earth and its various processes, including plate tectonics, erosion, and weathering.

Sedimentary rocks are also highly significant for their unique properties, which include porosity

and permeability. These characteristics make them indispensable in groundwater management

and environmental remediation initiatives.

Especially in tropical environments, rock formations are exposed to vigorous weather-

ing, including chemical weathering, erosion, and biological activity. Moreover, the inadequacy

of water treatment and supply in developing countries is a well–known fact, and therefore,

sedimentary rocks play a pivotal role in current and future water supply. They are responsi-

ble for recharging and storing aquifers such as the Guarani, spanning south-central Brazil,

Paraguay, Argentina, and Uruguay.

In the São Paulo State, Brazil, sandstone aquifers supply groundwater for drinking,
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irrigation, and industrial use. The municipality of Bauru uses artesian wells to supply water

to the population and has aquifer recharge areas, such as outcropping rocks. These are often

exposed to the risk of contamination, as in Bauru’s municipal solid waste (MSW) disposal

site, where the waste pit at the MSW disposal site lacks an engineering liner and is close to

the water table and the sandstone formation, exposing both to the risk of contamination.

Analyzing tropical sandstone outcrops’ mechanical and hydraulic properties and

investigating the effects of anisotropy and heterogeneity would significantly contribute to

a more comprehensive understanding of their behavior. This paper presents a laboratory

examination of these properties. It aims to contribute to understanding the hydrogeological

features of sandstone aquifers to ensure the sustainable management of water resources and

the protection of groundwater reserves.
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2.2 Materials and Methods

2.2.1 Studied area and sampling

Bauru is located in the midwest region of the São Paulo State, around 300 km away

from the state capital. The city experiences a tropical climate with distinct wet and dry

seasons. During summers (December to February), temperatures often reach 30–35°C with

high humidity and frequent rainfall. The average annual rainfall is between 1200 and 1400

mm. In winter (June to August), temperatures range between 15–25°C.

The geological formations present in the region of Bauru are consistent with those

found in the western part of the São Paulo State. These formations, known as the Bauru

Group, were formed during the Cretaceous period and comprised the Adamantina, Caiuá,

Marília, and Santo Anastácio Formations.

The Adamantina and Marília Formation represent diverse sedimentary environments,

including fluvial, lacustrine, and aeolian settings. The sediments of these Formations were

deposited in a dynamic landscape. The Adamantina Formation comprises sandstones with a

thin to medium grain size distribution, argillites, and conglomerates. On the other hand, the

Marília Formation has a granulometry ranging from thin to coarse and features conglomerates,

laminites, and carbonaceous cement, according to the Ferreira et al. (1993) report.

Their mineralogy mainly includes silicates (quartz), carbonates (calcite and ankerite),

and clay minerals (kaolinite, montmorillonite, smectite, and palygorskite) (Dal’ Bó et al.,

2010; Basilici et al., 2016; Silva et al., 2019).

For this study, sandstone samples were collected from the rock outcrop shown

in Figure 2.1 near Bauru’s MSW disposal site (22°15’S 49°08’W). Figure 2.2 shows the

stratigraphy of the Bauru Basin formed in the Upper Cretaceous.
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Figure 2.1: Location of the municipality of Bauru, Brazil. Study area and collection of sandstone samples
at the Bauru’s MSW disposal site.
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Figure 2.2: Upper Cretaceous stratigraphy of the Bauru basin in southern Brazil (adapted from Batezelli,
2017).

The sandstone samples were collected using a crawler bulldozer (Figure 2.3), which

removed blocks of outcropping rock around Bauru’s MSW disposal site. The samples were

marked top and bottom and, as depicted in Figure 2.4, transported to the laboratory where

they were stored. Figure 2.5 illustrates an outcropping sandstone profile on the MSW disposal

site. Once in the laboratory, the samples were segregated based on color, i.e., gray and brown,

for characterization and to prepare the specimens used in the strength, deformability, and

permeability tests.

Standard soil mechanics tests were employed, as the material undergoes considerable

disaggregation and demonstrates characteristics similar to those of soil when exposed to water.

In other words, it can be excavated without the necessity of explosives.
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Figure 2.3: Crawler bulldozer supporting the collection of sandstone samples.
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Figure 2.4: Sandstone removed and identified.
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Figure 2.5: Sandstone outcrop profile.
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2.2.2 Characterization

Grain size distribution

The sandstone’s color variation is depicted in Figure 2.6, while its separation is

displayed in Figure 2.7 for the granulometry tests with and without deflocculant (Figures

2.8 and 2.9), consistency limits (Figure 2.10), and methylene blue (Figure 2.11). Table 2.1

summarizes the characterization tests and the standards utilized to determine them.

Figure 2.6: Detail of a sandstone sample composed of two predominant colors.
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Figure 2.7: Preparation of the samples selected by predominant color for the particle size test.
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Figure 2.8: Sedimentation (hydrometer) stage with and without the use of deflocculant.

Table 2.1: Sandstone characterization tests.

Test Reference
Particle-size distribution ASTM D7928-17 (2017)

ASTM D6913/D6913M (2017)
Atterberg limits ASTM D4318 (2017)
Methylene blue Pejon (1992)

67



Chapter 2 Materials and Methods

Figure 2.9: Washing the material to be sieved. Despite having few fines, the sandstone could retain water
on the 0.075 mm sieve.
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Atterberg limits and Methylene blue test

Figure 2.10: Liquidity and plasticity limits exemplified by the brown sandstone sample

Figure 2.11: Methylene blue test to identify the activity of the clay fraction present in the sandstone
under study.
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2.2.3 Cylindrical specimen molding process

The cylindrical specimens were fabricated in stages. The initial one, depicted in

Figure 2.12, used a diamond hollow with a 70 mm diameter but with a reduced length.

However, the extraction of the sample using a grinding wheel was found to be inadequate.

As a new attempt, a 70 mm diameter by 15 cm long hole saw was manufactured

and attached to a bench drill. The equipment proved useful. However, the bench drill’s low

spindle stroke compromised the complete removal of the specimens. The abovementioned

attempt is illustrated in Figures 2.13 and 2.14.

The latest configuration, depicted in Figures 2.15 and 2.16, was developed by

modifying the diamond hollow to ensure sufficient stroke for complete extraction of the

sandstone specimens. Once this last configuration was achieved, the samples were also tested

to assess potential anisotropy. The tests were performed on molded specimens in both the

transverse and longitudinal directions, as illustrated by Figure 2.17.

Additionally, Figure 2.18 illustrates the progression of specimen extraction before

the completion of the top and bottom, which are presented in Figure 2.19, after the removal

of the coarsest layer and polishing, as shown in Figure 2.20. The final design for removing

the cores followed the recommendations of the ASTM D4543 (2019).

The cylindrical specimens, identified, separated by color, and ready for the uniaxial

compressive strength (UCS), modulus of elasticity, permeability, column tests (Chapter 3),

and diametrical compression (Brazilian test) tests are depicted in Figure 2.21. The Brazilian

test involved the analysis of specimens with varying lengths, which will be further discussed

below.
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Figure 2.12: First attempt at molding the specimen.

Figure 2.13: Sample being prepared for trial with a bench drill.
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Figure 2.14: Bench drill proved helpful, but there was a short spindle stroke when removing the specimens.
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Figure 2.15: Cutting the samples with a circular saw to prepare them for another configuration with
enough spindle stroke to remove the specimens.

Figure 2.16: Final setting with a diamond hollow core drill adapted to have enough stroke to remove the
sandstone specimens.
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Figure 2.17: Longitudinal and transverse core samples.
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Figure 2.18: Evolution of the rock core extracted using the several techniques presented above.

Figure 2.19: Specimen’s top and bottom preparation by removing the coarse layer.
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Figure 2.20: Fine polishing of sandstone rock sample using the specimen grinding machine.
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Figure 2.21: Sandstone specimens completed and identified for testing.
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2.2.4 Uniaxial compression strength and Young’s modulus

Upon completion of the molding process for the cylindrical specimens, they un-

derwent preparation for uniaxial compressive strength and Young’s modulus tests. This

procedure involved subjecting the specimens to drying in an oven at 60 ºC until they achieved

a constant mass, as depicted in Figure 2.22. Subsequently, the samples were removed from

the oven and allowed to cool to room temperature in dissectors containing silica gel to prevent

moisture absorption, as illustrated in Figure 2.23.

Figure 2.22: Pre-drying the specimens in the oven.

The unconfined compressive strength (UCS) was determined based on the modulus

of elasticity test results, in which the specimen is brought to failure in its final stage. The

testing adhered to the standards outlined in ASTM C170/C170M (2017) and ASTM D7012

(2014) method C, using seven specimens with a length-to-diameter ratio of 2:1. A 300 kN

EMIC universal compression press was employed to collect force and axial displacement data

through a data acquisition system, from which the UCS was derived.

As previously explained, Young’s modulus was determined using the same equipment

on 5 of the seven aforementioned samples. This was achieved by affixing strain gauges to the
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specimen’s sides and measuring the lateral displacements in loading and unloading cycles

until the specimen failed. The methods adhered to the standards of ASTM D7012 (2014)

method D and ABNT NBR 8522-1 (2021) methodology A, as illustrated in Figure 2.24.

Figure 2.23: Cooling the specimens to room temperature in a desiccator.

Initially, two specimens underwent testing until failure, and the average UCS of both

determined the maximum load, which was set at 30% of the UCS. This load was applied in

4 loading and unloading cycles with 60-second breaks in between. The data from the last

loading cycle was used to calculate the modulus of elasticity. Following this cycle, the strain

gauges were removed, and the specimen was subjected to failure, providing the necessary data

to estimate the other UCS. Young’s modulus in GPa was calculated by

E = σb − σa
εb − εa

10−3 (2.1)

Where σb is the stress reading at the moment it reaches 30% of the compressive strength, σa
is the stress referring to the second-to-last pause before the sample fails, after loading and

unloading cycles, εb the deformation referring to σb, and εa the deformation referring to σa.
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Figure 2.24: Test layout to obtain Young’s modulus.
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2.2.5 Diametral compression

The tensile strength was assessed using a diametral compression test on specimens

with two length/diameter ratios. The first test, depicted in Figure 2.25, utilized a 2:1 ratio

per the guidelines of ASTM C496/C496M (2017), and six samples were tested. The second

test was conducted following the specifications of ASTM D3967 (2016) using 13 core samples

with a thickness/diameter ratio 0.5, as illustrated in Figure 2.26. Similar to the UCS and

Young’s modulus determinations, the samples were initially placed in an oven at 60º C until

a constant mass was achieved and then cooled to room temperature in desiccators.

Figure 2.25: Tensile strength in diametrical compression according to the ASTM C496/C496M (2017)
standard.
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The samples were subjected to diametrical compression until failure using the EMIC

300 kN press. The data acquisition system collected force and displacement data, and the

tensile strength by diametrical compression was determined. Given the configuration of the

equipment and the layout of the samples, the stresses for both standards were calculated by

σt = 2P
πtD

(2.2)

Where σt is the tensile strength, P is the maximum load applied, t is the thickness of the

specimen, and D is the diameter of the specimen.

Figure 2.26: Specimens suitable for the diametral compression test as recommended by ASTM D3967
(2016).
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2.2.6 Direct shear

The direct shear tests followed the standard ASTM D5607 (2016), focusing on

evaluating the shear resistance and strength envelope of gray and brown sandstone.

Unlike cylindrical samples, a box specimen cutter could remove test specimens

from the sandstone. For this purpose, smaller samples were manually cut to approximate

dimensions of the samplers and then shaped until they penetrated the samplers. Figures 2.27

and 2.28 detailed this process.

The top and base of the test specimens were finished using the samplers as a refer-

ence, with approximate dimensions of 60 mm in height and 60 mm in length by 50 mm in

thickness. They were then moved to the direct shear chamber illustrated in Figure 2.29 and

positioned. The samples were taken to the direct shear machine shown in Figure 2.30 with a

data acquisition system for the saturation, consolidation, and shearing stages.

Figure 2.27: Molding of the specimens for the direct shear tests.
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Figure 2.28: Gray and brown sandstone samples in the molds for direct shear testing before grinding the
top and bottom.
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To investigate the saturated behavior of the sandstone, which proved fragile in the

presence of water as it disintegrated and showed cracks characterizing the material’s expansion

when saturated by capillarity, we decided to use saturated resistance envelopes.

Four gray and four brown specimens were used to obtain the envelopes. Following a

24-hour immersion in deionized water and the collection of height variation data, each sample

underwent the consolidation process. The gray specimens were consolidated at 29, 57, 112,

and 233 kPa, while the brown specimens were subjected to stresses of 28, 57, 114, and 224

kPa. The slight stress differences were due to the irregular shape of the core samples during

the molding process.

Figure 2.29: Samples used to obtain the envelope. Apparatus for the direct shear test.

Upon stabilizing the deformations resulting from the applied normal stresses, the

corresponding samples underwent shearing until they achieved an approximate deformation of

10% of their initial length, equivalent to 6 mm. Based on the force, displacement, and normal

stress data, the shear strength envelopes of gray and brown sandstone were determined.
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Figure 2.30: Direct shear machine and data acquisition system.
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2.2.7 Compressebility – oedometer test

Motivated by the peculiar behavior of sandstone when exposed to water, and

following the guidelines of the standards ASTM D2435/D2435M (2011) and ASTM D4546

(2014) method C, we conducted tests to measure the compressibility and potential expansion

of the material. These tests included saturated compressibility tests and natural condition

tests.

Exemplified by Figures 2.31 and 2.31 and, similarly to the direct shear test, the

gray and brown sandstone specimens were molded with the help of cutting ring, with the top

and base finished using the cutting rings themselves as guides. At the end of the molding

process, the samples were placed in the odometric chamber, and for those tested under

natural conditions, the loading stages commenced. In contrast, those subjected to saturation

were initially flooded, with their height variation monitored until stable values were reached,

followed by the start of the loading process. Figure 2.33 depicts the sample in the odometric

cell, as well as the flooding process with deionized water.

Both the saturated and natural conditions went through stages of approximate

stresses of 3, 6, 12.5, 25, 50, 100, 200, 400, and 800 kPa during loading and 400, 100, and 25

kPa during unloading.
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Figure 2.31: Gray and brown sandstone samples in the molds for oedometer testing before grinding the
top and bottom.
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Figure 2.32: Gray and brown sandstone ready for the oedometer test

Figure 2.33: Sandstone positioned in the oedometer test camera. Pre-wetting process of the sample.
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2.2.8 Permeability

Hydraulic conductivity was determined using a Triflex 2 flexible wall permeameter.

Cylindrical specimens previously molded were positioned in the test chamber, as illustrated

in Figure 2.34, maintaining the original top and bottom positions of their sampling, which

were protected by glass microfiber filters and porous stones. Latex membranes were added to

prevent lateral flow and attached to the base cap and top cap with o-rings. The arrangement

described above is shown in Figure 2.35.

The core samples underwent the saturation, consolidation, and permeability testing

stages. Saturation was conducted in accordance with the guidelines outlined from Skempton

(1954) until parameter B reached 0.95 or higher. Consolidation occurred with an increase

in confining pressure to the desired value and the release of excess pore pressure until

deformations stabilized. The confining pressure values used were 20, 40, 80, 160, and 320 kPa,

with a hydraulic gradient of 20 applied to the consolidated specimens up to 160 kPa. At 320

kPa of confining stress, some tests were conducted to reduce testing time, verify potential

distortions at elevated gradients, as well as assess the influence of flow direction. Thus, tests

with hydraulic gradients of 25, 50, 100, 200, and 400 were applied in various ways: keeping

the pressure at the base constant while reducing the pressure at the top, distributing the

pressures between the top and the base, and maintaining the pressure at the top constant

while increasing the pressure at the base. In the latter case, achieving the gradient of 400

was impossible, as the increase in pressure at the base would exceed the applied confining

pressure.

In addition to tests with different gradients, the possible occurrence of anisotropy in

the sandstone was investigated by conducting permeability tests on samples molded in the

horizontal direction (see Figure 2.17). In these tests, the sandstone samples were subjected to

the same conditions previously described, i.e., consolidated with effective stress of 20, 40, 80,

160, and 320 kPa, with an applied hydraulic gradient during the permeability stage of 20 for

samples with confining pressure of up to 160 kPa and 25 for 320 kPa.
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Figure 2.34: Cylindrical specimen positioned in the permeability test chamber.
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Following the recommendations of ASTM D5084 (2016) for constant head testing

and upward flow, except for the 320 kPa confinement of the sample taken in the vertical

direction as previously justified, hydraulic conductivity was determined according to Darcy’s

law.

k = Q

i× A
(2.3)

where Q is the volume flow, i hydraulic gradient, and A the cross-sectional area.

As commented below, the estimation of unsaturated permeability for the sandstone

was conducted in addition to the assessment of saturated permeability.

Figure 2.35: Flexible wall permeameter running three tests.
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Unsaturated permeability

The unsaturated hydraulic conductivity was estimated using the Soil Water Retention

Curve (SWRC) through the drying process using filter paper (Whatman 42) and Haines’

funnel, as shown in Figures 2.36, and 2.37. Equations 2.4 and 2.5 proposed by van Genuchten

(1980) were used to fit the SWRC and estimate the unsaturated hydraulic conductivity.

w(s) = wr + (ws − wr)
 1

[1 + (as)n]m
 (2.4)

where w(s) is the water content in the suction function, wr is the residual water content, ws
is the saturation water content, s is the suction, a, n, and m are the fitting parameters.

k(s) = ks

√√√√w(s)− wr

ws − wr

1−
1− (

w − wr

ws − wr

) 1
m

m


2

(2.5)

where k(s) is the unsaturated hydraulic conductivity, and ks is the saturated hydraulic

conductivity

Figure 2.36: Sandstone samples during the capillary saturation and air-drying stages for the soil water
retention curve.

Table 2.2 displays the tests that were carried out along with their corresponding

standards.
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Figure 2.37: Saturation of porous stones with high air intake. Haines’ funnel with test in progress.

Table 2.2: Technological tests employed to obtain the UCS, elastic modulus, tensile strength by diametrical
compression, direct shear, and hydraulic conductivity.

Test Reference
Uniaxial compressive strength ASTM C170/C170M (2017)

ASTM D7012 (2014) - method C
Young’s modulus ASTM D7012 (2014) - method D

ABNT NBR 8522-1 (2021) - method A
Brasilian test ASTM C496/C496M (2017)

ASTM D3967 (2016)
Direct shear ASTM D5607 (2016)
Oedometer ASTM D2435/D2435M (2011)

ASTM D4546 (2014) - method C
Permeability ASTM D5084 (2016) - constant head
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2.3 Results and Discussion

2.3.1 Characterization

Particle size distribution and Atterberg limits

The granulometric curve of the gray and brown sandstones, as well as the percentages

of each fraction, the consistency limits, and their classification according to ASTM D2487-17

(2017) are respectively presented in Figure 2.38 and Tables 2.3 and 2.4.

Figure 2.38: Particle size distribution of gray and brown sandstones with and without deflocculant.
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Considering the fine sieving in the grain size distribution, it was found that there

was no difference between the materials, with minor differences in the data obtained from

the hydrometer stage. It is noteworthy that the granulometric curve of the brown sandstone

without deflocculant differs drastically from the others at the interface between sieving and

sedimentation (0.075 mm). At the time of data collection, the hydrometer bottom scale

was exceeded, and the maximum value was adopted. The result remained consistent despite

repeating the test with a material reduction from 60 to 40g. This observation is depicted in

Figure 2.8, where almost all the brown material settled right at the beginning of the test,

making it challenging to obtain conclusive data about it.

Table 2.3: Distribution of medium and fine sand, silt, and clay percentages in gray and brown sandstones.

Sandstone Medium Sand (%) Fine sand (%) Silt (%) Clay (%)
Gray - D 24 53 15 8

Gray - WD 24 53 18 5
Brown - D 24 53 13 10

Brown - WD 24 53 16 7

Table 2.4: Results of the Atterberg limits and the unified soil classification system for both sandstones.

Sandstone LL PI USCS
Gray 38 20 SC
Brown 44 23 SC

The behavior observed in the brown sandstone was due to the absence of a de-

flocculant, which led to the agglomeration of fine particles into a larger grain that rapidly

sedimented. This phenomenon was not observed in the gray sandstone.

The Atterberg limits indicate that the sandstone fines exhibit plasticity, with slightly

higher values for the brown sandstone than the gray sandstone. Both demonstrate behavior

akin to slightly compressible clay, classified under the USCS as clayey sand. These findings,

along with the methylene blue data presented in Table 2.5, suggest that the plasticity of the
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sandstone aligns with clays from the smectite group, as also reported by Jesus et al. (2013)

and elaborated below.

Methylene blue and scanning electron microscope

Observing the sandstone’s distinct behavior in the presence of water, further tests

were conducted to confirm the presence of clay minerals, particularly expansive ones.

Figures 2.39 and 2.40 indicate the presence of clay platelets on a more prominent

grain, possibly quartz. These platelets’ energy-dispersive X-ray spectroscopy (EDS) results

reveal the elements commonly found in clay minerals (O, Fe, Mg, Al, and Si). The com-

bination of hydrometer data, EDS results, and the methylene blue technique suggests the

presence of clay minerals from the smectite group in the sandstone. Direct shear tests and

oedometer compression will further support these findings during saturation. These findings

were confirmed by Mondelli (2008), who identified the presence of phyllosilicates (palygorskite

and sepiolite) as well as beidellite from the smectite group in sandstone from the Bauru

landfill through X-ray diffraction tests.

Table 2.5: Results of the methylene blue test, including cation exchange capacity (CEC), specific surface
area (SA), value of methylene blue adsorbed (BV), and activity index of the clay fraction (Acb).

Parameter Gray Brown
CEC (meq/100g) 127 90

SA (m2/g) 79.36 70.19
BV (g/100g de solo) 3.24 2.87
Acb (g/100g de solo) 0.43 0.32

Similar results to those observed here using SEM and EDS have also been verified

by Jing et al. (2018), Ueda et al. (2019), Bolarinwa et al. (2019), Bakhshi Ardakani & Rajabi

(2021), and Rajabi & Hamrahi (2021).
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Figure 2.39: Scanning electron microscopy (SEM) of the gray sample in combination with energy-dispersive
X-ray spectroscopy (EDS).
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Figure 2.40: Scanning electron microscopy (SEM) of the brown sample in combination with energy-
dispersive X-ray spectroscopy (EDS).
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2.3.2 Strength

Uniaxial compressive strength

A uniaxial compressive strength (UCS) was obtained from two test specimens to

define the maximum load to be applied during the elasticity modulus test, along with another

five taken to failure at the end of the test to determine Young’s modulus. The UCS was defined

by values that did not deviate more than 20% from the average. Since the core samples used

to determine the modulus of elasticity also provided data on uniaxial compressive strength,

those that did not meet the criteria for calculating Young’s modulus were disregarded for

the UCS determination. Thus, Table 2.6 depicts the initial sandstone’s index properties used

in Young’s modulus and UCS tests, and Table 2.7 presents the data from all seven tests,

emphasizing test specimen 11, which did not meet the standard criteria ABNT NBR 8522-1

(2021) for determining the modulus of elasticity. Therefore, Table 2.8 presents the average

values, standard deviation (sd), and coefficient of variation (cv) for the valid UCS data.

With an average value of 8.31 MPa, the uniaxial compressive strength refers to

a weathered brittle sandstone, with the gray and brown varieties showing no significant

differences.

Table 2.6: Initial index properties of the sandstone used to determine the Young’s modulus and UCS.

Sandstone Specimen wi (%) ρs (g/cm3) ei ρd (cm3) ni (%)
Brown 1 1.49 2.676 0.403 1.907 28.75
Brown 6 1.54 2.676 0.441 1.857 30.60
Brown 8 1.49 2.676 0.446 1.851 30.84
Brown 9 1.48 2.676 0.389 1.927 27.98
Gray 11 1.67 2.628 0.292 2.034 22.59
Gray 12 1.86 2.628 0.300 2.022 23.05
Gray 13 1.86 2.628 0.304 2.015 23.34

Where wi is the initial water content, ρs is the grain density, ei is the initial void ratio, ρd is

the dry density, and ni is the initial porosity.
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Table 2.7: Uniaxial compressive strength of the specimens used to get Young’s modulus.

Specimen UCS (MPa) Sandstone
1 8.48 Brown
6 8.91 Brown
8 7.77 Brown
9 8.62 Brown
11 6.43 Gray
12 7.88 Gray
13 8.21 Gray

mean 8.04
sd 0.82

cv (%) 10.15

Table 2.8: Uniaxial compressive strength considering the specimens used to get the Young’s modulus,
within the range of ± 20% of the mean.

Specimen UCS (MPa) Sandstone
1 8.48 Brown
6 8.91 Brown
8 7.77 Brown
9 8.62 Brown
12 7.88 Gray
13 8.21 Gray

mean 8.31
sd 0.44

cv (%) 5.30
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Diametral compression

The assessment of tensile strength through diametrical compression for a core sample,

as per ASTM D3967 (2016), before and after failure, is depicted in Figure 2.41, as well as

Table 2.9 describes the initial index proprieties from the sandstone applied in the Brazilian

test. Additionally, Figure 2.42 presents all test specimens after the completion of the test.

The stress-strain data displayed in Figures 2.43, 2.44, and 2.45 indicates the brittle failure

of the material, with no significant differences observed between the gray sandstone and the

brown sandstone, as detailed in Table 2.10, which provides the results of the 13 test specimens,

9 of which yielded usable results. The valid results and the average, standard deviation, and

coefficient of variation are presented in Table 2.11.

Figure 2.41: Specimen before and after the diametral compression test following the recommendations of
ASTM D3967 (2016).
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Table 2.9: Initial index properties of the sandstone used to determined the tensile strength by diametral
compression.

Sandstone Specimen wi (%) ρs (g/cm3) ei ρd (cm3) ni (%)
Brown 2 1.43 2.676 0.368 1.956 26.91
Gray 3 1.81 2.628 0.302 2.019 23.17
Gray 4 1.67 2.628 0.273 2.064 21.44
Gray 5 1.76 2.628 0.299 2.023 23.03
Brown 7 1.42 2.676 0.402 1.908 28.68
Brown 10 1.48 2.676 0.439 1.860 30.49

Figure 2.42: Core samples after failure by tensile by diametral compression.
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Figure 2.43: Stress-strain curve used to calculate the diametral compressive tensile strength according to
the ASTM D3967 (2016) standard.

104



Chapter 2 Results and Discussion

Figure 2.44: Stress-strain curve used to calculate the diametral compressive tensile strength according to
the ASTM D3967 (2016) standard (continuation).
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Figure 2.45: Stress-strain curve used to calculate the diametral compressive tensile strength according to
the ASTM D3967 (2016) standard (continuation).
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Table 2.10: Results for tensile strength in diametrical compression (σt), thickness/diameter ratio (t/ϕ),
and compressive strength (σc) according to the ASTM D3967 (2016) standard.

Specimen Strength-σt (MPa) t/ϕ Strength-σc (MPa) Sandstone
1 0.71 0.51 2.12 Gray
2 0.71 0.51 2.13 Gray
3 0.74 0.47 2.21 Gray
4 0.60 0.48 1.80 Gray
5 0.79 0.47 2.38 Brown
6 0.87 0.52 2.60 Brown
7 0.86 0.48 2.57 Gray
8 0.68 0.47 2.04 Gray
9 0.58 0.47 1.75 Brown
10 0.84 0.50 2.51 Brown
11 0.96 0.45 2.87 Brown
12 0.96 0.52 2.89 Gray
13 0.84 0.45 2.51 Gray

mean 0.78 0.49 2.34
sd 0.12 0.03 0.36

cv (%) 15.59 5.58 15.59
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Table 2.11: Data reported by Table 2.10 considering valid results.

Specimen Strength-σt (MPa) t/ϕ Strength-σc (MPa) Sandstone
1 0.71 0.51 2.12 Gray
2 0.71 0.51 2.13 Gray
3 0.74 0.47 2.21 Gray
5 0.60 0.48 1.80 Brown
6 0.87 0.52 2.60 Brown
7 0.86 0.48 2.57 Gray
8 0.68 0.47 2.04 Gray
10 0.84 0.50 2.51 Brown
13 0.84 0.45 2.51 Gray

mean 0.78 0.49 2.34
sd 0.07 0.03 0.22

cv (%) 9.29 5.30 9.29

Furthermore, adhering to the guidelines outlined in ASTM C496/C496M (2017) for

the Brazilian test, the results obtained from 6 cylindrical test specimens, with a length/diameter

ratio of 2:1, are provided in Table 2.12, while Table 2.13 displays the valid results. The

stress-strain curves are illustrated in Figure 2.46.

The analysis of the valid results for both standards reveals a slight variation in the

average values of tensile strength by diametral compression, with 0.78 MPa following ASTM

D3967 (2016) and 0.88 MPa considering ASTM C496/C496M (2017). The results of around

10% of the UCS are consistent with what the literature indicates Broch & Franklin (1972);

Fjær et al. (2008).
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Figure 2.46: Stress-strain curve used to calculate the diametral compressive tensile strength according to
the standard ASTM C496/C496M (2017).

Following both standards, the compressive strength values obtained from the diame-

tral compression test illustrate the compressive efforts throughout the specimen during the

test. The samples failed due to tension because the tensile strength represented one-third of

the compressive strength.

Although the core samples prepared with lengths equal to or greater than double

the diameter showed slightly improved outcomes, the change in scale did not demonstrate

significant differences. Considering it is a natural material that is difficult to extract and

prepare, making samples using a thickness/diameter ratio 0.5 represents a considerable

material saving without compromising quality. Thus, the standard aimed at rocks is endorsed
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for Brazilian testing.

Despite its brittle nature, the sandstone’s performance under the previously tested

conditions meets the minimum requirements outlined in the literature for geoenvironmental

use as a liner for sanitary landfills, which indicates a minimum unconfined compressive

strength of 0.2 MPa (Buragohain et al., 2018; Garg et al., 2020).

Table 2.12: Results for tensile strength in diametrical compression (σt), length/diameter ratio (L/ϕ), and
compressive strength (σc) according to the ASTM C496/C496M (2017) standard.

Specimen Strength–σt (MPa) L/ϕ Strength–σc (MPa) Sandstone
2 1.21 2.18 3.63 Brown
3 0.58 2.00 1.75 Gray
4 0.86 2.23 2.57 Gray
5 0.87 2.15 2.60 Gray
7 0.94 2.39 2.83 Brown
10 0.85 2.29 2.56 Brown

mean 0.89 2.21 2.66
sd 0.20 0.13 0.60

cv (%) 22.71 6.01 22.71

Table 2.13: Data reported by Table 2.12 considering valid results.

Specimen Strength–σt (MPa) L/ϕ Strength–σc (MPa) Sandstone
4 0.94 2.39 2.83 Gray
5 0.86 2.23 2.57 Gray
7 0.87 2.15 2.60 Brown
10 0.85 2.29 2.56 Brown

mean 0.88 2.27 2.64
sd 0.04 0.10 0.13

cv (%) 4.88 4.37 4.88

Regarding the tensile strength reported in the literature, Huang et al. (2010) evaluated

it through a diametral compression test on dry and saturated Longyou sandstone samples

with different loading rates. For the dry condition, the values ranged from 2.8 to 5.3 MPa for
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loading rates of 10−4 and 58 GPa/s. The saturated samples had a maximum value of 3.01

MPa at 50 GPa/s and a minimum of 0.38 MPa at 10−4 GPa/s.

Yuan & Shen (2017) simulated and tested different types of rocks with contact

conditions with and without a cushion. The results for tensile strength without a cushion and

with a cushion, elasticity modulus, and compression from the diametral compression test on a

gritstone were 6.3 MPa, 7.0 MPa, 14.1 GPa, and 89.9 MPa, respectively. For the mid-grain

sandstone, the values were 7.9 MPa, 9.6 MPa, 23.8 GPa, and 116.8 MPa, respectively.

Liu et al. (2022) examined the mechanical behavior of fine-grained homogeneous

sandstone subjected to freeze-thaw treatment. The mechanical properties reported during

diametral compression testing were compressive strength of 62.5 MPa, tensile strength of 7.0

MPa, and elastic modulus of 6.7 GPa.

Wang et al. (2022) conducted tensile-shear tests on red sandstone, obtaining the

mechanical properties of unconfined compressive strength (UCS) of 68.89 MPa, tensile strength

of 5.88 MPa, and Young’s modulus of 7.44 GPa.

UCS values of 61 MPa and diametral tensile strength of 7 MPa with an elastic

modulus of 6.7 GPa were reported by You et al. (2022) for Neijiang sandstone.
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Direct shear

Figure 2.47: Brown and gray sandstone after failure when subjected to the direct shear test.
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Gray sandstone

Direct shear tests were conducted to evaluate the shear resistance of gray and brown

sandstone. Table 2.14 displays the preliminary index properties of the direct shear specimens

employed in the testing procedure. Figure 2.47 illustrates an image of each sheared specimen.

The outcomes of the saturation, consolidation, and shearing phases of the gray

sample are presented in Figures 2.48, 2.49, 2.50, and 2.51 correspondingly.

From the saturation phase, it can be inferred that the samples underwent expansion,

ranging from 0.7 to 1.13% in the volume of the specimen. As anticipated, during the con-

solidation process, the percentage reduction of the samples was directly proportional to the

applied loads, specifically 0.91, 1.25, 2.25, and 5.50% for 29, 57, 112, and 233 kPa, respectively.

Table 2.14: Initial index properties of the gray sandstone used to determine the shear strength.

Sandstone σ (kPa) wi (%) ei ρd (cm3) ni (%)
Gray 29 1.50 0.398 1.880 28.45

57 2.50 0.386 1.896 27.85
112 1.40 0.447 1.817 30.871
233 1.65 0.409 1.865 29.044

113



Chapter 2 Results and Discussion

Figure 2.48: Volumetric variation of gray sandstone samples in the saturation stage.
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Figure 2.49: Volumetric variation of gray sandstone samples in the consolidation stage.

Figures 2.50 and 2.51 explain the shearing stage. The first illustrates the relationship

between vertical and horizontal displacements, while the second presents the shear stress

variation with horizontal displacement.

From the joint analysis, it was possible to verify that the sample with lower consoli-

dation initiated the shearing process more quickly, exhibiting expansion from the start of the

test. However, with 3% vertical displacement, the sample ceased its vertical deformations.

The consolidated specimen with a pressure of 57 kPa did not exhibit vertical

deformation at the start of the test. Nevertheless, it showed the most significant expansion

(2.79% of the initial height) by the end of the shearing stage among the four specimens used
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Figure 2.50: Vertical and horizontal deformations of gray sandstone samples under shear stage conditions.

to establish the envelope.

The core samples consolidated at 114 and 234 kPa behaved similarly regarding

vertical expansion. Initially, they compressed and expanded with 3% vertical displacement

for the first sample and 4% for the second. In general, the gray sandstone exhibited peak

and residual strength; the samples followed the expected behavior, i.e., an increase in shear

strength with an increase in normal stress, displaying a characteristic similar to compact

sandy materials, expanding when failure occurred due to shearing.

The shear strength envelope illustrated in Figure 2.52 was established with the peak
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Figure 2.51: Stress-strain behavior of the gray sandstone cores required to establish the strength envelope.

shear strength and its associated normal stress. From this, values of 44° for the friction angle

and 69 kPa for the cohesion intercept were obtained.
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Figure 2.52: Strength envelope of gray sandstone based on the Mohr-Coulomb criterion.
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Brown sandstone

Analogous to the gray sandstone, brown sandstone displayed similar behavior, as

evidenced by Table 2.15, and Figures 2.53 to 2.56, which clarify the saturation, consolida-

tion, and shearing stages. As depicted in Figure 2.53, the volumetric deformation of brown

sandstone illustrates an expansion ranging between 0.49% and 0.93% concerning the initial

volume. This expansion was slightly lower than that of gray sandstone.

Table 2.15: Initial index properties of the brown sandstone used to determine the shear strength.

Sandstone σ (kPa) wi (%) ei ρd (cm3) ni (%)
Brown 28 1.20 0.458 1.836 31.40

57 2.10 0.462 1.830 31.62
114 1.80 0.457 1.837 31.37
224 1.85 0.478 1.811 32.34

In the consolidation phase, the vertical deformations were proportional to the applied

loads, as seen in Figure 2.54. The percentage reduction in the volume of the test specimens

related to the loads of 28, 57, 114, and 234 kPa was respectively 1.03%, 1.14%, 2.17%, and

3.07%. Similar to the expansion, the consolidation of the brown material was lower than that

of the gray sandstone, except for the consolidation resulting from the first load, which was

slightly higher, that is, 0.91% for the gray compared to 1.03% for the brown.

These percentage values of volumetric variation for the gray and brown test specimens

are summarized in Table 2.16. The normal stress related to saturation indicates which sample

the vertical displacement refers to, with no stress applied in that stage. In contrast, the

vertical displacement during consolidation occurred precisely due to applying normal stress.

As shown in Figures 2.55 and 2.56, the shearing of the brown samples occurred

similarly. All test specimens were compressed at the beginning and underwent expansion at

the end of the shearing process. The increase in normal stress required horizontal displacement

in the same order as the gray core samples, both to initiate the expansion process (between 3

and 4.5%) and to reach the peak shear stress (between 3 and 5%), which was naturally higher
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Figure 2.53: Volumetric variation of brown sandstone samples in the saturation stage.

for more significant vertical stresses and, like the gray sandstone, also exhibited residual shear

strength.
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Figure 2.54: Volumetric variation of brown sandstone samples in the consolidation stage.
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Figure 2.55: Vertical and horizontal deformations of brown sandstone samples under shear stage conditions.
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The brown samples proved to be more resistant, with a friction angle of 54° and

a cohesion intercept of 113 kPa, as illustrated in Figure 2.57. The normal and peak shear

stresses, residual stresses, and resistance parameters for both envelopes are shown in Table

2.17, indicating higher parameters for the brown sandstone compared to the gray sandstone.

However, the gray sandstone proportionally showed less loss in shear resistance after reaching

the peak value, as clarified by the τr/τp ratio.

Figure 2.56: Stress-strain behavior of the brown sandstone cores required to establish the strength
envelope.

The gray sandstone exhibited a residual shear strength of 74% of its peak strength

when subjected to 233 kPa of normal stress, while the brown sandstone maintained ap-
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proximately half of its peak strength under 224 kPa of vertical stress. However, the brown

sandstone only retained a quarter of its peak strength under 28 and 57 kPa of normal stress.

Notably, samples subjected to 112 kPa (gray) and 114 kPa (brown) of normal stress retained

53% of their peak strength in the residual state.

Figure 2.57: Strength envelope of brown sandstone based on the Mohr-Coulomb criterion.

Yang (2016) conducted triaxial tests on intact sandstones and artificially hollow

sandstones, the former obtaining a strength envelope according to the Mohr-Coulomb criterion

with internal angle parameters of 45.7° and cohesion of 30.58 MPa, with USC of 150.19 MPa,

in dry samples at room temperature.

Compared to strength envelopes from direct shear tests, Huang et al. (2020) per-
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formed on sandstone under different conditions and loading rates. The strength parameters

according to the Mohr-Coulomb criterion for loading rates of 0.2, 1, 5, and 10 mm/min

concerning the friction angle were all approximately 55.1°, 56.6°, 59.7°, 61.2°, and regarding

cohesion, the values were around 5.589, 6.321, 7.155, 7.647 MPa.

Zhao et al. (2022) conducted a series of experiments on undisturbed and recon-

structed samples examining the mechanical properties of swelling soft rocks at various initial

moisture levels and immersion times. Considering the lowest moisture content tested by the

authors (20%), after 24 hours of immersion, the cohesion, friction angle, and expansion rate

were 32.18 kPa, 7.82°, and 19.45%.

Table 2.16: Summary of volumetric variations due to the saturation and consolidation stages of the gray
and brown sandstones.

Sandstone Stage σ (kPa) ∆Vol (%)
Gray Saturation 29 1.13

57 0.89
114 1.10
234 0.70

Consolidation 29 -0.91
57 -1.25
114 -2.25
234 -5.50

Brown Saturation 28 0.93
57 0.54
114 0.49
234 0.60

Consolidation 28 -1.03
57 -1.14
114 -2.17
234 -3.07

125



Chapter 2 Results and Discussion

Table 2.17: Values of normal stress (σ), peak shear strength (τp), residual shear strength (τr), ratio
between the two, friction angle (ϕ) and cohesion (c) of the gray and brown specimens.

Sandstone σ (kPa) τp (kPa) τr (kPa) τr/τp (%) ϕ (°) c (kPa)
Gray 29 68 36 53 44 69

57 113 52 46
112 196 104 53
233 231 172 74

Brown 28 117 31 26 54 113
57 191 47 25
114 226 120 53
224 320 157 49
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2.3.3 Stiffness and deformability

Modulus

Figure 2.58 depicted the stress-strain behavior during the compression and decom-

pression cycles of the 5 test specimens used to determine Young’s modulus, whose values

are presented in Table 2.18. As previously noted, the core samples that did not meet the

standard criteria were excluded from the calculation of Young’s modulus, for instance, the

highlighted test specimen 11. Therefore, Table 2.19 displays the valid values from the test.

Figure 2.58: Compression-decompression cycles of the specimens to determine Young’s modulus.

127



Chapter 2 Results and Discussion

Table 2.18: Results of the five core samples used to determine Young’s modulus and UCS from the same
test.

Specimen Modulus (GPa) UCS (MPa) Sandstone
1 4.59 8.48 Brown
6 3.63 8.91 Brown
9 4.07 8.62 Brown
11 3.43 6.43 Gray
12 3.68 7.88 Gray

mean 3.88 8.06
sd 0.46 0.99

cv (%) 11.86 12.23

Table 2.19: Valid Young’s modulus and UCS values reported by Table 2.18.

Specimen Modulus (GPa) UCS (MPa) Sandstone
1 4.59 8.48 Brown
6 3.63 8.91 Brown
9 4.07 8.62 Brown
12 3.68 7.88 Gray

mean 3.99 8.47
sd 0.44 0.43

cv (%) 11.11 5.10

128



Chapter 2 Results and Discussion

The sandstone in question exhibits an average modulus of elasticity of 3.99 GPa

and an unconfined compressive strength (UCS) of 8.47 MPa. This classification places the

rock as having low unconfined compressive strength, with Young’s modulus falling near the

intermediate and high boundary. The graphical representation of this classification can be

observed in Figure 2.59.

Figure 2.59: Relationship between UCS and elastic modulus.
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Compressibility

Regarding compressibility, Figure 2.60 illustrates the oedometer test results, depict-

ing the relationship between the normalized void ratio and the applied vertical stress. Notably,

the tests conducted under natural and saturated conditions revealed significant differences,

particularly in the saturation of the gray and brown sandstones. The saturated samples

showed expansion, as evidenced by the increase in the void ratio from the loading of 0.1 to 1

kPa, with the loading starting at 3.15 kPa. This expansion is solely attributed to the increase

in sample volume.

Figure 2.60: Normalized void ratio versus vertical stress curves applied to brown and grey sandstone in
natural and saturated conditions.
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The virgin compression curve for both types of sandstone could not be determined in

their natural state. However, the preconsolidation stresses for the saturated gray and brown

sandstones were 21 and 14.5 kPa, respectively. The findings indicate the low compressibility

of the material in its natural state, consistent with the modulus of elasticity at the bound-

ary between intermediate and high. Under saturated conditions, the results suggest higher

compressibility and deformability of the gray sandstone than the brown sandstone. This

contradicts the results of the consolidation phase of the direct shear test, where the brown

sandstone experienced less volumetric deformation. This comparison extends to isotropic

consolidation, which will be further addressed.

Figure 2.61: Determination of the expansion pressure of gray and brown sandstones using the saturated
oedometer test.
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Figure 2.61 emphasizes the expansion of both materials, which exhibited similar

expansion pressure, with the gray sandstone at 55 kPa and the brown at 65 kPa. Figure 2.62

shows the opening of a fracture approximately 1 mm thick in a specimen when saturated by

capillarity due to the expansion of the material.

Figure 2.62: Fracture in a gray sandstone sample caused by the expansion of the material exposed to
saturation by capillarity.

Huang et al. (2023) explain that the formation of cracks in rocks due to expansion

occurs due to the induction of stresses between particles that exceed the shear strength.

Once the rock’s expansion process and subsequent cracking begin, the opening becomes a

preferential path for water, increasing its absorption and contribution to the deformation of
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the material, especially when subjected to low stresses. However, under high stresses, the

rock matrix undergoes a "self-sealing" process, mitigating deformations caused by expansion.

Depending on the level of confining stress, the stresses induced by expansion may not surpass

the shear strength.

From the above, it was notable from the results that the presence of water altered

the behavior of the sandstone and, as discussed by Tiennot et al. (2019), some factors are

crucial in the rock-water interaction, such as texture, porosity, and mineralogy. Franzen &

Mirwald (2004) and Wangler & Scherer (2008) complement the importance of clay minerals in

rocks based on their quantity, nature, and distribution due to their sensitivity to the presence

of water.

Other researchers’ findings align with these results, as exemplified by Tables 2.20

and 2.21, which present the results in sandstones about UCS, Young’s modulus, and tensile

strength (TS) via diametral compression, while Table 2.22 provides strength parameters

according to the Mohr-Coulomb criterion in triaxial and direct shear tests.

It is observed that there is a significant variation in values, and as previously

discussed, the moisture content greatly influences the results. For instance, Zhang et al. (2020)

subjected samples of red sandstone to wetting and drying cycles aimed at the weathering

process of the rock. The determination of UCS under natural, dry, and saturated conditions

resulted in values of 10.3 MPa for the first condition, 20.4 MPa for the dry sample, and 4.7

MPa for the saturated condition.

Since it is a natural material, the cited values exhibit substantial variability even

under similar conditions. Tang (2018) obtained an average UCS value of 124.64 MPa in

dry black sandstones, while Liu et al. (2023) conducted tests on soft sandstones at different

moisture contents, yielding a UCS result of 10.17 MPa in the dry condition.

It is not uncommon for the UCS values reported in textbooks to be broad, constituting

a range from 10 to 220 MPa (Sanjay et al., 2013; Small, 2016), extending to the modulus of

elasticity, tensile strength, and shear strength parameters. Therefore, it is crucial to report

the conditions under which the relevant data were collected, particularly the moisture and/or

degree of saturation.
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Table 2.20: Results of the different authors’ UCS, E, and TS. Blank spaces refer to the absence of information.

Reference Sandstone Sandstone condition UCS (MPa) E (GPa) TS (MPa)
This work Gray and Brown Dry 8.31 3.99 0.78-0.88

Huang et al. (2010) Longyou Dry 2.8-5.3
Saturated 0.38-3.01

Yuan & Shen (2017) Gritstone Without cushion 87.90 14.10 6.30
With cushion 7.00

Mid-grain sandstone Without cushion 116.80 23.80 7.90
With cushion 9.60

Liu et al. (2022) Fine-grained homogeneous Before freeze-thaw treatment 62.50 6.70 7.00
Wang et al. (2022) Red 68.89 7.44 5.88
You et al. (2022) Neijiang 61.00 6.70 7.00

Yang (2016) Hollow Intact - air dry 150.19
Hollow - 15 mm 161.80
Hollow - 26 mm 147.38

Zhang et al. (2020) Red Dry 20.40
Natural 10.30
Saturated 4.70
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Table 2.21: Results of the different authors’ UCS, E, and TS. Blank spaces refer to the absence of information (continued).

Reference Sandstone Sandstone condition USC (MPa) E (Gpa) TS (MPa)
Feng et al. (2018) Red Erdos 47.79 6.38
Cai et al. (2020) Linyi Unsaturated - length/diameter 1:1 102.30

Saturated - length/diameter 1:1 88.00
Unsaturated - length/diameter 2:1 95.70
Saturated - length/diameter 2:1 79.90

Tang (2018) Black Dry 124.64 20.18
960 hours wetting 61.25 12.25

Tiennot et al. (2019) Thüringer Dry - E⊥ 13.20
Humidification - W:33% - E⊥ 13.00
Humidification - W:65% - E⊥ 11.90
Humidification - W:97% - E⊥ 5.20

Drying - W:65% - E⊥ 13.70
Drying - W:33% - E⊥ 13.40

Dry - E‖ 14.40
Humidification - W:33% - E‖ 13.10
Humidification - W:65% - E‖ 10.60
Humidification - W:97% - E‖ 6.33

Drying - W:65% - E‖ 11.40
Drying - W:33% - E‖ 13.00

Liu et al. (2023) Soft Dry 10.17 0.89
Water immersion 2.90 0.27

Zhao et al. (2024) Sichuan Province 45.79 4.70
Zigong City 44.60 4.53
Rong County 36.88 4.21

58.15 6.55

135



Chapter 2 Results and Discussion

Table 2.22: Results of the different authors’ c and ϕ. Blank spaces refer to the absence of information.

Reference Sandstone Sandstone condition Test c (MPa) ϕ (°)
This work Gray Saturated Direct shear 0.07 44.00

Brown Saturated 0.11 54.00
Yang et al. (2014) Red Dry Triaxial 23.10 45.50

Saturated 13.05 49.30
Yang (2016) Hollow Intact - air dry Triaxial 30.58 45.70

Hollow - 15 mm 37.97 39.70
Hollow - 26 mm 38.52 34.80

Huang et al. (2020) 0.2 mm/ min Direct shear 5.59 55.10
1 mm/ min 6.32 56.60
5 mm/min 7.16 59.70
10 mm/min 7.65 61.20
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2.3.4 Hydraulic conductivity

The hydraulic conductivity of the gray and brown sandstone was determined to

encompass possible field situations and reduce laboratory testing time. This means different

confinements and hydraulic gradients, in addition to the direction of sampling (anisotropy). In

particular, the gray sandstone consolidated at 320 kPa underwent various tests to determine

future column tests and transport parameters, a topic discussed in Chapter 3.

Figure 2.63: Hydraulic conductivity obtained with constant pressure at the bottom of the specimens in
unconsolidated and consolidated gray sandstone samples at 40, 80, 160, and 320 kPa.

In line with the standard configuration detailed earlier, Figures 2.63 and 2.64 present

the hydraulic conductivity results for the gray and brown sandstone samples. These tests

were conducted under constant pressure at the base and subjected to confinements of 10 kPa
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(unconsolidated), 40, 80, 160, and 320 kPa. The hydraulic conductivity data for the gray

sample confined at 20 kPa were not included in the plots, as this pressure level did not lead

to the consolidation of the specimen.

Figure 2.64: Hydraulic conductivity obtained with constant pressure at the bottom of the specimens in
unconsolidated and consolidated brown sandstone samples at 20, 40, 80, 160, and 320 kPa.

As expected, confinement reduced hydraulic conductivity; the average k values for

the gray sandstone in the unconsolidated situation and at 40, 80, 160, and 320 kPa were

7.50×10−9, 3.35×10−9, 2.41×10−9, 7.88×10−10, and 3.41×10−10 m/s, respectively, representing

a percentage reduction compared to the unconsolidated sample of 55, 68, 89, and 95%. On

the other hand, the reduction in void ratio caused by the increase in confinement was 1.1, 3.0,

5.7, and 8.3% for the same stresses as the initial specimen configuration. Thus, the reduction
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in hydraulic conductivity was more pronounced compared to the decrease in void ratio.

Similar to the gray sandstone, the brown sample showed a reduction in hydraulic

conductivity when consolidated, with hydraulic conductivity values higher than those obtained

for the gray sample, namely, 1.01×10−8, 6.98×10−9, 6.08×10−9, 4.35×10−9, 2.46×10−9, and

1.40×10−9, under the unconsolidated condition (10 kPa), 20 kPa, 40 kPa, 80 kPa, 160 kPa,

and 320 kPa.

Figure 2.65: Hydraulic conductivity values of the consolidated gray sample at 320 kPa with gradients of
25, 50, 100, 200, and 400.

The gray sandstone exhibited lower permeability, with a 25% reduction in k compared

to the unconsolidated brown sandstone, 45% at 40 and 80 kPa confinement, 68% with 160 kPa

confining stress, and a 76% reduction with 320 kPa of consolidation. These findings suggest
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that increased confinement significantly decreased hydraulic conductivity in the gray sample

and accentuated the differences between the gray and brown values, highlighting preferential

flow through the brown sandstone over the gray.

Figures 2.65, 2.66, and 2.65 present the results of tests conducted on gray sandstone

subjected to 320 kPa of confining stress using different hydraulic gradients and different

imposition methods. From there, it can be inferred that the increase in hydraulic gradient did

not significantly alter k, which remained close to 3×10−10 m/s in all configurations adopted.

Figure 2.66: Hydraulic conductivity determined with constant pressure at the top of the gray sample
consolidated at 320 kPa for gradients of 25, 50, 100 and 200.

The average values considering respectively the application of the gradient with

constant base pressures, constant top, and divided between top and base were 3.16×10−10,

3.00×10−10, and 2.92×10−10 m/s. For the same gradients, the average k values for 25, 50,
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100, 200, and 400 were 3.39×10−10, 3.09×10−10, 2.98×10−10, 2.95×10−10, and 2.61×10−10

m/s, respectively. It should be pointed out that the determination for the gradient of 400

used configurations with constant base pressure and divided pressure.

Figure 2.67: Hydraulic conductivity obtained by dividing the pressure between the top and bottom of
the specimen for consolidated gray sandstone at 320 kPa for gradients of 25, 50, 100, 200, and 400.

Regarding variability, the coefficient of variation (CV) for the imposed conditions

of constant pressure at the base, at the top, and divided pressures were 13.8%, 8.2%, and

10.7%, respectively. Grouping the tests by the same hydraulic gradient, CVs of 2.6%, 16.8%,

5.5%, 6.1%, and 4.79% were determined for 25, 50, 100, 200, and 400. Notably, the CVs were

reduced, with extreme values of 2.6% for the gradient of 25 and 16.8% for that of 50. The

difference in pressure application for flow occurrence resulted in the most minor variability

for constant top pressure (8.2%) and the greatest for constant base pressure (13.8%).
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The test configurations evaluated did not show significant changes from the above,

indicating that the highest gradient applied for the material under study can reduce the

testing time without affecting data quality. Thus, the test with pressure divided between the

top and bottom is presented as the most suitable option, with a coefficient of variation of

10.7%. Furthermore, applying a 400 gradient resulted in a coefficient of variation of 4.8%.

Even though ASTM D5084 (2016) does not recommend the aforementioned option,

its use is endorsed for future studies involving the sandstone evaluated here. In addition to

the previous explanations, the material can undergo critical variations in effective pressure

at high gradients. By imposing the gradient through divided pressures, the variations in

effective stresses on the sample are reduced, preventing excessive consolidation or expansion

due to increased or decreased effective stress. This situation is especially important in the

presence of active clay minerals. Further details on the variation of effective stress due to the

imposition of hydraulic gradient in flexible wall permeameters can be consulted in Kodikara

& Rahman (2002).

Anisotropy

The hydraulic conductivity concerning anisotropy was assessed by comparing the

values obtained from samples extracted in the horizontal and vertical directions. Table

2.23 depicts the initial index properties of the gray and brown sandstones extracted in the

horizontal direction. Figures 2.68 and 2.69 display the data collected to determine the

hydraulic conductivity in the horizontal direction of the gray and brown samples under the

same consolidation conditions as the specimens molded vertically.

From the previous data and those obtained in the vertical direction, the variation of

hydraulic conductivity and void ratio with the respective effective stresses applied to the core

samples are presented in Figures 2.70 and 2.71.

The results for k in the horizontal direction demonstrate that the brown sandstone

is one to two orders of magnitude more permeable than the gray sandstone, as indicated

by the results in the unconsolidated condition of the gray sample at 3.38×10−9 m/s com-
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Figure 2.68: Hydraulic conductivity of the gray sandstone sample taken horizontally under the confining
pressures of 20, 40, 80, 260, and 320 kPa, following the standard methodology adopted here.

pared to 2.45×10−8 m/s for the brown sample, and in the consolidated sample at 320 kPa

with 7.68×10−11 m/s compared to 4.85×10−9 m/s for the gray and brown samples, respectively.

Table 2.23: Initial index properties of the sandstones used for the anisotropy test.

Sandstone wi (%) ρs (g/cm3) ei ρd (cm3) n (%)
Gray 2.00 2.628 0.309 2.008 23.58
Brown 1.64 2.676 0.410 1.898 29.06

The hydraulic conductivity results revealed distinct anisotropic conditions. The gray

sandstone exhibited lower permeability in the horizontal direction, with kh/kv ratios ranging

from 0.23 at 320 kPa confinement to 0.50 at 40 kPa confining stress.
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Figure 2.69: Hydraulic conductivity of the brown sandstone sample taken horizontally under the confining
pressures of 20, 40, 80, 260, and 320 kPa, following the standard methodology adopted here.

On the other hand, the permeability of the brown sandstone in the horizontal direc-

tion was higher than its permeability in the vertical direction. The minimum and maximum

values of kh/kv were 1.85 and 2.43 for the conditions of the unconsolidated and consolidated

test specimens at 80 kPa. Table 2.24 summarizes the hydraulic conductivity data in the

vertical and horizontal directions, as well as the relationship between both and their percentage

variation.

As previously illustrated by Figures 2.70 and 2.71, and summarized by Table 2.25,

the void ratios of the brown sample were higher than those of the gray ones. When comparing

the test specimens of the same color, the gray core sample extracted in the horizontal direction
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Figure 2.70: Variation in hydraulic conductivity, void ratio, and effective stresses of gray sandstone.

had lower void ratios than in the vertical direction. In contrast, the brown test specimen

extracted in the horizontal direction showed higher void ratios than in the vertical direction.

From the above, the permeability of the brown sandstone was higher than that of

the gray sandstone in both directions, particularly in the horizontal direction. Since the

hydraulic conductivity and porosity of the material are intrinsically related, the increase in

the void ratio of the brown samples, and consequently in porosity, explains the increase in

permeability and the resulting reflection on anisotropy.

An analogous aspect to the inversion of anisotropy was also highlighted by Tiennot

et al. (2019) in the wetting and drying cycles of a Thüringer sandstone, aiming to obtain the

modulus in the directions parallel and perpendicular to the material’s bedding plane. The

authors noted that during the drying cycle, there was an inversion of the anisotropy with a

higher Young’s modulus in the direction perpendicular to the natural bedding plane compared
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Figure 2.71: Variation in hydraulic conductivity, void ratio, and effective stresses of brown sandstone.

to the samples in the direction parallel to the natural bedding plane.
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Table 2.24: Gray and brown sandstone average hydraulic conductivities in the vertical (kv) and horizontal (kh) directions and its percentage
variation (∆) concerning the unconsolidated condition.

Sandstone Consolidation (kPa) kv (m/s) kh (m/s) kh/kv ∆ kv (%) ∆ kh (%)
Gray 10 7.50×10−9 3.38×10−9 0.45 0 0

20* 7.50×10−9 2.28×10−9 0.30 0 -33
40 3.35×10−9 1.66×10−9 0.50 -55 -51
80 2.41×10−9 1.11×10−9 0.46 -68 -67
160 7.88×10−10 3.87×10−10 0.49 -89 -89
320 3.41×10−10 7.68×10−11 0.23 -95 -98

Brown 10 1.01×10−8 2.45×10−8 2.43 0 0
20 6.96×10−9 1.36×10−8 1.95 -31 -45
40 6.08×10−9 1.24×10−8 2.04 -40 -49
80 4.35×10−9 8.04×10−9 1.85 -57 -67
160 2.46×10−9 5.94×10−9 2.42 -76 -76
320 1.40×10−9 4.85×10−9 3.48 -86 -80

* The same kv value was used for 10 and 20 kPa effective pressure since there was no volumetric variation in the consolidation

process.
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Table 2.25: Overview of the void ratio of the gray and brown sandstone samples in the vertical (ev) and horizontal (eh) directions, as well as
their percentage variation (∆) about the unconsolidated sample.

Sandstone Consolidation (kPa) ev eh ∆ ev (%) ∆ eh (%) ∆ evh (%)
Gray 10 0.321 0.309 0.0 0.0 -3.8

20* 0.321 0.306 0.0 -0.7 -4.4
40 0.317 0.304 -1.1 -1.4 -4.1
80 0.311 0.298 -3.0 -3.5 -4.2
160 0.302 0.289 -5.7 -6.5 -4.6
320 0.294 0.278 -8.3 -10.0 -5.5

Brown 10 0.374 0.410 0.0 0.0 9.5
20 0.369 0.407 -1.5 -0.5 10.6
40 0.359 0.401 -4.0 -2.1 11.7
80 0.347 0.391 -7.3 -4.7 12.6
160 0.336 0.381 -10.1 -6.9 13.4
320 0.331 0.375 -11.5 -8.5 13.3

* The same ev value was used for 10 and 20 kPa effective pressure since there was no volumetric variation in the

consolidation process.
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Unsaturated hydraulic permeability

The unsaturated hydraulic conductivity was estimated through the soil water reten-

tion curve (SWRC) with the parameters derived from the proposal by van Genuchten (1980).

The experimental data collected via the filter paper technique, along with the analytical fit

from van Genuchten (1980), as well as the estimate of unsaturated hydraulic conductivity,

are exemplified in Figure 2.72, which reports the values of the unconfined gray and brown

sandstones. Given that the saturated permeability of the brown sandstone was higher than

that of the gray sandstone, the estimate of unsaturated values was also higher. The values of

k for the unsaturated condition are presented up to ×10−15 relative to moisture near zero, as

lower suction values do not align with the expected in situ behavior, even when the sandstone

is outcropping. The parameter values from the analytical solution of van Genuchten (1980)

are shown in Table 2.26, which, in conjunction with the previously determined saturated

hydraulic conductivity values, made it possible to estimate k for the unsaturated condition.

Table 2.27 presents the outcomes of saturated hydraulic conductivity of some sand-

stones determined by different methods. The results demonstrate a notable variability, as

evidenced by Chen et al. (2009), who conducted permeability tests in a triaxial apparatus

similar to the one used here, with the maximum and minimum results reported by the authors

for intrinsic permeability of a porous sandstone without deviatoric stress of 5.2×10−11 m2

and with deviatoric stress of 108.6 MPa of 5.7×10−18 m2 (ranging from 5.2×10−7 m/s to

5.7×10−11 m/s considering the dynamic viscosity of water at 10−3 Pa.s and the specific weight

of 10 kN/m3). Additionally, the authors analyzed anisotropy concerning the permeability of

shaly siltstone by conducting tests on samples in different directions. They pointed out that

the bedding distribution controlled the flow and, therefore, the anisotropy.

This work observed that the decrease in saturated hydraulic conductivity was more

significant than the reduction in void ratio caused by the applied confining stress. This

phenomenon was linked to the effective porosity of the sandstone. Bohnsack et al. (2021)

assert that well-connected pores are less affected by increased effective stress, with stiffer

materials being less susceptible to changes in stress state. Thus, the pores in the sandstone
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Figure 2.72: Soil water retention curve (SWRC) of sandstone and the estimation of unsaturated hydraulic
conductivity of gray and brown sandstones.

appeared to be poorly connected, and a small reduction in porosity significantly affected

permeability, as the flow lines depended on a few interconnected pores. Francisca & Glatstein

(2020) noted a similar scenario and commented on the significance of interconnected voids and,

once obstructed—in this case by the presence of microorganisms filling the voids—permeability

was considerably reduced.

Similarly, Selvadurai & Selvadurai (2007) point out that the primary mechanisms for

reducing permeability under isotropic confinement are the degree of saturation, reduction of

voids, clogging of pores, and collapse of the channels that form the connection between pores.

Quigley & Thompson (1966) present fundamental factors for reducing hydraulic

conductivity in materials containing clay minerals, which, in addition to the obstruction of

voids, when hydrated, lead to an increase of the double layer due to fluid sorption present in
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Table 2.26: SWRC parameters

Parameter Value
α 1.104
n 1.163
m 0.140

wr (%) 0.0
ws (%) 22.0

the voids and a consequent reduction of these voids, along with the reorientation of particles

imposed by the flow, resulting in increased tortuosity and changes in flow lines.

Huggett & Uwins (1994) reinforce the importance of understanding the clay minerals

present in rocks, especially illites and smectites, which can form a gel when in contact with

water that fills the voids of the rock matrix and consequently reduces permeability.

The results presented here likely draw parallels with the presence of clay minerals

from the smectite group and suggest a relationship between the expansion observed in the

oedometer and direct shear tests during the saturation stages of the samples and hydraulic

conductivity. However, expansion and hydraulic conductivity are not commonly related,

despite both being a function of the quantity and type of clay mineral, as noted by Xu et al.

(2020).

In this way, the sandstone exhibited unique characteristics, primarily with the

presence of water. That is, it underwent disaggregation when placed in water and cracking

when saturated by capillarity. Baker et al. (1993) observed the same behavior in sandstones

containing illite and smectite, which belong to the same group of clay minerals elucidated here

through methylene blue tests and SEM. In this context, the brown sandstone demonstrated

strong agglomeration of fines without a deflocculant in the combined grain size tests. Although

the material was classified as clayey sand, the results of direct shear on the saturated sandstone

did not indicate typical resistance envelopes of soil, with apparent cohesion values above 50

kPa, nor did the uniaxial compression results with the oven-dried material indicate typical

rock resistance, with values below the minimum commonly reported in the literature (see

Tables 2.20 and 2.21), demonstrating that it is weathered sandstone.
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The contrasting behavior of the brown sandstone did not reflect in the strength,

stiffness, and compressibility results. The UCS and Young’s modulus values were similar,

with the strength envelope of the brown sandstone above that of the gray sandstone and the

expansion pressures very close. The discrepancy between the sandstones was again noted in

the determination of permeability, where the brown sandstone proved to be more permeable

and exhibited anisotropy opposite to that of the gray sandstone. In other words, the hydraulic

conductivity of the brown sandstone in the vertical direction was lower than that in the

horizontal direction, such that the flow was preferential in the brown sandstone, mainly in

the horizontal direction.

Sebastián et al. (2008) observed behaviors similar to those reported here regarding

gray and brown sandstones with fracture formation when saturated by capillarity. However,

the results with brown sandstone were more contrasting, showing lower mechanical resistance

and more significant expansion compared to the gray sandstone researched by the authors,

who, through optical microscopy and ultrasound, identified that the phyllosilicates in the

brown sandstone had orientation in the same direction as their basal planes parallel to the

original sedimentation. This type of orientation made the brown sandstones more fragile by

forming weaker planes, making them more susceptible to expansion. The bedding planes’

orientation indicated pronounced anisotropy with higher water absorption in the direction

perpendicular to the stratification.

In order to enhance the understanding of the sandstone’s mechanical behavior in the

presence of water, we propose conducting UCS tests under saturated conditions and strength

envelopes under dry conditions.

The results of this research reflected very complex material to work with. The

complexity of the material was evident throughout the research process, from collection

through molding to the execution of technological tests. Notably, no distinct standard

behavior of sandstone based on color was observed, indicating that all specimens constitute a

singular material. Moreover, the possibility of in situ material expansion leading to fracture

formation significantly impacts the mechanical and hydraulic behavior of the sandstone,

adding to the complexity of drawing accurate conclusions about the material.

152



C
hapter

2
R
esults

and
D
iscussion

Table 2.27: Saturated hydraulic conductivity values reported by other authors, determined by different methods.

Reference Sandstone Test k (m/s)
Bishop et al. (1993) Coventry Laboratory 1.15× 10−7

in situ pumping 1.74× 10−6

Schulze-Makuch (1997) Dane County lower aquifer New permeameter designed 2× 10−7

Boving & Grathwohl (2001) Buntsandstein Constant head permeameter 4.3× 10−10 - 5.5× 10−9

Upper Keuper 3.20× 10−8

Middle Keuper 7.8× 10−10 - 1.3× 10−8

Shepherd et al. (2002) Birmingham Triassic Falling head permeameter 2.31× 10−7 - 5.90× 10−5

Chen et al. (2009) Porous Triaxial 5.2× 10−7 - 5.7× 10−11

Wei et al. (2011) Zhuxianzhuang coal mine Triaxial 6.39× 10−11 - 6.69× 10−11

Neukum et al. (2014) Herzogenrather Constant head permeameter 1.53× 10−6 - 2.2× 10−10

Obernkirchner
Solling
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2.4 Conclusions

This paper aims to provide insights into the hydraulic and mechanical behaviors of

weathered sandstone outcroppings in a tropical region. The key findings are as follows:

(i) There are indications of clay minerals from the smectite group that give the sandstone

expansive characteristics.

(ii) Gray and brown sandstones exhibit similar properties in UCS, Young’s modulus, and

shear strength, indicating brittle failure with low resistance and intermediate to high

modulus.

(iii) The materials display distinct compressibility and expansion pressure behaviors under

dry and saturated conditions.

(iv) The sandstone exhibited anisotropy concerning permeability, with the brown sandstone

being one to two orders of magnitude more permeable than the gray sandstone and

preferentially horizontal flow. In contrast, the gray sandstone demonstrated higher

permeability in the vertical direction.
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Abstract

Disposing of municipal solid waste (MSW) in large urban centers, particularly in developing

nations, primarily involves MSW disposal sites. In Bauru, Brazil, the MSW disposal site

has led to contamination that could jeopardize future water supplies. Understanding the

contamination plume’s behavior involves studying hydraulic parameters and contaminant

transport. In this context, we investigated a tropical sandy soil profile and its bedrock

to determine the saturated and unsaturated hydraulic conductivity (k), dispersivity (α),

hydrodynamic dispersion (Dh), partition coefficient (Kd), retardation factor (Rd), and arrival

times through column and leaching tests. Undisturbed and disturbed samples were collected

in the experimental field at Unesp-Bauru at 1, 4, 7, 11, 13, and 16 m depth. Sandstone

samples were collected from a rock outcrop on the outskirts of Bauru’s MSW disposal site.

Column tests used NaCl as the target tracer, and metals Mn, Ni, and Pb were found in

concentrations above the Brazilian environmental agency permitted in the monitoring wells.

The tests were carried out with a flexible wall permeameter under confining stresses of 20, 40,

80, 160, and 320 kPa, representing those in situ. The results show that hydraulic conductivity

decreased with increasing confinement and depth, while α and Dh decreased with increasing

Péclet number (Pe). Rd and Kd indicate low sorption contribution by soil and sandstone. The

behavior was consistent across different soil horizons at 1-7 m and 11-16 m. This paper brings

a range of values concerning transport contaminant parameters for future decision-making

and numerical or analytical modeling involving Bauru’s MSW disposal site.

Keywords: MSW disposal site; Subsoil investigation; Weathered sandstone; Hydraulic con-

ductivity; Contaminant transport parameters; Flexible wall permeameter.
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3.1 Introduction

The population growth and the subsequent increase in consumption and industrial

demand have led to a rise in waste production, which poses a significant challenge for its proper

disposal on a global scale. Even though MSW disposal sites present environmental risks,

require large areas, and have high installation and maintenance costs, they are still widely used

as the final destination for MSW. The decomposition of waste generates leachate, a complex

mixture whose composition depends on various factors such as climate and economy. Leachate

typically contains harmful substances, including heavy metals, which pose a significant threat

to soil and groundwater quality and, consequently, human health (Kjeldsen et al., 2002;

Kulikowska & Klimiuk, 2008; Mondelli et al., 2010; Gworek et al., 2016; Moody & Townsend,

2017; Mishra et al., 2018; Abunama et al., 2021).

Brazil disposed of 77.1 million tons of municipal solid waste last year (ABREMA,

2023). Among the final disposal sites is the Bauru’s MSW disposal site, where monitoring

wells installed in its surroundings indicated the presence of heavy metals in concentrations

above the maximum established by the Brazilian environmental agencies CONAMA 420/09

(2009) and CETESB (2014), demonstrating that the contamination plume from leachate

generation reached the soil and groundwater.

The hydraulic conductivity is affected by confinement, which involves the advection–

dispersion transport parameters. Therefore, simulating this condition in the laboratory is

crucial for the results to represent in situ behavior. The flexible wall permeameter provides

different boundary conditions, simulating various situations in the field, making it an essential

tool for research, especially into parameters that are difficult to measure in situ, such as

dispersivity (Rowe et al., 2004; Christensen et al., 2001; Dafalla et al., 2015; Yu et al., 2021).

Chlorides are still widely used as tracers for contaminant transport simulations.

Due to their non-reactive nature, they are unaffected by sorption or precipitation. They are

controlled by the advection-dispersion process, which is highly suitable for sandy soils, such

as Bauru’s MSW disposal site (van Breukelen et al., 2004; Rowe & Abdelrazek, 2019; Santos

et al., 2019; Slavinskienė et al., 2019; Divya et al., 2020; Puranik & Patil, 2021; Thu et al.,
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2023).

In light of the field monitoring, despite the fact that chlorides do not have a significant

impact from the point of view of risk to human health or environmental damage, the chlorides

detected in situ are indicative of the direction of the plume. They can provide an initial

reference for the sample collection and a more detailed analysis of other chemical substances

of interest (Feng & Jin, 2019).

Since advection–dispersion transport mechanisms prevail in sandy soils, column

and leaching tests are appropriate for determining dispersivity and hydrodynamic dispersion

parameters. Various authors have long used both tests.

Column test parameters are more representative in situations that involve verifying

or monitoring the spread of the contamination plume. On the other hand, when the aim is to

extract the pollutant to remediate a previously intercepted plume, leaching data is indicated.

Even in closed MSW disposal sites such as Bauru, soil and water contamination

persist for decades, putting local fauna and flora at risk. Understanding the predominant

transportation process and the parameters involved in plume migration is fundamental for

future mitigation interventions.

In this context, the main goal of this research is to investigate the hydraulic con-

ductivity and transport parameters of tropical sandy soil and its rock outcrop (sandstone)

using NaCl as the tracer in column and leaching tests. Although previous research by Jesus

et al. (2013), Mondelli et al. (2007), and Mondelli et al. (2010) contemplated the hydraulic

parameters of Bauru’s MSW disposal site, little emphasis was placed on the behavior of

the sandstone. Therefore, the heavy metals Mn, Ni, and Pb, previously identified by Faria

& Mondelli (2018) with concentrations above those permitted by Brazilian environmental

agencies, were also used as tracers in the tests involving the sandstone, given that it is close

to the waste mass.

Complementing, thus, the hydraulic and pollutant transport parameters of previous

work, in which will help in decision-making not only for Bauru’s MSW disposal site but also

for other locations with similar geological-geotechnical characteristics but with a limited range

of data.

168



Chapter 3 Material and Methods

3.2 Material and Methods

3.2.1 Studied sites and sampling

Managed by the Bauru Urban and Rural Development Company (EMDURB),

Bauru’s MSW disposal site received waste from 1993 to 2016. It covers an area of around

270000 m2 and has a height of 15 m. The MSW disposal site was built with a protective

asphalt emulsion slurry and clay liner over the soil. However, these actions were not enough

to prevent the leachate migration. Monitoring data from the MSW disposal site indicates

that the contamination plume is spreading, confirmed in previous research (Jesus et al., 2013;

Mondelli et al., 2007; Faria & Mondelli, 2017, 2018).

Undisturbed soil samples were collected from the experimental field at Unesp Bauru

at 1, 4, 7, 13, and 16 m depths to study the soil’s hydraulic and transport parameters.

Classified as an SM-SC soil by the Unified Classification and an A-2-4 by AASHTO, the soil

in the experimental field consists of a fine red clayey sand that has been investigated in detail

(Giacheti et al., 2019; Fernandes et al., 2022; Saab et al., 2023).

The sandstone was extracted from outcropping rocks near Bauru’s MSW disposal site.

As shown in Chapter 2, sandstone can be classified as SC using the Unified Soil Classification

System, with clay minerals from the smectite group. The sampling locations are illustrated in

Figure 3.1, and a summarized history of the soil profile is shown in Figure 3.2.

Both sites belong to the same stratigraphic profile. Formed in the Upper Cretaceous,

the Adamantina and Marília formations belonging to the Bauru Group constitute the sedi-

mentary deposits of the Bauru Basin, where sedimentary rocks predominate. Brownish red to

grayish, the sandstones prevail in the upper stratigraphic portion. Their mineralogy mainly

includes silicates (quartz), carbonates (calcite and ankerite), and clay minerals (kaolinite,

montmorillonite, smectite, and palygorskite) (Dal’ Bó et al., 2010; Basilici et al., 2016; Silva

et al., 2019). Therefore, the soil from the Unesp Bauru experimental field can be considered

representative of Bauru’s MSW disposal site.
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Figure 3.1: Location of the municipality of Bauru in the center-west of the State of São Paulo. Soil
(Unesp Bauru) and rock (Bauru’s MSW disposal site) sample sites.
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Figure 3.2: Grain size distribution and soil index properties with depth for the Unesp Bauru site (adapted
from Fernandes et al., 2022).
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3.2.2 Specimens preparation

Soil samples

Figure 3.3: Set used for molding the soil specimens.
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To determine the material’s index properties, the laboratory utilized adequately

stored undeformed samples to shape cylindrical test specimens with a diameter and height of

70 mm. Figure 3.3 presents the materials used for the molding process. In contrast, Figure

3.4 demonstrates the procedure for shaping the top and base of the sample (a) and finishing

on the lathe (b). Additionally, Figure 3.5 illustrates the positioning of the soil core in the

testing chamber before receiving the rubber membrane.

Figure 3.4: Trimming devices used to molded the soil specimens.
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Figure 3.5: Arrangement of the specimen for the tests.
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Sandstone samples

Figure 3.6: Sandstone sample cutting process.

The conception of the test specimens in sandstone followed the same steps presented

in Chapter 2, which can also be consulted for more detailed information about the process

exemplified by Figures 3.6 to 3.8. These figures illustrate the previously established final

arrangement. The first one shows the rock-cutting process with a circular saw that allowed

the samples collected in the field to be reduced. Figure 3.7 shows the removal of the test

specimens using a diamond hollow drill, and the finishing of their top and base is demonstrated

by Figure 3.8.
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Figure 3.7: Assembly of the diamond hollow core drill used to remove cylindrical rock samples.
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Figure 3.9 shows the test specimens of sandstone completed with various height/diameter

ratios, depending on the tests discussed in Chapter 2. The specimens with a height and

diameter of 70 mm are prepared for permeability, column, and leaching tests. Additionally,

Figure 3.10 illustrates the placement of a core sample inside the testing chamber. In contrast,

Figure 3.11 depicts the final setup of the test specimen before the chamber is sealed, enclosed

by a rubber membrane, and fitted with top and base O-rings. This final configuration was

also utilized for the tests involving soil. The materials employed for the samples tested in the

flexible wall permeameter are presented in Figure 3.12.

Figure 3.8: The specimen grinding machine polishes the top and bottom of sandstone samples.
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Figure 3.9: Specimens ready for testing.
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Figure 3.10: Sandstone specimen in the test chamber.
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Figure 3.11: Sandstone core sample setup for testing.
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Figure 3.12: Materials used to prepare the specimens for the permeability, column and leaching tests.
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3.2.3 Permeability tests

After preparing the specimens, they were positioned in the test chambers and

saturated by back pressure (Skempton, 1954; Head, 1994). The hydraulic conductivity of the

soil and sandstone was determined by upward flow and constant head in accordance with

ASTM D5084 (2016), as well as the Chapuis (2012) recommendations.

In order to simulate a range of in situ conditions, varying average isotropic stresses

were imposed on the specimens. Specifically, pressures of 20, 40, 80, 160, and 320 kPa were

applied to the sandstone and soil samples at depths of 1 and 4 m, 80 and 160 kPa at a depth

of 7 m, and 160 and 320 kPa at depths of 11, 13, and 16 m. These stress levels were selected

based on the in situ geostatic pressure. After stabilizing the stresses, the permeability test

was repeated, and the hydraulic conductivity was calculated using Darcy’s law.

k = Q

i× A
(3.1)

where Q is the volume flow, i hydraulic gradient, and A the cross-sectional area.

The hydraulic gradient for all tests was assumed in view of the performance of

the flexible wall permeameter, which performs better at high hydraulic gradients since it

was developed for materials with low permeability, as well as reducing the test time. Thus,

gradients of 10 were adopted for the soil and 400 for the sandstone. The latter was also

motivated by the results presented in Chapter 2.

The tests were conducted by taking into account the required hypotheses of Darcy’s

law. The resulting laminar flow was verified by Reynolds number (Re) as shown by Equation

3.2, where Re<1 indicates steady-state and validates Darcy’s law (Bear & Cheng, 2010).

Re = v K
√
nτ

ν
(3.2)

where Re is the Reynolds number, v seepage velocity, K intrinsic permeability, n porosity, τ

tortuosity, and ν kinematic viscosity.
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Figure 3.13 shows the flexible wall permeameter along with the panels, reservoir,

and data acquisition system. Figure 3.14 presents a schematic drawing of the flexible wall

permeameter.

Figure 3.13: The flexible wall permeameter consists of the data acquisition system, main and secondary
panels, reservoir, and test chambers.
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Figure 3.14: Permeability test schematic drawing.
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3.2.4 Column tests

A saline tracer was used to estimate the transport parameters for soil and rock

materials, while the multi-ionic solution was used only for sandstone. The solutions were

prepared in deionized water until the target tracer concentration was achieved. To simulate

MSW disposal site leachate, a multi-ionic solution containing the metals Pb, Ni, and Mn was

prepared at a concentration of 0.05 mg/L, based on the minimum detection capacity of the

mass spectrometer, i.e., 30 µg for Pb; 5 µg for Ni, and 0.4 µg for Mn. These metals were found

to be present in concentrations higher than what is tolerated by Brazilian environmental

agencies CONAMA 420/09 (2009) e CETESB (2014), as shown by Faria & Mondelli (2018).

The saline solution was prepared with 1000 mg/L sodium chloride, and both solutions were

adjusted to a pH of 8 ± 0.5, similar to the leachate from Bauru’s MSW disposal site.

One pressure interface was set up upstream (bottom) and the other downstream

(top) of the test chamber. These interfaces allowed the tracer to be percolated through the

chamber at a known concentration. The effluent was collected every 0.3 pore volume for future

analysis. The pH, salt solution concentration, and electrical conductivity were measured using

a pHmeter and conductivity meter. To detect and measure the concentration of heavy metals,

the effluent solution had its pH adjusted to 1.5 ± 0.5 trough HNO3 and was preserved in a

refrigerator until it was submitted to an ICP-OES (Inductively Coupled Plasma – Optical

Emission Spectrometry), as suggested in the literature (Shackelford, 1995; Naka et al., 2016;

US EPA Method 1314, 2017; ASTM D7100, 2011).

Figure 3.15 illustrates a schematic drawing of the column test with the upstream

and downstream interfaces. Figure 3.16 depicts the specimen with the effluent collected from

the outlet interface during the test.
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Figure 3.15: Column test schematic drawing.
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Figure 3.16: Arrangement of the test chamber in the center with the upstream (left) and downstream
(right) pressure interfaces, as well as the solution gathered for analysis.
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3.2.5 Leaching tests

Once the column test was completed and the medium was thoroughly saturated

with the tracer, the leaching test was initiated, following the guidelines in the literature (US

EPA, 2008; ASTM D4874, 2014). However, the leaching test could only be conducted on

samples that NaCl percolated, as the multi-ionic solution did not reach the maximum relative

concentration, i.e., c/c0 = 1. This particular aspect will be discussed later on.

Except for the upstream pressure interface, the test setup was identical to the one

outlined in the Column Test section. In this case, direct percolation with deionized water was

used instead. The fluid collected by the top pressure interface was analyzed for concentration,

electrical conductivity, and pH.

The transport parameters were estimated through column and leaching tests for the

same materials in test specimens with specified configurations and isotropic stresses based on

the in situ geostatic pressure. Thus, using a saline solution, the first meter of soil was confined

to 20 kPa. At a depth of 4 m, stresses of 40 and 80 kPa were applied. The confinement at 7

m depth was 80 and 160 kPa, while at 11, 13, and 16 m depth, the effective stresses were

160 and 320 kPa. The latter was also applied to the sandstone, which did not undergo the

consolidation process when tested with a solution containing Pb, Ni, and Mn.
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Figure 3.17: Leaching test schematic drawing.
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3.2.6 Contaminant transport parameters

Based on the column and leaching data, experimental c/c0 vs time breakthrough

curves (BTC) were fitted using the analytical solution proposed by Ogata & Banks (1961)

and Lapidus & Amundson (1952) for the advection–dispersion (equation 3.3), which governs

flow in saturated porous media.

Rd
∂c

∂t
= Dh

∂2c

∂z2 − v
∂c

∂z
(3.3)

where Rd is the retardation factor, c is the concentration, t time, Dh the hydrodynamic

dispersion, z the distance, and v the average linear velocity.

The Ogata & Banks (1961) and Lapidus & Amundson (1952) analytical solution

(see 3.4) depends on the initial and the boundary conditions.

c(z ≥ 0, t = 0) → c = 0

c(z ≤ 0, t ≥ 0) → c = c0

c(z =∞, t ≥ 0) → c = 0

c

c0
= 1

2

[
erfc RdL− vt

2
√
DhRdt

+ 1
2 exp

(
vL

Dh

)
erfc RdL+ vt

2
√
DhRdt

]
(3.4)

where c/c0 is the relative concentration, erfc the complementary error function, and L the

length of the column.

The analytical curve fit for the experimental leaching data applied the analytical

solution complementary to that implemented by Ogata & Banks (1961) and Lapidus &

Amundson (1952), as suggested by Rixey et al. (1999) and Huesemann et al. (2005).

c

c0
= 1−

{
1
2

[
erfc RdL− vt

2
√
DhRdt

+ 1
2 exp

(
vL

Dh

)
erfc RdL+ vt

2
√
DhRdt

]}
(3.5)
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From the analytical fit, it was possible to estimate the dispersivity (α), hydrodynamic

dispersion (Dh), retardation factor (Rd), partition coefficient (Kd) and Péclet number (Pe)

indicated below.

Pe =
vL

Dh

(3.6)

Dh = α× v (3.7)

Rd = 1 +
ρdKd

n
(3.8)

Additionally, the retardation factor was determined using three other methods

outlined by Fetter et al. (2017), Freeze & Cherry (1979), and van Genuchten & Parker (1984).

(i) Fetter et al. (2017): relate the average linear velocity of the fluid to the velocity of the

center of mass of the tracer, i.e., the velocity for a relative concentration equals 0.5.

(ii) Freeze & Cherry (1979): the value of the pore volume at the instant c/c0 = 0.5.

(iii) van Genuchten & Parker (1984): area above the breakthrough curve for the column test

and below the curve for the leaching test.

This work used the following definitions to collect information on the breakthrough

curves from the column and leaching tests.

Column test:

(i) Arrival time (At): when the tracer concentration was first measured at the pickup point.

(ii) Pick time (Pt): the maximum concentration has been reached.

(iii) Breakthrough time (BTt) is defined as the moment when the system fails (Shackelford,

1990). It establishes the instant at which the concentration of a given pollutant under

study exceeds the threshold.
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Similarly, for the leaching test:

(i) First leaching time (FLt): the moment when the first tracer concentration reduction

was noticed at the sampling point.

(ii) Leaching time (Lt): minimum concentration reached.

(iii) Leaching breakthrough time (LBTt): the time required to reduce the tracer concentration

to the established minimum.

Figures 3.18 and 3.19 illustrate the definitions explained above. This research used

the breakthrough time for c/c0 = 0.2, equivalent to 200 mg/L of sodium, a value considered

to be above that permitted by Brazilian environmental agencies.

Figure 3.18: Characteristic breakthrough curve of the column test (adapted from Thu et al., 2023).
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Figure 3.19: Characteristic leaching breakthrough curve of the leaching test (adapted from Thu et al.,
2023).
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3.3 Results and Discussion

This chapter will focus on the definition of transport parameters for contaminants in

sandstone, accompanied by observations on the hydraulic outcomes of the test samples utilized

in the assessments about contaminant transport. Chapter 2 presents a more comprehensive

discussion of hydraulic characteristics.

Table 3.1: Initial index properties of the soil at the depths tested.

Depth (m) wi (%) ρs (g/cm3) ei ρd (cm3) ni (%)
1 4.58 2.696 0.742 1.548 42.6
4 2.20 2.687 0.689 1.591 40.8
7 6.79 2.634 0.685 1.563 40.7
11 9.65 2.645 0.567 1.688 36.2
13 10.58 2.616 0.519 1.722 34.2
16 10.59 2.614 0.511 1.730 33.8

Where wi is the initial water content, ρs is the grain density, ei is the initial void ratio, ρd is

the dry density, and ni is the initial porosity.

Figure 3.20 illustrates the variation in soil hydraulic conductivity with confinement.

The shallowest soils, i.e., 1 and 4 m, were confined at 20, 40, 80, 160, and 320 kPa. From the

seventh meter onward, the samples were subjected to conditions close to the mean geostatic

pressure. The 7 m sample was confined at 80 and 160 kPa, while the specimens representing

the 11, 13, and 16 m depths were confined at 160 and 320 kPa. Table 3.2 describes the

sandstone’s initial index properties.

Table 3.2: Initial index properties of the gray and brown sandstone.

Sandstone wi (%) ρs (g/cm3) ei ρd (cm3) n (%)
Gray 2.32 2.628 0.321 1.990 24.28
Brown 1.89 2.676 0.374 1.948 27.20
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Figure 3.20: Variation in hydraulic conductivity with soil confinement at the depths under study.

As expected, the hydraulic conductivity decreased with increasing confinement, with

more pronounced reductions after 80 kPa of confinement, especially for the 7, 13, and 16 m

depth samples. Similarly, the sandstone results (Figure 3.21) reduced hydraulic conductivity

for tensions above 80 kPa. This decrease in hydraulic conductivity may be related to the

preconsolidation pressure of the soil and sandstone in the saturated condition. As mentioned

in Chapter 2, the determination of the preconsolidation pressure is unclear for sandstone.

About the soil at 1 and 4 m depth, there was no more significant reduction in

hydraulic conductivity values for higher tensions (above 80 kPa). Giacheti et al. (2019)

and Fernandes et al. (2022) show that the preconsolidation pressure of the soil under study
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Figure 3.21: Sandstone’s hydraulic conductivity values and volume variation as a function of applied
confinement.

increases with depth. Therefore, shallower soils are subject to more significant deformations

with increased confining stress, which leads to a more substantial reduction in the void ratio

and, consequently, in hydraulic conductivity. However, the opposite effect was observed.

Increasing depth led to more significant reductions in hydraulic conductivity.

By comparison, the variation in hydraulic conductivity and void ratio with the

confining stress of the soil at 1 m and the sandstone are plotted together in Figure 3.22.

The results with a confining stress of 320 kPa show that the more significant
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Figure 3.22: Variation in the values of hydraulic conductivity and void ratio of the soil at a depth of 1 m
and of the sandstone as a function of the confinement applied. Negative values indicate a decrease.

percentage variation in the soil’s void ratio of 26% compared to 8% for sandstone did not

lead to a more substantial variation in hydraulic conductivity. The sandstone showed a 96%

reduction in hydraulic conductivity, while the soil at 1 m reduced this parameter by 43%.

The initial void ratio of the samples can explain this effect. More significant deformations in

the topsoil were not enough to reduce the void ratio to the values of the deep samples and

consequently considerably change the hydraulic conductivity.

Furthermore, even with lower deformations, the decrease in the void ratio of the

deep samples and the sandstone may have been enough to alter the interconnectivity of pores,

which are fundamental for flow, as described by Horn et al. (1994). Bohnsack et al. (2021)

and Rhino et al. (2021) commented on the difficulty in relating flow to variations in the state

of stress and that permeability is sensitive to porosity and connectivity between pores, with

well-connected pores being less affected by increased stress. Ng & Pang (2000) noted how a

slight difference in porosity between similar samples can affect soil water retention curves.
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Figure 3.23: Hydraulic conductivity and void ratio of the soil along the depth.

The above observations illustrate the difficulty of inferring flow in porous media. Al-

though the relationships between void ratio, grain size distribution, mineralogical composition,

and hydraulic conductivity are well established in classic literature (Hazen, 1911; Terzaghi,

1925; Kozeny, 1927; Taylor, 1948) the materials under study here are not geomaterials text-

books. These observations need to be confirmed in future analyses. More detailed discussions

of sandstone can be found in Chapter 2.
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Figure 3.24: Soil hydraulic conductivity of the 1, 4, and 7 m depths.

Figure 3.23 depicts the changes in hydraulic conductivity and void ratio along the

soil profile at the previously reported confining stresses. It can be inferred that the relationship

between hydraulic conductivity and void ratio can be categorized into two distinct segments:

one at depths of 1, 4, and 7 m and another at depths of 11, 13, and 16 m. This separation

will delineate the scope and variability of hydraulic conductivity at the specified depths.

Thus, Figure 3.24 illustrates the variation of hydraulic conductivity with the soil’s

void ratio at depths of 1, 4, and 7 m. Similarly, Figure 3.25 presents the 11, 13, and 16
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Figure 3.25: Soil hydraulic conductivity of the 11, 13, and 16 m depths.

m depth results. The definition of the range of hydraulic conductivity values indicated in

this work was obtained by applying the box plot diagram. The data from the previously

mentioned groups were plotted and analyzed together. The recommended range of values for

the soil lies within the interquartile distance, represented by the dashed red lines in Figure

3.26.

As previously determined hydraulic conductivity using water, the soil transport

parameters could be grouped by depth and/or type of test. This approach resulted in a more
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Figure 3.26: Hydraulic conductivity along the soil profile with the defined ranges of values of the mean
(golden line), first and third quartiles (dotted red line) for the depths of 1, 4, and 7 m, as well as for 11, 13,
and 16 m.

substantial dataset, which was subsequently analyzed using box plot diagrams to establish

the value ranges. The diagrams can be referenced in the supplementary material for further

details.

Different from the soil, which had a more significant number of data points, the

results concerning the sandstone did not meet the statistical criteria for its definition, such as

the box plot diagram used for the soil. For the sandstone, the results for k, α, and Dh were
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determined directly, the first through the permeability test with the flexible wall permeameter

and the others through the fitting of analytical models with the experimental data. For Rd

and Kd, the average, maximum, and minimum values were presented since various methods

were used to calculate them. However, the data were insufficient for statistical inference.

Following the previous explanations, Figures 3.27 to 3.39 present the experimental

results from the column and soil leaching tests at depths of 1, 4, 7, 11, 13, and 16 m, subjected

to confinement stresses of 20 kPa (1 m), 40 and 80 kPa (4 m), 80 and 160 kPa (7 m), 160 and

320 kPa (11, 13, and 16 m), and of the sandstone (160 and 320 kPa). As well as the fit of the

analytical solutions from Ogata & Banks (1961) and Lapidus & Amundson (1952) for the

column tests and Rixey et al. (1999) and Huesemann et al. (2005) for the leaching tests.
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Breakthrough curves

Figure 3.27: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 20 kPa and 1 m depth.
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Figure 3.28: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 40 kPa and 4 m depth.

Figure 3.29: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 80 kPa and 4 m depth.
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Figure 3.30: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 160 kPa and 7 m depth.

Figure 3.31: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 320 kPa and 7 m depth.
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Figure 3.32: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 160 kPa and 11 m depth.

Figure 3.33: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 320 kPa and 11 m depth.
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Figure 3.34: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 160 kPa and 13 m depth.

Figure 3.35: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 320 kPa and 13 m depth.
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Figure 3.36: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 160 kPa and 16 m depth.

Figure 3.37: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on soil consolidated
at 320 kPa and 16 m depth.
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Figure 3.38: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on sandstone
consolidated at 160 kPa.

Figure 3.39: Breakthrough curve with experimental results and analytical curve fitting for the column and leaching tests on sandstone
consolidated at 320 kPa.
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The breakthrough curves obtained from the analytical fits demonstrate a strong

correlation with the experimental data, with R2 values exceeding 0.98 across all tests. The

symmetric sigmoid shapes of the curves indicate the presence of linear, reversible sorption

isotherms, with advection-dispersion as the primary transport mechanism (Shackelford, 2021).

Latrille et al. (2021) state that symmetric breakthrough curves do not exhibit sorption kinetics,

while Chotpantarat et al. (2011) suggests that symmetry between column and leaching tests

indicates steady state breakthrough curves. However, the steady state is recognized when the

relative concentration reaches the maximum plateau (van Genuchten & Parker, 1984; Pearce

et al., 1994; Shackelford & Hong, 2020).

As reported by Khayyun (2018), effective porosity plays a fundamental role in

contaminant transport, and symmetrical sigmoid BTCs infer that effective porosity is equal

to total porosity, with a retardation factor equivalent to the area above the curve or the pore

volume at a relative concentration of 0.5 (Shackelford & Hong, 2020). As will be shown below,

in addition to the two methods mentioned, the determination of the retardation factor via a

linear relationship with the partition coefficient and the ratio between the seepage velocity of

the fluid and the seepage velocity of the tracer’s center of mass yields similar results.

Hydraulic conductivity through NaCl

The data presented in Figure 3.40 illustrates the variation of void ratio and hydraulic

conductivity of the soil as determined by column tests (k-C) and leaching tests (k-L) using

sodium chloride as the percolating solution along the profile. The data can be categorized

into two regions based on depth: 1, 4, and 7 m, and 11, 13, and 16 m. The relationship

between hydraulic conductivity and the void ratio for these depth groupings can be observed

in Figures 3.41 and 3.42, where the first relating to depths of 1, 4, and 7 m, and the second

to depths of 11, 13, and 16 m.

The range of hydraulic conductivity using sodium chloride is depicted in Figure 3.43,

along with the average values and interquartile range. The average values with the NaCl

solution from the studied soil profile showed a slight decrease compared to deionized water.

However, the order of magnitude of 1×10−5 remained consistent. The interquartile range is
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recommended to utilize such data.

Figure 3.40: Void ratio and hydraulic conductivity using NaCl along the soil profile.

The hydraulic conductivity of sandstone using saline solution determined by the

column test was 1.48×10−10 m/s with 160 kPa of confinement and 2.49×10−10 m/s with 320

kPa of confinement. Through the leaching test, the results were 1.16×10−10 and 2.06×10−10

m/s for the confinement stresses of 160 and 320 kPa, respectively. Figure 3.44 presents the

data used to calculate k of the sandstone at the specified confinement stresses. Due to the
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large number of measurements taken in the column and leaching tests, the results are given

as a function of the volume of percolated voids or pore volumes (PV).

Figure 3.41: Hydraulic conductivity of soil from 1 to 7 m depth as a function of void ratio using column
and leaching tests.

As mentioned in Chapter 2, using water as the percolating fluid, the average value

of k for the specimen consolidated at 160 kPa was 7.88×10−10 m/s and 2.69×10−10 m/s for
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Figure 3.42: Hydraulic conductivity of soil from 11 to 16 m depth as a function of void ratio using column
and leaching tests.

320 kPa consolidation, under conditions similar to the saline tracer test, i.e., pressure divided

between the top and bottom and a gradient of 20 for 160 kPa confinement and 400 for 320

kPa confinement. During the test, different gradients for the 160 kPa confinement were not

evaluated; such a test was conducted for the specimen consolidated at 320 kPa, aiming to

observe the outcomes and ascertain the maximum gradient feasible for employment in column
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Figure 3.43: Variation in the hydraulic conductivity of the soil subjected to column and leaching tests
using NaCl as a tracer. The average value is in golden, and the first and third quartiles are dashed red.
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and leaching tests with saline solution, ultimately arriving at a value of 400.

From the results of the column and leaching tests on sandstone using NaCl as a

tracer, it can be observed that there is little variation in hydraulic conductivity with a slight

reduction in k compared to the use of deionized water. However, the values remained on the

order of 1×10−10 m/s. This value is recommended for average geostatic pressures exceeding

160 kPa and saline solutions. A value of 1×10−8 m/s is suggested for more conservative

methods, particularly when determined below 80 kPa of confinement with deionized water.

Tables 3.3 and 3.4 summarize the results of hydraulic conductivity with water and

saline tracer in this work. Regarding the hydraulic conductivity values in sandy soils using

tracers, the values obtained here are consistent with Freyberg (1986), Jellali et al. (2010),

Mondelli et al. (2007), Ojuri & Ola (2010), Lu et al. (2013), Godoy et al. (2018), and Sutton

et al. (2022).

Previous studies indicate a more significant saline influence on clays, especially

regarding the increased hydraulic conductivity. In sands, the effect was found to be opposite

to negligible. The trend of increasing clays’ permeability with tracers likely relates to the

porosity available for flow. The thickness of the double layer decreases with increasing

concentration in the fluid, leading to an increase in the porosity of the clays (Studds, 1998).

The hydraulic conductivity of the sandstone determined here is in line with findings reported

by Schulze-Makuch (1997), Boving & Grathwohl (2001), and Neukum et al. (2014).

As previously discussed in Chapter 2, the sandstone results may be related to the

presence of smectite group clay minerals, although this relationship still needs to be fully

understood. As stated by Wilson et al. (2021), pore-clogging in rocks due to the presence of

clay minerals, as well as its magnitude and extent, lacks clear understanding, constituting

additional uncertainties regarding the transport of contaminants in rocks.

The influence of water-sensitive clay minerals may have had a similar effect on

permeability as Ng et al. (2020) reported, where the pores were clogged by the elevated water

content that caused the hydration of the biopolymer chains. This characteristic is similar to

what is found with the use of bacteria present in the physical medium, which can eventually

reduce hydraulic conductivity by clogging the voids (Ng et al., 2019).
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Figure 3.44: Hydraulic conductivity data of sandstone confined at 160 and 320 kPa as a function of pore
volumes using NaCl as a tracer.

On the other hand, the presence of salts as tracers may have inhibited the expansion

of the clay minerals in the sandstone. Huggett & Uwins (1994) noted the reduction in

sandstone expansion after immersion in solutions with KCl. The authors attribute this to the

high concentration of electrolytes in the solution. Additionally, Schmittner & Giresse (1999)

and Sebastián et al. (2008) noted that NaCl is one of the most effective salts in preventing

the expansion of clays, a characteristic also described by Fujii et al. (2020).

In this way, the similar values of hydraulic conductivity of the sandstone with

deionized water and sodium chloride under the same confining stresses imply a more significant

contribution of confinement and a consequent reduction in effective porosity in the results. For
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the previously mentioned reasons, in addition to confinement, the expansion of clay minerals

discussed in Chapter 2 indicates little to no interference in the tested conditions, i.e., 160

and 320 kPa of confining stress. The presence of clay minerals and their influence under

reduced stresses, especially at values lower than the expansion pressures of around 55 kPa

(see Chapter 2), requires further study.
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Table 3.3: Summary of the soil’s hydraulic conductivity and seepage velocity determined using permeability, column and leaching tests.

Depth Parameter Min 1° quartile Mean 3º quartile Max Fluid
1 - 7 m k (m/s) 4.61×10−6 1.10×10−5 1.20×10−5 1.40×10−5 1.64×10−5 Water
11 - 16 m 3.21×10−6 6.70×10−6 9.00×10−6 1.10×10−5 1.23×10−5

1 - 7 m k (m/s) 4.59×10−6 5.00×10−6 9.70×10−6 1.40×10−5 1.50×10−5 NaCl solution
11 - 16 m 2.34×10−6 3.20×10−6 4.60×10−6 5.30×10−6 7.99×10−6

1 - 7 m v (m/s) 1.17×10−4 2.80×10−4 3.10×10−4 3.60×10−4 4.17×10−4 Water
11 - 16 m 9.90×10−5 2.00×10−4 2.60×10−4 3.10×10−4 3.56×10−4

1 - 7 m v (m/s) 1.22×10−4 1.60×10−4 2.50×10−4 3.40×10−4 3.87×10−4 NaCl solution
11 - 16 m 7.35×10−5 9.80×10−5 1.50×10−4 1.80×10−4 2.75×10−4
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Table 3.4: Sandstone’s average values of hydraulic conductivity and seepage velocity with different flowing fluids.

Test Parameter Confinement (kPa) Value Fluid
Permeability k (m/s) 160 7.88×10−10 Water

320 2.69×10−10

Column k (m/s) 160 1.48×10−10 NaCl solution
Leaching 160 1.16×10−10

Column k (m/s) 320 2.49×10−10 NaCl solution
Leaching 320 2.06×10−10

Permeability v (m/s) 160 7.88×10−8 Water
320 3.41×10−8

Column v (m/s) 160 2.70×10−7 NaCl solution
Leaching 160 2.12×10−7

Column v (m/s) 320 4.38×10−7 NaCl solution
Leaching 320 3.63×10−7
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Contaminant transport parameters

The contaminant transport parameters: dispersivity (α), hydrodynamic dispersion

(Dh), retardation factor (Rd), and partition coefficient (Kd) of the soil and sandstone are

presented below as a function of the Péclet number (Pe) to define their variation. The results

considered the same confining pressures that defined hydraulic conductivity with a saline

tracer. In this work, the dispersivity and hydrodynamic dispersion results are longitudinal, i.e.,

in the same direction as the flow, and will only be referred to as dispersivity and hydrodynamic

dispersion. No transverse value tests or estimates were conducted. In situations requiring the

use of transverse parameters, the widely accepted initial value in the literature of αL/αT ∼

10 (Appelo & Postma, 2004; Rowe et al., 2004; Bear & Cheng, 2010; Fetter et al., 2017) is

recommended as the initial value.

Dispersivity

The parameter related to the spread of contaminants through the porous medium,

the dispersivity of the soil and sandstone as a function of Pe is shown in Figure 3.45, from

which it is inferred that the values obtained from column and leaching tests overlap. Both

relate to the Péclet number, which increased with the reduction of dispersivity and showed

higher values for the column test. Upon depth analysis, α values can be categorized for the

soil at 1 to 7 m and 11 to 16 m for the column and leaching tests, as depicted in Figure 3.46.

From the preceding, Figure 3.47 presents the mean and the interquartile range of

the dispersivity calculated for the soil. In this case, the same range of values is recommended

for the column and leaching tests, separated by the mentioned depths. Thus, from 1 to 7 m

deep, the average value of α was 3×10−3 m, with a first quartile of 2×10−3 m and a third

quartile of 4×10−3 m, and the result for the first and third quartiles was 4×10−3 and 7×10−3

m, respectively.

Regarding the sandstone, the values of α for the column test were 5×10−3 m with

160 kPa of confinement and 1.1×10−2 m with 320 kPa of confinement. The values obtained

from the leaching test were 3.92×10−3 and 6.59×10−3 m for the confining stresses of 160 and
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Figure 3.45: Dispersivity as a function of Péclet number from column and leaching tests in soil and
sandstone.

320 kPa, respectively.

The results indicate that the dispersivity of soil and sandstone was approximately on

the order of 10−3 m. The similar magnitude of values in both materials could be attributed to

a potential relationship in their determination, as the parameter α was calculated based on

hydrodynamic dispersion, neglecting the diffusion component (α=Dh/v). Additionally, the

hydrodynamic dispersion, which introduces a parameter for analysis, was determined using

the Péclet number derived from the analytical solution (Dh= v×L/Pe). It is worth noting

that the seepage velocity is associated with both parameters. Consequently, the decrease

in the number of voids available for flow in the sandstone led to proportional reductions in

seepage velocity and hydrodynamic dispersion, resulting in similar dispersivity values in both
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Figure 3.46: Dispersivity values from column and leaching tests along the soil profile.

materials.

Among the factors that influence dispersivity, the flow lines depend on the available

voids. A lack of interconnected pores leads to increased tortuosity and both longitudinal and

transverse dispersivities (Szecsody et al., 1994). Carey et al. (2018) adds that the distribution

of pores can affect dispersivity, such that a broader pore distribution would result in greater

dispersivity.

From the discussion about dispersivity, it is noted that the parameter was reduced

for both materials. Although dispersivity is classically accepted as a property of the medium

(Freeze & Cherry, 1979; Voudrias & Yeh, 1994), it is currently considered that there is a
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Figure 3.47: Dispersivity along the soil profile with the defined ranges of mean values (golden line), first
and third quartiles (dotted red line) for the depths of 1, 4, and 7 m, as well as for 11, 13, and 16 m.

relationship between the scale and the heterogeneity of the porous medium. In situ reported

values have been significantly higher than the laboratory’s, often for the same material (Levy

& Chesters, 1995; Woumeni & Vauclin, 2006; Ojuri & Ola, 2010). Similarly, Freeze & Cherry

(1979) point out that the values found in the literature for relatively homogeneous sands

under controlled laboratory conditions are generally small and fall within the range of 1×10−4

to 1×10−2 m.
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Hydrodynamic dispersion

The combination of transport through molecular diffusion and mechanical dispersion

(Rowe et al., 2004), hydrodynamic dispersion was related to the Péclet number as shown in

Figure 3.48. The decrease in the Péclet number with an increase in Dh was consistent with

expectations. Particularly the leaching tests demonstrated higher values. However, the result

with sandstone differed from that of the soil, in contrast to the behavior of dispersivity. As

previously discussed, the distinct values occurred due to the determination of dispersivity,

which maintained proportionality even with changes in the seepage velocity. Reiterating, in

other words, the reduction in v was proportional to the decrease in Dh, leading to values of α

that were close for both materials.

Figure 3.48: Hydrodynamic dispersion of soil and sandstone as a function of Péclet number.
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Plotted along the depth, the hydrodynamic dispersion varied based on the type of

test, with values being similar by depth (Figure 3.49). Thus, Figures 3.50 and 3.51 show

the range of Dh values for the column and leaching test for the soil profile. The values

corresponding to a depth of 7 m deviated from the others and were practically disregarded

by the box plot diagram. Therefore, the recommended Dh values for the soil profile from

the column test were between 3.1×10−7 m2/s and 8.5×10−7 m2/s, with an average value

of 5.7×10−7 m2/s. Considering the leaching test, the values ranged between 7.3×10−7 and

1.5×10−6 m2/s, with an average of 1.1×10−6 m2/s.

Figure 3.49: Results of hydrodynamic dispersion along the soil profile, as determined by column and
leaching tests.
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The Dh determined for the sandstone was 1.44×10−9 and 4.79×10−9 m2/s with 160

and 320 kPa of confining stress, respectively, from the column test. From the leaching test,

the results were 8.34×10−10 m2/s with 160 kPa of confinement and 2.39×10−10 m2/s for 320

kPa of consolidation.

Since dispersivity is one of the terms in hydrodynamic dispersion, the factors that

alter both are analogous. Similarly to dispersivity, Dh has an intrinsic relationship with

the distribution and connection of pores (Bruderer & Bernabé, 2001), being relevant in the

processes of mixing, spreading, and arrival time of contaminants (Whitehead et al., 1985;

Theodoropoulou et al., 2003).

Figure 3.50: Hydrodynamic dispersion along the profile with the mean values (golden line) and first and
third quartiles (dashed red line) for the column test.
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Rowe et al. (2004) discuss that hydrodynamic dispersion is substantial at seepage

velocities above 10−9 m/s, at which diffusion can be neglected, and at lower values, mechanical

dispersion can be disregarded.

Aral & Liao (1996), Nguyen & Papavassiliou (2020), and Ding et al. (2021) elucidate

that despite the studies aimed at determining and applying hydrodynamic dispersion, its

understanding is still surrounded by uncertainties.

Figure 3.51: Hydrodynamic dispersion along the profile with the mean values (golden line) and first and
third quartiles (dashed red line) for the leaching test.

Figure 3.52 represents the Dh/Do versus Péclet number, assuming molecular diffusion

equals 10−9 m2/s, in which was notable the advective-dispersive behavior was predominant.
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The results for sandstone lie below the fitted curve, indicating a less significant hydrodynamic

dispersion. In contrast, the results for soil suggest a superior predominance of contaminant

transport controlled by advective-dispersive, with similar Péclet numbers for both materials.

Figure 3.52: Relationship between Dh/Do versus Péclet number (*Data sourced adapted from Von
Rosenberg (1956), Carberry & Bretton (1958), Blackwell et al. (1959), and Raimondi et al. (1959) apud
Perkins & Johnston (1963) related to uniform sand or beads.)
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Retardation factor

Figure 3.53: Retardation factor of soil and sandstone as a function of the Péclet number for column and
leaching tests considering the results of the Lapidus & Amundson (1952) analytical fit.

The retardation factor indicates the sorption effect of the contaminant concerning

the medium. Rd > 1 suggests sorption effect, Rd < 1 sorption can be neglected, and Rd

= 1 the solute is non-reactive (Shackelford, 1993). The Rd result from the analytical fit of

Lapidus & Amundson (1952) to the experimental soil and sandstone data as a function of

the Péclet number is shown in Figure 3.53, which shows a distinction between column and
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leaching results. Similarly to the previous parameters, higher Péclet values were associated

with the column test. As previously described, Rd was calculated in four different ways. The

outcomes for the studied soil profile are presented in Figures 3.54 and 3.55 for the column

and leaching tests, respectively.

Figure 3.54: Column test retardation factors along the soil profile achieved by different methods, with
the average value represented by the golden line and the interquartile range by the red dashed lines.
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The values could be organized by column and leaching tests across the soil profile

under investigation starting from the four methods. Box plot diagrams, available in the

supplementary material, were employed to define the range of values.

Figure 3.55: Leaching test retardation factors along the soil profile achieved by different methods, with
the average value represented by the golden line and the interquartile range by the red dashed lines.
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The results from the column test for the first quartile, third quartile, and mean were

1.72, 2.19, and 1.94, respectively. For the leaching test, the interquartile range values were

1.56 and 1.86, with a mean of 1.77. The retardation factor determined for the sandstone

showed similar values to that of the soil. With a confining pressure of 160 kPa, the minimum,

maximum, and average values were 1.72, 2.02, and 1.82, respectively. When consolidated at

320 kPa, the average value was 1.38, with minimum and maximum results of 1.20 and 1.51.

The Rd values of the soil in both the column and leaching tests indicate a minor

sorption contribution. The soil under study is predominantly sandy with a low clay content

(<20%), with the presence of kaolinite and iron and aluminum oxides and hydroxides (Giacheti

et al., 2019). Indication of sorption in sandy soil can be related to the lateralization of the

material, as shown by Fagundes & Zuquette (2011) in a soil similar to the one studied. The

authors endorse that the attenuation capacity in materials with theoretically low sorption

capacity is significantly more effective at low concentrations and with oxides and hydroxides.

About the sandstone, the contribution of the retardation factor, albeit with reduced values,

can be explained by the presence of clay minerals, but from the smectite group, as shown in

Chapter 2, evidenced by the sandstone’s expansion and the clay mineral’s detection through

the methylene blue technique.

The values of the retardation factor slightly above 1 indicate that the movement of

the plume’s center of mass is somewhat delayed in relation to the movement of the fluid’s

center of mass, moving almost together. This slight (practically negligible) delay may be

associated with the sorption of sodium alongside the few clay minerals present in the sandstone

and the lateralization of the soil.

Kjeidsen & Christensen (1984) state that sodium is mitigated solely by sorption.

Shackelford & Redmond (1995) report that Cl– is generally non-reactive, while Na+ can

be sorbed by kaolinite. However, the authors emphasize that kaolinite’s exchange capacity

depends on pH. Chlorine tends to be sorbed in solutions with low pH, whereas sodium has a

greater affinity for kaolinite at higher pH levels, as observed in this work.
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Partition coefficient

Defined as the ratio between the concentration absorbed by the medium and the

concentration dissolved in the leachate, the partition coefficient is one of the factors contribut-

ing to the delay in the transport of contaminants (Ceazan et al., 1989; Grathwohl & Susset,

2009).

Figure 3.56: Soil and sandstone partition coefficient as a function of the Péclet number based on the
analytical fit of Lapidus & Amundson (1952).
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Figure 3.57: Mean column test partition coefficient (golden line) and interquartile distance (red dash
lines) along the soil profile achieved by different methods.

Since the partition coefficient is interdependent on retardation factor, Kd was

determined based on the four methods used to calculate Rd, considering linear isotherms.

The distribution of Kd results as a function of the Péclet number, based on the analytical

fitting from Lapidus & Amundson (1952) (see Figure 3.56), appears similar to that of Rd,

given that the former was determined from the latter. However, unlike Rd, the partition
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coefficient did not show the same trend throughout the profile. This was established for the

soil at depths of 1, 4, and 7 m and for 11, 13, and 16 m, as exemplified by Figure 3.57 with

results from the column test, and by Figure 3.58 with results from the leaching test.

Figure 3.58: Mean leaching test partition coefficient (golden line) and interquartile distance (red dash
lines) along the soil profile achieved by different methods.

Considering the column test, the average Kd was 1.94 ml/g, with an interquartile

range between 0.23 and 0.32 ml/g for the soil at depths of 1 to 7 m. Conversely, for the same
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depths as determined by the leaching test, the first quartile was 0.11 ml/g, the third quartile

was 0.21 ml/g, and the average value was 0.16 ml/g.

For the soil between 11 and 16 m deep, the results for the first and third quartiles of

Kd from the column test were 0.17 and 0.22 ml/g, respectively, with an average of 0.20 ml/g.

For the leaching test, the interquartile values ranged from 0.10 to 0.17 ml/g, with an average

of 0.14 ml/g.

For the sandstone, the average, minimum, and maximum values of Kd were deter-

mined, which turned out to be minor, like the soil, but with less variation among the data.

Considering the column test and the confinement of 160 kPa, Kd had an average of 0.09 ml/g

and was between 0.08 and 0.11 ml/g. At 320 kPa of confining stress, Kd was between 0.02

and 0.06 ml/g, with an average value of 0.04 ml/g. The values determined from the leaching

test with 160 kPa of confinement ranged between 0.08 and 0.12 ml/g, with an average of 0.10

ml/g. When applying 320 kPa, the minimum, average, and maximum results were 0.06, 0.08,

and 0.13 ml/g, respectively. The reduced variability in the sandstone data may be attributed

to the smaller dataset processed, potentially leading to better statistical treatment due to the

grouping of soil data based on depths.

It is noted that the determined values were low. Therefore, the partition coefficient

had little to no influence on the tests. As emphasized by Labrecque & Blanford (2021), when

the retardation factor approaches 1, the partition coefficient approaches zero, indicating a

small contribution to delaying the transport of pollutants. The small values indicate the

substantial importance of transport by advection-dispersion, given that high values of Kd

reduce the movement of contaminants, increasing the time for them to reach the receptor

(US EPA, 1999), an effect contrary to what is observed here.

A tracer can be considered as mobile as water if Kd ≤ 0.1 ml/g and immobile if

Kd ≥ 10000 ml/g (Amadi & Odedede, 2021). Therefore, the NaCl used in this study is

predominantly in solution and experiences minimal sorption by the soil or rock matrix.

The minimum, maximum, average, and interquartile range values of dispersivity,

hydrodynamic dispersion, retardation factor, and the partition coefficient determined here

are summarized in Table 3.5.
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Table 3.5: Summary of the transport parameters determined in this work. The letters C and L indicate the column and leaching tests. Their
absence suggests data for both.

Depth Parameter Min 1° quartile Mean 3º quartile Max Fluid
1 - 7 m α (m) 1.65× 10−3 2.00× 10−3 3.00× 10−3 4.00× 10−3 6.29× 10−3 NaCl solution
11 - 16 m 2.71× 10−3 4.00× 10−3 5.00× 10−3 7.00× 10−3 1.19× 10−2

1 - 16 m C Dh (m2/s) 2.61× 10−7 3.10× 10−7 5.70× 10−7 8.50× 10−7 1.21× 10−6 NaCl solution
1 - 16 m L 3.96× 10−7 7.30× 10−7 1.10× 10−6 1.50× 10−6 2.19× 10−7

1 - 16 m C Rd 1.19 1.72 1.94 2.19 2.48 NaCl solution
1 - 16 m L 1.44 1.56 1.77 1.86 2.62
1 - 7 m C Kd (ml/g) 0.17 0.23 0.27 0.32 0.34 NaCl solution
1 - 7 m L 0.13 0.11 0.16 0.21 0.27

11 - 16 m C Kd (ml/g) 0.03 0.17 0.20 0.22 0.26 NaCl solution
11 - 16 m L 0.09 0.10 0.14 0.17 0.29237
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Arrival times

The experimental and analytical results of arrival time, breakthrough time, and

pick time are respectively depicted in Figures 3.59, 3.60, and 3.61 of the soil profile with

the confining stresses applied to the representative specimens at the investigated depths.

Similarly, the first leaching time, leaching breakthrough time, and leaching time are illustrated

in Figures 3.62, 3.63, and 3.64, respectively.

Figure 3.59: Arrival time of NaCl with confinement along the depth of the soil profile studied.

As exemplified by Figure 3.59, the arrival time increased with the increase in con-
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finement. The At increased from 2 to 4 min for soil at a depth of 4 m to 5 to 10 min for soil

deeper than 11 m with confining stress of 160 kPa and from 10 to 19 min with 320 kPa of

confinement. For soil at a depth of 7 m, the arrival time was 10 min.

Figure 3.60: Breakthrough time of NaCl with confinement along the depth of the soil profile studied.

The results obtained from the analytical models closely matched the experimental

values up to a depth of 7 m. However, they underestimated the experimental results at depths

of 11, 13, and 16 m, particularly under higher confinements. This observed deviation can

be attributed to the better fit of the analytical curves at shallower depths and with lower
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Figure 3.61: Pick time of NaCl with confinement along the depth of the soil profile studied.

confinement, although for all curves, the R2 was higher than 0.98.

Regarding the breakthrough time illustrated by Figure 3.60, the system failure

occurred between 5 and 12 min for soil up to 4 m deep and at 15 min for 7 m deep. Below a

depth of 11 m, the breakthrough time was reached between 8 and 12.5 min for a confining

stress of 160 kPa and was shown to be between 18 and 23 min for a confinement of 320 kPa.

The results clarify that, concerning advective-dispersive flow, the increase in confinement

of the samples led the system to fail later. This underscores the significance of reducing

permeability to avoid advective-dispersive flow and, consequently, contamination. In the
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Figure 3.62: First leaching time of NaCl with confinement along the depth of the soil profile studied.

case of sandy soil with a hydraulic conductivity on the order of 1×10−5 m/s, undesired

concentration was rapidly attained.

The experimental and analytical values in the central region of the breakthrough

curves were quite close. However, the beginning and end of the BTCs did not align well with

the analytical curves, which was also noted by Hassanzadeh et al. (2020).

Like the arrival time and previous breakthrough time, the peak time value (Figure

3.61) increased with the depth and confinement of the samples, with experimental and an-

alytical data being close to 7 m. At depths of 1 to 4 m, the peak time at the end of the
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breakthrough curve ranged from 15 to 30 min, while at depths of 7 m and with 160 kPa of

confinement, the peak times were similar, ranging from 22 to 39 min at depths of 11, 13,

and 16 m. For a confinement pressure of 320 kPa, peak times at depths of 11, 13, and 16 m

ranged from 50 to 70 min.

Figure 3.63: Leaching breakthrough time of NaCl with confinement along the depth of the soil profile
studied.

In the leaching test, the initial leaching time depicted in Figure 3.62 ranged from 2 to

7 min for the soil up to 4 m deep and 6.5 to 7.5 min for the sample at 7 m depth consolidated
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at 80 kPa. For this last depth, with a confinement of 160 kPa, the FLt values varied from 9

to 13 min, a duration exceeding that observed for deeper depths with higher confinement.

The samples from depths 11, 13, and 16 exhibited similar behavior. With a confinement of

160 kPa, the FLt ranged from 6 to 8 min, and with 320 kPa of confining stress, the time

increased, ranging between 9.5 and 11.5 min, except for the 13-meter sample consolidated at

160 kPa, which displayed an initial reduction in concentration proportionate to the surface

soils at 1 and 4 ms deep. The exceptions observed for depths of 7 and 13 ms, and the better

analytical fit for the latter and worse for the former, lack a definitive explanation.

Figure 3.64: Leaching time of NaCl with confinement along the depth of the soil profile studied.
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The leaching breakthrough time, defined in this work as the time required to

reduce the concentration to the maximum allowable level, is illustrated by Figure 3.63. The

comparison between experimental and analytical data revealed a strong agreement. Again,

there was an increase in LBTt with depth and confinement. The samples at 1 and 4 m of

confinement at 20 and 40 kPa presented similar results, with values between 5 and 9 min.

For the 4 m depth sample consolidated at 80 kPa, the LBTt increased to 14 min. The results

for depths of 7 m at 80 kPa confinement and 11 and 16 m at 160 kPa ranged between 19 and

24 min. For the confining stress of 160 kPa applied to the test specimen representative of a

13 m depth, the results remained once again close to the soil at 1 and 4 m depths.

Furthermore, when the confining stress was increased to 320 kPa for soils at 11 and

13 m, the breakthrough time increased to 35-38 min and 55-60 min, respectively. On the other

hand, the soil at 16 m depth showed little change when increasing the confining stress to 320

kPa, with the LBTt moving to 25 min. The results indicate that the sample corresponding to

16 m depth leached more rapidly, with results like the soil at 7 m depth, even with double

the confinement applied. In fact, the values starting from 7 m depth were akin (between 20

and 40 min) except for the sample corresponding to 13 m depth, which had results similar to

the soil at 4 m depth for 160 kPa confinement and LBTt values above 55 min for 320 kPa

confining stress.

Regarding the total time to leach the soil tracer, the experimental results presented

in Figure 3.64 did not reach a relative concentration of zero but instead values on the order

of 0.03. Nonetheless, the soil profile’s experimental data and analytical curves fit well. The

Lt for the first and fourth meter with 20 and 40 kPa of confinement ranged between 12 and

17 min. With a confining stress of 80 kPa applied to the soil sample at the fourth meter, the

Lt increased to 24 to 35 min, a value close to the soil at 13 m with 160 kPa of confinement

(22 to 28 min).

Analogously, other parameters derived from the breakthrough curve of the leaching

test indicated that the values at a depth of 13 m, consolidated at 160 kPa, closely resembled

those of the soil at 4 m. In contrast, the values with 320 kPa of confinement at different

depths exceeded 125 min. The soil at depths of 7 m, consolidated with 80 kPa, and at 11 and
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16 m, consolidated with 160 kPa, yielded results ranging between 29 and 45 min. Similarly,

the leaching time of the sample at 7 m depth, subjected to 160 kPa of confinement, ranged

between 50 and 62.5 min, aligning closely with the sample at a depth of 16 m under 320 kPa

of confinement.

The parameters obtained from the breakthrough curve in the central section of the

curve, that is, BTt and LBTt, demonstrated the strongest correlation between experimental

and analytical data. As discussed previously, the values of hydraulic conductivity exhibited

similar behavior at depths of 1, 4, and 7 m, as well as at 11, 13, and 16 m. This similarity

also extended to the contaminant transport parameters, with some exceptions observed,

such as the LBTt being approximately 30 min higher for the sample at a depth of 13 m

compared to the sample at 16 meters under the same confinement, despite similar hydraulic

conductivity values. The results presented here support hydraulic conductivity’s crucial role

in advection-dispersion parameters.

Overall, the leaching test exhibited a better fit for the analytical model. The reduction

of k, directly associated with advective-dispersive flow, resulted in prolonged arrival times.

Higher confinements corresponded to more significant reductions in k, thereby influencing the

arrival times, as discussed previously.
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BTC – Heavy metals

As discussed in the introduction and the materials and methods, the mentioned

metals were chosen based on the work of Faria & Mondelli (2018), which found that Mn, Ni,

and Pb were detected at concentrations exceeding those permitted by Brazilian environmental

authorities CONAMA 420/09 (2009) and CETESB (2014) in monitoring wells around Bauru’s

MSW disposal site.

In light of the preceding findings and the proximity of sandstone in the waste

material, this study opted to examine the most critical scenario: percolating synthetic

leachate containing nickel, manganese, and lead through the unconsolidated sandstone. In

this way, Table 3.6 presents the initial index properties of the sandstone sample. Figure 3.65

depicts the breakthrough curves for the aforementioned metals in the sandstone over time.

Additionally, Figure 3.66 portrays the relative concentration as a function of pore volume.

The flow remained uninterrupted with a constant concentration for 17 days. At this

moment, the flow was interrupted for approximately 6 months to verify the occurrence of

diffusion as suggested by Brusseau et al. (1989), Brusseau et al. (1997), Appelo & Postma

(2004), and Woodman et al. (2015). After the period without flow mentioned, the test was

resumed under identical conditions. In the subsequent collection interval, an increase in the

relative concentration of Mn from 0.29 to 0.58 and of Ni from 0.12 to 0.34 was observed,

demonstrating the presence of pollutant transport by diffusion. The dashed purple line in

Figures 3.64 and 3.65 illustrates the pause period of the flow.

Table 3.6: Initial index properties of the sandstone used for the column test with a multi-ionic heavy
metals solution.

Sandstone wi (%) ρs (g/cm3) ei ρd (cm3) n (%)
Gray 1.90 2.628 0.396 1.882 28.38
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Figure 3.65: Breakthrough curve of manganese, nickel, and lead percolating through sandstone as a function of time.
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Figure 3.66: Breakthrough curve of manganese, nickel, and lead percolating through sandstone as a function of pore volume.
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Utilizing Pb as a reactive tracer presents considerable challenges, particularly at low

concentrations in an alkaline medium (pH 8), where lead tends to precipitate (Copenhaver

et al., 1993; Francisca & Glatstein, 2020). Furthermore, some authors have reported that

lead is preferred in sorption when competing with other metals, and it is difficult to detect in

the effluent fluid, leading to an increase in the retardation factor and a reduction in mobility.

In contrast, manganese, which tends to remain dissolved, exhibits higher mobility, has a

lower retardation factor, and can reach greater distances, as mentioned by Chotpantarat

et al. (2011). The authors attribute this preference mainly to the reduced ionic radius of Pb,

which favors its binding to the soil surface and limits access to sorption sites by other metals.

Therefore, the undetectable concentration of Pb can be attributed to its strong retention in

sandstone through sorption and precipitation, resulting in negligible transport.

It is possible to infer from the results that manganese and nickel performed effectively

as tracers even in basic environments, representing a greater risk of their dispersion and

migration through the sandstone. Both maintained stable concentrations up until the flow

interruption. After it resumed, the values remained consistent until the 45th day of the test.

At this point, the concentration of both elements dropped to levels comparable to those at

the moment of flow interruption, even though the test’s unchanged boundary conditions. The

test concluded on the 85th day.

Voudrias & Yeh (1994) observed a similar situation with an increase in toluene

concentration after stopping the flow for 81 hours. Likewise, in this study, the toluene

concentration returned to the same pattern as before the flow interruption. However, unlike

the abrupt reduction noted by Voudrias (1994), we observed a gradual decrease occurring

approximately 28 days after the flow was restored. Similar observations were also discussed

by Koch & Flühler (1993) and Wehrer & Totsche (2008).

Brusseau et al. (1997) noted that if sorption sites are available during the interruption

of flow, the concentration determined after the flow is reestablished will be lower. On the

other hand, the opposite effect will be noted if there is a limitation on sorption. Considering

the reduced Kd values determined in this study for NaCl, the increase in the concentration

of Mn and Ni upon cessation of flow aligns with the observations of Brusseau et al. (1997).
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Additionally, Reedy et al. (1996) infer that the shape of the BTCs in tests with pauses during

their conduction indicates not only diffusion but also the presence of nonlinear physical

processes.

Thus, the result of the asymmetric BTC indicates non-linear Rd. Therefore, con-

ducting batch equilibrium tests of the sandstone samples for the mentioned metals of study

appears attractive for determining the sorption kinetics of the material. Although Plassard

et al. (2000), Pang et al. (2004), Miretzky et al. (2006) and Zhao et al. (2009) recommend

column tests to determine Rd as it better reflects field conditions, in situ results have shown to

be superior for this parameter, as illustrated in the research by Odling et al. (2007), where the

authors attribute this difference to the seepage velocity, aligning with the earlier discussion

on dispersivity.

During the 9-month test period, 23 PV percolated through the sample because of

the low permeability of the material. The breakthrough time for Mn was 30 days, and for

Ni, it was 7 days. In other words, this was the time required for the concentration of Mn to

exceed 0.4 mg/L and that of Ni to exceed 0.07 mg/L. Given that the initial concentration of

the tracers was 0.5 mg/L, relative concentrations of Mn above 0.8 and Ni above 0.14 indicated

the breakthrough time.

The mobility capacity of Mn and Ni highlights the finding from Faria & Mondelli

(2018) as two of the metals present in concentrations exceeding the minimum established by

the Brazilian environmental agency CONAMA 420/09 (2009) and by the state of São Paulo

CETESB (2014). Moreover, Pb, despite its complex migration, was also detected at levels

above what is acceptable, given that it has more stringent limits (< 0.01 mg/L) due to being

extremely toxic, even at low concentrations (Needleman, 1990; Laidlaw & Taylor, 2011).

It was not possible to determine the arrival time and peak concentration. The data

also did not allow for the analytical adjustment proposed by Ogata & Banks (1961) and

Lapidus & Amundson (1952). Consequently, the other transport parameters could not be

determined.

Tables 3.7 to 3.7 show the results of other authors in determining transport parame-

ters in soils analogous to the soil profile studied here. Similarly, Tables 3.11 to 3.14 present
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the results of research on sandstones aimed at determining pollutant transport parameters.

It is noted that the authors present a wide range of values. The determination of

complex parameters, such as those related to the transport of contaminants, depends on a

series of factors to be considered, including, but not limited to, the use of field or laboratory

testing, sampling conditions, the scale used, the tracers employed, the testing methodologies,

and the analysis of the results adopted. These factors culminate in a significant number of

variables to be considered and, consequently, a high variability of the determined transport

parameters.
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Table 3.7: Transport parameters ascertained by various researchers using different tracers in similar soils to those utilized in this study.

Reference Material Test Tracer Parameter Value

Harleman & Rumer (1963) Plastic spheres Column NaCl Dh (m2/s) 2.24 × 10−8 - 8.26 × 10−7

Wood & Ehrlich (1978) Sand and gravel Observation I α (m) 1.5 × 10−2

wells Transmissivity (m2/s) 3.2 × 10−3 - 4.4 × 10−3

Kjeidsen & Christensen (1984) Sand Column Organic matter (COD) Rd 0.89 - 0.97
NH4 0.72 - 0.78
Na 0.87 - 0.97
K 0.65 - 0.73
Ca 1.00
Mg 0.52 - 0.87
Fe 0.13 - 0.20
Mn 0.28 - 0.36
Zn 0.03
Cd 0.20 - 0.04
B 0.20 - 0.7

Loamy sand Column Organic matter (COD) Rd 0.83 - 0.90
NH4 0.30 - 0.45
Na 0.65 - 0.80
K 0.23 - 0.43
Ca 0.87 - 1.00
Mg 0.48 - 0.56
Fe 0.11 - 0.15
Mn 0.20 - 1.00
Zn 0.02
Cd 0.02
B 0.20 - 0.30

Sand Leaching Organic matter (COD) Rd 0.81 - 0.95
NH4 0.54 - 0.76
Na 0.77 - 0.83
K 0.55 - 0.67
Ca 1.00
Mg 0.27

Batta & Murty (1982) Alluvial sandy loam In situ CaCl2 Dh (m2/s) - site 1 7.17 × 10−8 - 1.22 × 10−7

Dh (m2/s) - site 2 1.24 × 10−7 - 1.32 × 10−7

Dh (m2/s) - site 3 1.07 × 10−7 - 1.13 × 10−7

Column CaCl2 Dh (m2/s) - site 1 8.05 × 10−8 - 8.52 × 10−8

Dh (m2/s) - site 2 7.55 × 10−8 - 8.40 × 10−8

Dh (m2/s) - site 3 7.58 × 10−8 - 8.45 × 10−8
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Table 3.8: Transport parameters ascertained by various researchers using different tracers in similar soils to those utilized in this study
(continued).

Reference Material Test Tracer Parameter Value
Freyberg (1986) Medium to fine sand In situ Br and Cl α (m) 0.49

pulse injection k (m/s) 5.00 × 10−7 - 2.00 × 10−5

Ceazan et al. (1989) Sand and gravel Batch equilibrium K and NH4 Kd (ml/g) 0.59 - 0.87
Rd 2.00

In situ tracer Rd 3.50

Robbins (1989) Spherical glass beads Column Bromide - Dhx (m2/s) - 1D 1.58 × 10−8 - 3.76 × 10−8

continuous source Dhx (m2/s) - 3D 1.15 × 10−8 - 2.58 × 10−8

Dhy (m2/s) - 3D 3.36 × 10−10 - 1.28 × 10−9

Column Bromide - Dhx (m2/s) - 1D 6.93 × 10−9 - 2.3 × 10−8

instantaneous source Dhx (m2/s) - 3D 4.30 × 10−9 - 1.08 × 10−7

Dhy (m2/s) - 3D 3.31 × 10−10 - 1.22 × 10−8

Oostrom et al. (1992) Homogeneous sand Column NaI αL (m) 6.30 × 10−4 - 1.20 × 10−3

αT (m) 3.00 × 10−4 - 4.00 × 10−4

DhL (m2/s) 4.00 × 10−8

DhT (m2/s) 1.39 × 10−8

Leaching NaI αL (m) 6.70 × 10−4 - 1.30 × 10−3

Szecsody et al. (1994) Fine sand 2-layer system CaCl2 (salt) αL (m) 1.10 × 10−3 - 2.90 × 10−3

with contrasting DhL (m2/s) 3.90 × 10−8 - 1.10 × 10−7

hydraulic conductivity
Quinoline with αL (m) 2.20 × 10−3

2-Hydroxy- DhL (m2/s) 2.50 × 10−9

quinoxaline [2-OHQ] (organic)

Salt and organic αL (m) 2.10 × 10−3

DhL (m2/s) 2.50 × 10−9

Medium sand Salt αL (m) 3.50 × 10−2 - 4.90 × 10−2

DhL (m2/s) 7.20 × 10−6 - 3.00 × 10−5

Salt and organic αL (m) 3.00 × 10−2

DhL (m2/s) 4.20 × 10−7

Fine sand Salt αT (m) 1.70 × 10−4 - 6.30 × 10−4

DhT (m2/s) 5.90 × 10−9 - 2.20 × 10−8

Medium sand Salt αT (m) 1.00 × 10−5 - 4.00 × 10−5

DhT (m2/s) 2.70 × 10−8 - 7.90 × 10−8
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Table 3.9: Transport parameters ascertained by various researchers using different tracers in similar soils to those utilized in this study
(continued).

Reference Material Test Tracer Parameter Value

Seagren et al. (1999) Artificial porous media - Column Toluene α (m) 2.10×−3 - 3.00 × 10−3

glass beads

Chrysikopoulos et al. (2000) Sand Column Br Dh (m2/s) 2.18 × 10−8

Rd 1.31
α (m) 2.59 × 10−3

Kd (ml/g) 0.08
Pe 2.50

Gaganis et al. (2005) Artificial porous media - High-resolution HCl α (m) 1.50 × 10−3 - 2.50 × 10−3

glass-etched visualization technique
pore networks

Miretzky et al. (2006) Sandy loam Column NaNO3 Dh (m2/s) 7.40 × 10−8 - 1.13 × 10−7

Pe 45 - 52
α (m) 6.70 × 10−5 - 5.80 × 10−4

Jellali et al. (2010) Sandy Column NH4 Kd (ml/g) 0.47 - 0.82
α 2.00 × 10−3

Pe 500
k (m/s) 1.00 × 10−4

Ojuri & Ola (2010) Sand Tank model Chloride α (m) 6.00 × 10−4 - 1.64 × 10−3

Dh (m2/s) 1.60 × 10−6 - 6.90 × 10−6

k (m/s) 5.76 × 10−4

Lu et al. (2013) Coarse and fine sands Column and leaching Saltwater k (m/s) 2.97 × 10−4 - 1.52 × 10−3

α (m) 1.82 × 10−3

Hong & Shackelford (2017) Backfill Column Cl– Rd 1.00 - 1.15
(sand, bentonite, zeolite amendment) Pe 0.76 - 8.37

Dh (m2/s) 5.00 × 10−10 - 2.09 × 10−9

Batch equilibrium K+ Kd (ml/g) 0.48 - 5.2
Rd 2.65 - 17.9

Column K+ Kd (ml/g) 0.88 - 5.51
Rd 4.01 - 18.90

Batch equilibrium Zn+2 Kd (ml/g) 1.63 - 2.10
Rd 6.18 - 7.91

Column Zn+2 Kd (ml/g) 1.85 - 4.26
Rd 6.88 - 15.00
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Table 3.10: Transport parameters ascertained by various researchers using different tracers in similar soils to those utilized in this study
(continued).

Reference Material Test Tracer Parameter Value

Godoy et al. (2018) Clayey fine sand Column - small - scale K α (m) 3.00×−3 - 1.50
Kd (ml/g) 4.00 × 10−2 - 16.70

Cl α (m) 2.00 × 10−3 - 0.34
Kd (ml/g) 2.00 × 10−3 - 1.64

KCl k (m/s) 4.14 × 10−4

Podlasek et al. (2020) Loam Column NH4 Rd 10.50
Medium sand 3.50
Silty loam 131.40
Coarse sand 1.60

Loam Column NO3 Rd 2.60
Medium sand 1.00
Silty loam 11.20
Coarse sand 1.00
Medium sand Batch equilibrium NH4 Kd (ml/g) 2.20

Sandy clayey loam 2.20
Sandy gravel 1.50

Gravel 1.10
Medium sand 2.10

Clay 5.20

Sousa et al. (2020) Sand - SM to SP-SM Column Organic compounds Dh (m2/s) 1.31 × 10−7 - 4.62 × 10−6

Rd 1.00 × 10−4 - 1.36 × 10−4

α (m) - method 1 5.50 × 10−5 - 1.52 × 10−3

α (m) - method 2 1.00×−4 - 3.70 × 10−3

Sutton et al. (2022) Tailings sand Column Bromide α (m) 1.50 × 10−3 - 1.30 × 10−2

k (m/s) 3.70 × 10−5
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Table 3.11: Transport parameters ascertained by various researchers using different tracers and sandstones.

Reference Sandstone Test Tracer Parameter Value
Bourg et al. (1993) Coventry A Column 1,1,1- Trichloroethane (TCA) Rd 1.00 - 1.40

Trichloroethylene (TCE) Rd 1.50 - 2.00
Tetrachloroethylene (TeCE) Rd 3.00

NaI α (m) 9.50 × 10−4

Rd 1.20

Coventry B Column KBr α (m) 4.90 × 10−4

Mouvet et al. (1993) Coventry Batch equilibrium Trichloroethylene (TCE) Kd (ml/g) 0.10 - 0.12
Tetrachloroethylene (TeCE) Kd (ml/g) 0.27 - 0.34

TCE and TeCE Kd (ml/g) 0.13 - 0.30

Schulze-Makuch (1997) Lower aquifer Column KCl α (m) 1.70 × 10−3

Thornton et al. (2000a) Triassic Sherwood Column Na Rd 1.03 - 1.36
K 1.31 - 2.56

NH4 1.28 - 2.52

256



C
hapter

3
R
esults

and
D
iscussion

Table 3.12: Transport parameters ascertained by various researchers using different tracers and sandstones (continued).

Reference Sandstone Test Tracer Parameter Value
Thornton et al. (2000b) Nottingham Column Toluene Rd 1.17

Trichloroethylene (TCE) experimental 1.26
Tetrachloroethylene (TeCE) 1.42
Total organic carbon (TOC ) 1.01

Chemical oxygen demand (COD) 1.01
Toluene 1.07
TCE 1.11
TeCE 1.72
TOC 1.00
COD 1.00
TOC 1.05
COD 1.09
TOC 1.03
COD 1.08

Toluene Rd 2.31
TCE theroretical 1.82
TeCE 2.64
Toluene 2.38
TCE 1.87
TeCE 2.73
Toluene Kd (ml/g) 0.046
TCE experimental 0.070
TeCE 0.114
TOC 0.003
COD 0.003

Toluene 0.018
TCE 0.028
TeCE 0.107
TOC 0.013
COD 0.024
TOC 0.008
COD 0.023

Toluene Kd (ml/g) 0.355
TCE theroretical 0.223
TeCE 0.445
Toluene 0.355
TCE 0.223
TeCE 0.445
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Table 3.13: Transport parameters ascertained by various researchers using different tracers and sandstones (continued).

Reference Sandstone Test Tracer Parameter Value
Thornton et al. (2000b) West Midlands Column COD Rd - 1.21

Benzene experimental 1.56
Toluene 1.03
DCB 1.68
TCB 2.99
TCA 1.65
TeCA 1.114
TCE 1.65
TeCE 1.42

Naphthalene 3.04
Benzene Rd - 1.09
Toluene theroretical 1.24
DCB 1.34
TCB 2.09
HCB 4.95
TCA 1.15
TeCA 1.09
TCE 1.15
TeCE 1.3

Naphthalene 2.31
Hexachlorobutadiene (HCBD) 5.36

Lindrane 3.74
Dieldrin 26.3
COD Kd (ml/g) 0.054

Benzene experimental 0.144
Toluene 0.0077
DCB 0.175
TCB 0.514
TCA 0.168
TeCA 0.038
TCE 0.08
TeCE 0.108

Naphthalene 0.527
Benzene Kd (ml/g) 0.025
Toluene theroretical 0.063
DCB 0.089
TCB 0.281
HCB 1.02
TCA 0.04
TeCA 0.023
TCE 0.039
TeCE 0.078

Naphthalene 0.338
HCBD 1.126
Lindrane 0.966
Dieldrin 6.531
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Table 3.14: Transport parameters ascertained by various researchers using different tracers and sandstones (continued).

Reference Sandstone Test Tracer Parameter Value
Shepherd et al. (2002) Birmingham Batch equilibrium Artificial Rd 1.70 - 9.00

Triassic Triassic groundwater Kd (ml/g) 0.15 - 1.45

Streetly et al. (2002) Triassic In situ Amino-G-acid α (m) - test 1 2.00 × 10−2 - 3.00 × 10−2

slug injection Fluorescein Rd - test 1 1.00
Rd - test 2 1.40

Amino-G-acid α (m) - test 3 1 × 10−2 - 2.00
Fluorescein Rd - test 3 1.00

Rd - test 3 1.00 - 1.50

Neukum et al. (2014) Herzogenrather Column Silver α (m) 6.90 × 10−4 - 9.80 × 10−3
Obernkirchner nanoparticles (AgNP)

Solling NaNO3 α (m) 1.33 × 10−3

Ca(NO3)2 α (m) 6.88 × 10−4 - 5.82 × 10−3

Honari et al. (2016) Berea Core flood apparatus CH4 CO2 α (m) 3.60 × 10−4 - 2.63 × 10−3

Donnybrook α (m) 8.50 × 10−4 - 5.20 × 10−3

Malov (2016) Upper part of the In situ Uranium Rd 20.00 - 28.00
Vendian strata

Pini et al. (2016) Berea Pulse-tracer with X-ray [11C]NaHCO3 αL (m) 1D 1.24 × 10−3 - 1.68 × 10−3

computed tomography (CT) and αL (m) - 1.04 × 10−3 - 1.41 × 10−3

Positron emission multilayer model
tomography (PET) αL (m) - 7.90 × 10−4 - 1.15 × 10−3

tuned streamtubes
Malov & Zykov (2020) Upper part of the Extraction by Uranium Rd 10.73

Vendian strata centrifuge

Latrille et al. (2021) Clayey Column H, I, Cl α (m) 2.40 × 10−3 - 3.30×−3

Sr Kd (ml/g) 6.44
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3.4 Conclusions

This study conducted column tests to determine hydraulic and contaminant transport

parameters in materials commonly found in tropical environments. Through a non-reactive

saline tracer (NaCl) in a sandy tropical soil with low clay content and a sandstone utilizing

NaCl, Mn, Ni, and Pb. Remarkable points include:

(i) The hydraulic conductivity decreased with depth and with increased confinement due

to the reduction in porosity. Using a saline tracer in the soil reduced its permeability

and had little effect on the sandstone.

(ii) Permeability, tortuosity, flow lines, and interconnected pores significantly influenced

the determination of dispersivity and hydrodynamic dispersion, essential parameters in

advective-dispersive transport.

(iii) The retardation factor indicates that the velocity of the center of mass of the contami-

nation plume moves closely aligns with the water flow, with a slight delay evidenced by

1 < Rd < 2.7, indicating slight sorption of the tracer by the soil and sandstone, the

former due to laterization and the latter due to the presence of clay minerals from the

smectite group. Nevertheless, the partition coefficient, approaching zero, implies that

nearly all tracers are dissolved in the percolating fluid.

(iv) Ni and especially Mg demonstrated an ability to spread even in alkaline environments,

unlike Pb, which did not demonstrate mobile. This highlights the risk to which the

environment is exposed due to heavy metals.
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3.5 Supplementary material A – Data validation

Figure 3.67: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 1 m depth
consolidated at 20 kPa.
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Figure 3.68: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 4 m depth
consolidated at 40 kPa.

Figure 3.69: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 4 m depth
consolidated at 80 kPa.
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Figure 3.70: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 7 m depth
consolidated at 80 kPa.

Figure 3.71: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 7 m depth
consolidated at 160 kPa.
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Figure 3.72: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 11 m depth
consolidated at 160 kPa.

Figure 3.73: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 11 m depth
consolidated at 320 kPa.
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Figure 3.74: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 13 m depth
consolidated at 160 kPa.

Figure 3.75: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 13 m depth
consolidated at 320 kPa.
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Figure 3.76: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 16 m depth
consolidated at 160 kPa.

Figure 3.77: Validation of the fit of the analytical curve with the experimental column and leaching data from the soil at 7 m depth
consolidated at 320 kPa.
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Figure 3.78: Validation of the fit of the analytical curve with the experimental column and leaching data from the sandstone consolidated at
160 kPa.

Figure 3.79: Validation of the fit of the analytical curve with the experimental column and leaching data from the sandstone consolidated at
320 kPa.
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3.6 Supplementary material B – Box plot data

Figure 3.80: Box plot with soil hydraulic conductivity values at 1, 4 and 7 m depth.
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Figure 3.81: Box plot with soil hydraulic conductivity values at 11, 13 and 16 m depth.
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Figure 3.82: Box plot of the hydraulic conductivity of the soil from 1 to 7 m depth, considering the
column and leaching tests.
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Figure 3.83: Box plot of the hydraulic conductivity of the soil from 11 to 16 m depth, considering the
column and leaching tests.

271



Chapter 3 Supplementary material B

Figure 3.84: Box plot with soil dispersivity values from 1 to 7 m depth using column and leaching data.
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Figure 3.85: Box plot with soil dispersivity values from 11 to 16 m depth using column and leaching data.
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Figure 3.86: Box plot of the soil profile’s hydrodynamic dispersion values considering the column test.
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Figure 3.87: Box plot of the soil profile’s hydrodynamic dispersion values considering the leaching test.
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Figure 3.88: Box plot with the retardation factor values from the column test for the soil profile.
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Figure 3.89: Box plot with the retardation factor values from the leaching test for the soil profile.
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Figure 3.90: Box plot with the partition coefficient values considering the column test for soil from 1 to 7
m depth.
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Figure 3.91: Box plot with the partition coefficient values considering the column test for soil from 11 to
16 m depth
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Figure 3.92: Box plot with the partition coefficient values considering the leaching test for soil from 1 to
7 m depth.
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Figure 3.93: Box plot with the partition coefficient values considering the leaching test for soil from 11 to
16 m depth.
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Abstract

Although municipal solid waste (MSW) disposal sites constitute significant environmental

risks due to the potential for contaminant transport into surrounding soil and groundwater,

they are widely used to dispose of MSW. Over time, the leachate generated from waste

decomposition can migrate through the soil, carrying harmful contaminants that may threaten

local ecosystems and water resources. Understanding the contaminant transport in heteroge-

neous geological-geotechnical environments such as tropical soil and sandstone formations

is crucial for effective environmental management and remediation strategies. This study

investigates the fate and transport of contaminants from an MSW disposal site in Brazil,

focusing on breakthrough times to reach undesirable contamination levels in the subsoil.

We conducted numerical simulations employing the CODE_BRIGHT program, analyzing

two representative MSW disposal site profiles (North-South and East-West) in both vertical

and horizontal contaminant flow. The simulations used parameters from column tests pre-

viously collected in the laboratory with sodium chloride (NaCl) as a tracer and projected

the migration of contaminants over 1, 10, and 100 years under different hydraulic leaching

heights (0.3, 0.6, and 1.2 m). The findings revealed that increased leachate head significantly

reduced breakthrough time (BTt), with horizontal flow prevalent in permeable soil horizons.

The East-West profile was more vulnerable to contaminant spread, while sandstone layers

exhibited some capacity for attenuation. Both profiles reached critical contamination lev-

els for the tracer after 100 years, suggesting long-term environmental risk without intervention.

Keywords: MSW disposal site; Contaminant transport; Breakthrough time; CODE_BRIGHT;

Natural attenuation.
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4.1 Introduction

The increasing consumption and resulting industrial activity have resulted in sig-

nificant annual volumes of municipal solid waste, posing a global challenge for disposal.

Inadequate disposal methods persist in Brazil. Even facilities employing sanitary landfill

techniques frequently encounter design, implementation, upkeep, and closure issues.

Soil and groundwater contamination can be attributed to human activities, particu-

larly waste disposal in MSW disposal sites, which poses significant environmental pollution

potential (Mor et al., 2006; Butt et al., 2008; Teh et al., 2016; Ahmed et al., 2019; Zhang

et al., 2021).

In this context, the MSW disposal site in Bauru, state of São Paulo, Brazil, has been

identified as a source of contamination, with evidence of contaminated soil and groundwater,

as previously observed by Mondelli et al. (2007, 2010) and Faria & Mondelli (2017).

Furthermore, the Gabiroba stream, situated within the subbasin of Bauru’s MSW

disposal site, has been under monitoring since 2005, revealing indicators of declining water

quality. Additionally, the Gabiroba stream feeds into the Ribeirão Água Parada, recognized

as a potential future water source for municipalities in Bauru (Leal, 2011). Groundwater

extraction for water supply has also increased in the city (Cavaguti & Paula e Silva, 1992).

Given these factors, it is imperative to study and monitor Bauru’s MSW disposal site to

prevent further environmental deterioration in its vicinity and the consequent high costs

associated with remediation efforts.

Among remediation methods, natural attenuation is frequently utilized in developing

countries. It involves several physical, chemical, and biological processes that can reduce the

concentration of contaminants in soil, water, and air (van Breukelen et al., 2004; Young, 2006;

Mahallei & Badv, 2020). Effective implementation requires monitoring contaminant levels

and assessing the time needed to bring them within acceptable limits set by environmental

agencies. Thus, integrating laboratory tests, in situ data and numerical modeling is crucial in

the decision-making before, during, and after the monitored natural attenuation process.

The CODE_BRIGHT program is well-established in the scientific community. Its
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applications in the context of MSW disposal sites include deformation and development of

cracks in landfill covers (Jamei et al., 2024), simulation of cracking in the clay layer of a

flume model system with a 3-layer landfill cover system under rainfall conditions (Ng et al.,

2015b), transport and permeability of gases in landfill cover with compacted unsaturated

clays due to the biodegradation of waste (Ng et al., 2015a), and investigating the rehydration

of geosynthetic clay liners due to defects in geomembranes (Ghavam-Nasiri & El-Zein, 2016).

Although there are numerical simulations with CODE_BRIGHT involving waste,

its use is mainly aimed at nuclear waste (Guimarães et al., 2006; Zandarin et al., 2011; Li

et al., 2013; Gaus et al., 2014; Rodriguez-Dono et al., 2020; Ibrahim et al., 2022; Kim et al.,

2022; Khadivipanah et al., 2022; Friedenberg et al., 2023). Thus, its use in the transportation

and disposal of pollutants in MSW disposal sites is still in its incipient compared to other

applications (Olivella & Gens, 2000; Jacinto et al., 2009; Nowamooz et al., 2009; Guo &

Dixon, 2010; Mokni et al., 2011; Trabelsi et al., 2012; Zandarin et al., 2013; Pujades et al.,

2017; Yubero et al., 2021; Song et al., 2022; Zhou et al., 2024).

However, Olivella et al. (1996) demonstrated the potential for simulating the transport

of solutes using this computational program. To the best of the authors’ knowledge, no

previous studies have been reported on CODE_BRIGHT simulations concerning MSW

disposal sites and the migration of the contamination plume.

Therefore, this work aims to investigate the flow of contaminants in two typical

profiles of Bauru’s MSW disposal site using the CODE_BRIGHT program, with pre and

post-processing by the GID software, to simulate and verify solute concentrations and their

variations with depth and time. To contribute to decision-making regarding similar MSW

disposal sites in developing countries and demonstrate the use of the CODE_BRIGHT

computer program to analyze the spread of contamination plumes.
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4.2 Materials and Methods

4.2.1 Study site

The Bauru MSW disposal site (22°15’S 49°08’W) is near km 353 of the Marechal

Rondon Highway. Managed by the Municipal Company of Bauru’s Urban and Rural De-

velopment (EMDURB), it has a total area of around 270000 m2 and used to receive 220 to

250 tons of waste deposited daily. The MSW disposal area started operations in 1993 and

closed in 2016. Initially designed as a sanitary landfill, it has been reclassified as a controlled

landfill in response to increasingly stringent environmental regulations. Four compacted

soil layers cover the landfill base, each measuring 20 centimeters thick, with compaction 3%

above the optimum water content. A bituminous primer has been applied to the surface

of this layer. The base excavations were conducted until reaching the sandstone’s altered

soil, approximately 5 meters from the water table (Mondelli et al., 2007; Jesus et al., 2013).

Figure 4.1 overviews Bauru’s MSW disposal area. Figure 4.2 details the sections defined by

Mondelli (2008), simulated here, and the section studied by Lago et al. (2006), which is used

for comparison with this work. This point will be addressed later.

The geological formations in Bauru include the Marília and Adamantina Formations,

which overlay the São Bento Group. This group belongs to the transition of the Cretaceous

and Triassic–Jurassic periods and encompasses the Serra Geral, Botucatu, and Piramboia

Formations (Dal’ Bó et al., 2010; Basilici et al., 2016; Silva et al., 2019).

The soil presents in the experimental site from Unesp-Bauru has been widely studied,

and corresponds to the middle profile found in the city of Bauru, thereby, red fine clayey sand,

classified as SM-SC by USCS and A-2-4 by HRB, with lateritic behavior up to 13 m depth

(Giacheti et al., 2019; Fernandes et al., 2022; Saab et al., 2023).

302



Chapter 4 Materials and Methods

Figure 4.1: Overview of Bauru’s MSW disposal site.
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Figure 4.2: Analyzed sections of Bauru’s MSW disposal site.
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4.2.2 Experimental data

The experimental data in this research’s simulations was previously gathered in the

laboratory. As detailed in Chapters 2 and 3, there is a predominance of advective-dispersive

transport through the soil and advective-dispersive-diffusive transport through the sandstone.

The parameters previously determined and used in the simulations were hydraulic conductivity,

porosity, dispersivity, and Young’s modulus (during the validation stage). Additionally, the

van Genuchten (1980) fit parameters from the soil water retention curve (SWRC) of Fernandes

et al. (2022) and those collected here in Chapter 2 using the filter paper technique for sandstone

were taken into account, even though the position of the water table (WT) is close to the

waste pit.

Based on the previously determined parameters from the column and leaching tests

with NaCl, the values were adjusted until a good fit was established with the breakthrough

curves (BTCs) for depths of 1, 4, 7, 11, 13, and 16 m of the soil profile and the sandstone

under confining pressures close to the in situ geostatic stress, i.e., 20 kPa for 1 m depth; 40

and 80 kPa for 4 m depth; 80 and 160 kPa for 7 m depth; and finally 160 and 320 kPa for

depths of 11, 13, and 16 m, as well as for the sandstone. The latter showed experimental

results indicating the presence and contribution of clay minerals from the smectite group,

albeit minor. During the data validation stage, it was necessary to include the diffusion

parameter initially with the default value suggested by CODE_BRIGHT and then adjust

until there was good agreement between the breakthrough curves.

NaCl was chosen as a tracer, in addition to its use in preliminary laboratory

determination of the parameters of interest, because it is a non-reactive tracer that aligns

well with the local stratigraphic profile. Furthermore, it can be used as an initial indicator of

the spread of the contamination plume in the field, directing research on relevant substances

and locations (Rowe, 2012; Feng & Jin, 2019; Thu et al., 2023).

The soil was divided by its genesis. The colluvial soil was attributed to a depth of

1 to 5 meters depth, residual sandstone from 5 to 10 meters depth, and sandstone from 10

meters to the lower limit of the sections. The analysis assumed homogeneous and isotropic
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media. The position of the water table was defined based on the site profiles (see Figures 4.4

and 4.5) outlined by Mondelli (2008), that is, 20 m deep for the N-S profile and 30 m deep

for the E-W profile. The analysis did not include underground flow, contaminant attenuation

or decay, and rainfall.

Table 4.1 presents Young’s moduli used to validate the simulation with soil and

sandstone specimens. Table 4.2 shows the values of the material properties used in the

simulations.

Table 4.1: Young’s moduli used to validate the simulation with previous tests on soil and sandstone.

Material Young’s modulus (MPa)
Colluvium 2.9 - 15.0
Residual 10.0 - 11.3
Sandstone 10.0 - 20.0
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Table 4.2: Properties of the materials used in the simulations.

Layer K (m2) n α (m) Po (kPa) σ (N/m) λ Srl Srs D (m2/s) Q (J/mol) τ

Colluvium 1.5×10−12 0.41 2×10−3 50.00 0.072 0.70 0.22 1.00
Residual 3.0×10−13 0.33 3×10−3 50.00 0.072 0.80 0.50 1.00
Sandstone 1.0×10−15 0.23 8×10−3 50.00 0.072 0.20 0.00 1.00 1.0×10−5 24530 1.00

where K is the intrinsic permeability, n is the porosity, α the dispersivity, here used the same in the longitudinal and

transverse directions, Po represents the pressure at a specific temperature, σ is the surface tension at which Po was measured,

with the value used by default, λ is the shape function of the retention curve, i.e., parameter m of the van Genuchten (1980)

fit, Srl the degree of residual saturation, Srs the degree of saturation when saturated, D diffusion, Q activation energy, and

τ the tortuosity coefficient.307



Chapter 4 Materials and Methods

4.2.3 Numerical model

The CODE_BRIGHT program used the following equations to solve flux and

transport problems. Equation 4.1 shows the equation that describes the flow in porous media

of the liquid and gaseous phases and the mass transport of solutes.

Although the simulation did not use mechanical parameters, it was validated using

data from the column and leaching tests carried out in Chapter 3, which were subjected to

different confining stresses.

Equation 4.2 describes the stresses involved in the sample consolidation process.

Equation 4.3 shows the permeability of materials described by Darcy’s law in its generalized

form, with transport by diffusion and advection elucidated by Equations 4.4 to 4.7.

Governing equations

Mass balance equation

∂

∂t
(ωwl ρlSlφ+ ωwg ρgSgφ)∇ · (jwl + jwg ) = fw (4.1)

where subindex l and g refer respectively to liquid and gas phase, overwritten w refers to

water, ω is the mass fraction, S is the degree of saturation, φ is the porosity, j energy fluxes

due to mass motion, and fw is a external supply of water.

Momentum balance for the medium

∇ · σ + b = 0 (4.2)

where σ is the stress tensor and b is the vector of body forces.

Darcy’s generalized law

ql = −Kkrl
µl

(∇Pl − ρlg) (4.3)

308



Chapter 4 Materials and Methods

where q is the Darcy’s flux, K is the tensor of intrinsic permeability, µ is the dynamic viscosity,

ρ is the liquid density, and g is a vector of gravity forces.

Fick’s law for molecular diffusion

iiα = −(τφραSαDi
αI)∇ωiα (4.4)

where i is the matrix non-advective fluxes, i and α stand for species i in phase α. The

molecular diffusion D is defined as

Di
α = D exp

(
− Q

R(273.15 + T )

)
(4.5)

where R is the ideal gas constant

Fick’s law for mechanical dispersion

iiα = −(ραD’α)∇ωiα (4.6)

where the mechanical dispersion tensor D’ is

D’ = dt | qα | I + (dl − dt)
qαqtα
| qα |

(4.7)

where dt is the transversal dispersivity, dl is the longitudianl dispersivity, and I is the identity

matrix.

Geometry

For the simulation, the geometry depicted in Figures 4.4 and 4.5 was derived from a

previous study by Mondelli (2008). Figure 4.3 presents an illustrative section of the waste pit

with the elements that will be analyzed (right and left slopes, center pit, and longitudinal
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profile). Simulations with a 2D section were carried out as suggested by Ding et al. (2020),

who infer the critical role of modeling in two dimensions when there is a predominance of

transport by advection.

The finite element mesh for the North-South (N-S) section consisted of 16480 ele-

ments with 8682 nodes, while the East-West (E-W) section consisted of 7882 triangles and

4372 nodes. The mesh was refined at the base of the waste pit, with less refinement as you

moved away from the top of the sections towards the bottom.

Figure 4.3: Illustrative section of the solid waste pit, highlighting the elements analyzed throughout the
work.
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Figure 4.4: North-south profile of the studied site (adapted from Mondelli, 2008).
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Figure 4.5: East-west profile of the studied site (adapted from Mondelli, 2008).
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Initial and boundary conditions

The initial conditions of the simulations assumed the phreatic position, background

concentration, and initial soil and sandstone suction. The boundary conditions used the

background concentration in the sandstone and NaCl based on laboratory studies, which were

kept constant, with a hydraulic leachate head of 0.3 m for the initial simulations since this is

the maximum value recommended by Shu et al. (2019) and Rowe & Barakat (2021). The

position of the water table was set based on the profiles defined by Mondelli (2008), i.e., 20 m

deep for the N-S profile and 30 m deep for the E-W profile.

Since this is an MSW disposal site in a developing country, whose waste has high

organic matter and consequently high humidity and leachate generation, higher hydraulic

heads of 0.6 and 1.2 m were analyzed, keeping the other parameters constant, to compare

the breakthrough curves and predict the spread of the contamination plume, as well as the

moment when the concentration reached the limit value of 200 mg/L of sodium stipulated by

the CONAMA 420/09 (2009) during the initial periods of use, that is, 1 and 10 years, and in

the long term after the closure of the MSW disposal site with 100-year. Tables 4.3 and 4.4

display the values assigned in the initial and boundary conditions.

Table 4.3: Initial conditions for the simulations.

Profile Water table depth (m) Concentration (kg/kg) Surface suction (kPa)
N-S 20 2×10−5 10
E-W 30 2×10−5 10

Table 4.4: Simulation boundary conditions.

Position Concentration (kg/kg) Leachate head (m)
Sandstone base 2×10−5

Pit surface 1×10−3 0.3
0.6*
1.2*
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*Values assumed in the sensitivity analysis of the hydraulic leachate head.

Figures 4.6 and 4.7 depict the initial conditions for the N-S and E-W sections, and

Figures 4.8 and 4.9 illustrate the N-S and E-W boundary conditions used in the simulations.

Figure 4.6: Initial conditions of the N-S section.

Figure 4.7: Initial conditions of the E-W section.
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a a

Figure 4.8: N-S section boundary conditions.

Figure 4.9: E-W section boundary conditions.
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4.3 Results and Discussion

4.3.1 Model validation

The model was validated by comparing the experimental and analytical results of

the breakthrough curves of the soil and sandstone samples presented in Chapter 3.

Figures 4.10 to 4.22 illustrate the modeling results along with the experimental and

analytical results. From these, we can infer a good fit with an R2 above 0.98 compared to

the experimental data and above 0.99 compared to the analytical data. The relationship

between the experimental and analytical results and the modeling results is available in the

supplementary material.

With the breakthrough curves via modeling, the parameters that had previously

been determined experimentally and analytically could be compared with the results of the

specimen modeling.

Thus, for the column test simulations, arrival time (At), breakthrough time (BTt),

and pick time (Pt), as well as first leaching time (FLt), leaching breakthrough time (LBTt),

and leaching time (Lt) for the leaching test simulations were determined.

In general, the parameters of the analytical and numerical solutions were very close,

given the higher R2 between the two. It can be seen that the numerical values slightly

underestimated the parameters, i.e., the times determined were lower than the experimental

and numerical data, especially at the beginning and end of the breakthrough curves, similar

to what occurred between the experimental and analytical results. These results align with

those observed by Ding et al. (2020), in which the cut-off wall breakthrough time from 1D

simulations was also underestimated. The authors attributed this phenomenon to the fact

that they had not used the contribution of dilution in the vertical direction.

Since this topic aimed to validate the results and, given the proximity between the

analytical and numerical values, Chapter 3 further discusses the pollutant arrival parameters.

In this way, the results provided confidence for the simulations’ representative profiles

of the North-South and East-West sections of Bauru’s MSW disposal site.
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Figure 4.10: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 1 m depth
consolidated at 20 kPa.

Figure 4.11: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 4 m depth
consolidated at 40 kPa.
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Figure 4.12: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 4 m depth
consolidated at 80 kPa.

Figure 4.13: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 7 m depth
consolidated at 80 kPa.
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Figure 4.14: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 7 m depth
consolidated at 160 kPa.

Figure 4.15: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 11 m depth
consolidated at 160 kPa.
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Figure 4.16: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 11 m depth
consolidated at 320 kPa.

Figure 4.17: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 13 m depth
consolidated at 160 kPa.
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Figure 4.18: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 13 m depth
consolidated at 320 kPa.

Figure 4.19: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 16 m depth
consolidated at 160 kPa.
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Figure 4.20: Numerical fitting with the experimental and analytical data from column and leaching tests from the soil at 16 m depth
consolidated at 320 kPa.

Figure 4.21: Numerical fitting with the experimental and analytical data from column and leaching tests from the sandstone consolidated at
160 kPa.
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Figure 4.22: Numerical fitting with the experimental and analytical data from column and leaching tests from the sandstone consolidated at
320 kPa.
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Figure 4.23: Experimental, analytical, and numerical arrival times.
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Figure 4.24: Experimental, analytical, and numerical breakthrough times.
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Figure 4.25: Experimental, analytical, and numerical pick times.
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Figure 4.26: Experimental, analytical, and numerical first leaching times.
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Figure 4.27: Experimental, analytical, and numerical leaching breakthrough times.
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Figure 4.28: Experimental, analytical, and numerical leaching times.
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4.3.2 N-S – 0.3 m

Longitudinal profile

Figure 4.29: Results of the 1-year simulation with a 0.3 m leachate head for the representative north-south
profile.

Figure 4.30: Results of the 10-year simulation with a 0.3 m leachate head for the representative north-south
profile.

Figure 4.31: Results of the 100-year simulation with a 0.3 m leachate head for the representative
north-south profile.

The results of the N-S profile simulations are depicted in Figures 4.29, 4.30, and 4.31

for 1, 10, and 100 years of simulation with a hydraulic leachate head of 0.3 m, illustrating the

contamination plume’s fate. The results show that up to the tenth year, the plume spread

homogeneously. Still, in the transition between soil and sandstone, there was a preference for

flow through the residual soil due to its higher permeability compared to sandstone, a result
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reflected in the 100-year simulation in which the center of the pit was not entirely affected by

the contaminant, unlike the edges of the section.

Figure 4.32 depicts the horizontal spread profile of the contaminant at depths of 21,

33, and 45 m over 1, 10, and 100 years of simulation. At a depth of 21 m, the plume initially

showed concentration in the central area of the waste pit within the first year, reaching

maximum concentration in 10 years and ultimately extending across the entire profile after

100 years. Conversely, relative concentration remained negligible at a depth of 33 m in the

first year but exhibited lateral spread after a decade, intensifying over 100 years.

Notably, between 10 to 100 years, at a depth reflecting the sandstone’s center just

under 200 m horizontally, the pollutant propagated laterally, reducing its concentration in

this specific area while intensifying between 200 and 300 m horizontally. Subsequently, zero

concentrations after 100 years in the horizontal positions between 150 and 200 m and between

225 and 275 m exemplify the dominance of horizontal migration over vertical migration.

For the base of the sandstone, in this profile defined at 45 m depth, there is no

evidence of the contamination plume in the center of the waste pit in any of the periods

analyzed. Maximum relative concentrations after 100 years were between 25 and 100 m from

the origin of the profile, and 80% of the maximum concentration was at 450 m horizontal

distance.
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Figure 4.32: Variation of the relative concentration with the horizontal distance for 0.3 m of leachate head, considering 1, 10, and 100 years
in a study of the (a) surface, (b) middle, and (c) the base of the north-south profile.332
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Left slope

Concerning the vertical spread of the contamination plume, Figure 4.33 illustrates

the section corresponding to the left slope located 75 m from the source. At 250 m from the

origin, the center of the pit is shown in Figure 4.34, while Figure 4.35 shows the slope to

the right of the waste pit at a distance of 430 m from the origin. Figure 4.33 reveals that

the horizons formed by colluvium and residual sandstone were saturated with a maximum

relative concentration in the first year, reducing to zero when encountering the sandstone at

1 year and, after 10 years, the concentration remained maximum up to a depth of around

15 m in the sandstone. After 100 years, the concentration varied along the profile but was

consistently above 80% of the maximum value.
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Figure 4.33: Relative concentration with depth for 1, 10, and 100 years of simulation of the left waste pit
of the north-south profile, considering 0.3 m of leachate head.
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Pit center

The concentration profile along the depth in the middle of the investigated section is

depicted in Figure 4.34. In this section, colluvium is absent, and the waste mass closely aligns

with the water table. At this position, the concentration peaks in the first year, gradually

decreasing as it crosses the WT and diminishing to zero at the interface of the residual soil

with the sandstone. After a decade, the contaminant saturates the soil layer, and once it

encounters the sandstone, the concentration dramatically reduces, reaching zero at a depth of

approximately 5 m. Over a century, the concentration peaks at the base of the residue with

minor fluctuations. Upon reaching a depth of 32.5 m, it declines to 10% of the concentration

at a depth of 45 m.
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Figure 4.34: Relative concentration with depth for 1, 10, and 100 years of simulation of the middle waste
pit of the north-south profile, considering 0.3 m of leachate head.
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Right slope

The representative section of the slope to the right of the waste pit, 430 m from

the origin coordinate, is shown in Figure 4.35 , and it shows a similar behavior to the slope

to the left of the pit. In 10 years, the horizons with colluvium and residual soil reached

maximum concentration. Still, in the first year, only the colluvium showed a similar condition.

Even before approaching the residual soil horizon, its concentration reduced to zero when

percolating less than 5 m in depth, reaching half of the maximum concentration at 2.5 m below

the base of the residual soil. Over 100 years, both slopes demonstrated analogous behavior,

exhibiting oscillations along the profile. Throughout this time, the relative concentration

consistently remained above 80%.

The supplementary material for this chapter contains the data on the variation in

c/co versus horizontal distances and depth for hydraulic leachate heads of 0.6 and 1.2 m. To

compare the results, they were grouped by year and hydraulic head, with exclusions for the

21 m depth, the first year for the section at 33 m depth, and the tenth year for the section at

45 m depth due to negligible differences.
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Figure 4.35: Relative concentration with depth for 1, 10, and 100 years of simulation of the right waste
pit of the north-south profile, considering 0.3 m of leachate head.
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4.3.3 N-S – Same layer, different heads and years

Therefore, Figure 4.36 (a) shows the longitudinal profile at 33 m depth after 10 years

for the three simulated hydraulic heads. The increase in hydraulic heads triggered the rise

in concentration peaks in the center of the waste pit, with a noticeable increase to 1.2 m of

leachate at 300 m from the origin of the section, in which the relative concentration increased

by 5% about the other hydraulic heads.

After 100 years for the same section shown in Figure 4.36 (b), the relative concen-

tration was high and, as described in the previous section for 0.3 m of leachate, there was

a tendency for it to migrate to the sides of the profile, denoted by the zero concentration

between 150 and 200 m, as well as at 325 and 375 m from the origin and close to zero at 275

m. The increase in the hydraulic head of leachate filled the gaps between 150 and 200 m and

at 275 m, mainly at 1.2 m, with the interior of the pit being taken over by the maximum

concentration, excluding only the interval from 325 to 375 m of horizontal distance, which

was practically narrowed to a point value of zero concentration at 350 m from the origin of

the section.

The data covering the section located at the base of the sandstone at a depth of

45 m displays the results for the simulated hydraulic heads, as depicted in Figure 4.36 (c).

Like the findings for the section above, the increase in hydraulic head resulted in heightened

concentration peaks, revealing that the projection of the waste pit’s center at 45 m depth,

specifically between 150 and 400 m from the simulation’s origin, did not exhibit a notable

relative concentration for leachate heads of 0.3 and 0.6 m. Only with a 1.2 m leachate head

and between 225 and 260 m from the origin was c/co found to be equal to or greater than

0.2, surpassing the acceptable concentration for the tracer analyzed. This aspect concerning

breakthrough curves will be further elaborated in a dedicated section.
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Figure 4.36: Variation of relative concentration with horizontal distance for 0.3, 0.6, and 1.2 m leachate height (a) in the middle of the N-S
pit after 10 years of simulation, (b) in the middle of the N-S pit after 100 years of simulation, and (c) at the base of the N-S pit after 100 years of
simulation.340
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Left slope

The cross-section representing the slope to the left of the waste pit, 75 m from the

origin of the section, includes the data for the variation in concentration by depth at 10

and 100 years of simulation, which are illustrated in Figure 4.37. According to the findings,

the variation in the hydraulic head of leachate did not exhibit notable changes in the initial

scenario, with the concentration attenuating from a depth of 15 m from the maximum

concentration to nearly zero after percolating 7.5 m vertically. The concentration remained

below 20% of the peak concentration upon reaching the water table.

The increase in the leachate column in the 100-year simulation led to a greater

spread of concentration in-depth, albeit with variations, but always at values higher than 0.8

c/co at any of the simulated hydraulic heads. Therefore, at 100 years, the entire profile was

contaminated by the maximum concentration stipulated in the simulation, regardless of the

hydraulic heads considered.
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Figure 4.37: Relative concentration with depth resulting of the left waste pit N-S profile for leachate
heads of 0.3, 0.6, and 1.2 m from (a) a 10-year simulation, and (b) a 100-year simulation.
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Pit center

The simulation results, depicting the impact of increasing hydraulic head in the

central section located 250 m from the source, are illustrated in Figure 4.38 for 10- and

100-year simulation periods. Following the 10-year mark, a slight difference in concentration

can be seen, which at 0.3 m reduced rapidly from the peak concentration when it reached

the sandstone. The maximum concentration with increased leachate head occurred in the

same position. However, the reduction was less pronounced, showing a more remarkable

advance of the contamination in the vertical direction toward the interior of the sandstone.

Thus, the sandstone could attenuate the plume in the three simulated conditions even at peak

concentration when reaching the WT.

Similarly, after 100 years, the trend of the contamination plume with increasing

leachate head was to extend vertically and be less attenuated, e.g., with 0.3, 0.6, and 1.2

m of leachate column, the concentration at 40 m depth was respectively 23.5%, 38.5%,

and 74% of the maximum concentration. The water table is highly vulnerable, given the

proximity to the waste pit and the boundary condition that initiates at c/co=1 at the pit’s

base. Although the sandstone possesses attenuating capabilities, after a century, the profile

displayed concentrations exceeding the permissible limits under the three simulation conditions.

It closely approached the peak concentration with a 1.2 m leachate head.
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Figure 4.38: Relative concentration with depth resulting in (a) a 10-year simulation and (b) a 100-year simulation in the middle waste pit
N-S profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Right slope

The representative section of the slope to the right of the waste pit, located 430 m

from the simulation’s origin, shows the results for 10 and 100 years, as shown in Figure 4.39.

As with the previous sections, there were no significant variations in concentration with depth

after a decade. It is interesting to note that with 0.3 m of leachate, the concentration in the

colluvium and residual horizons differed from the heads at 0.6 and 1.2 m, starting with a

higher concentration than the previous two. Still, when they met the sandstone horizon, the

three heads reduced their concentration to zero when they percolated 5 m in depth.

After a century, the profile had become saturated with the contaminant. Despite

fluctuations along the depth, the concentration consistently exceeded 80%. Moreover, increased

hydraulic head resulted in higher concentrations at greater depths, with less apparent evidence

of attenuation.

In both instances, the plume exceeded 0.2 c/co when it reached the water table.

However, its impact diminished upon reaching the sandstone during the 10-year simulation.

Nevertheless, after 100 years, the contaminant plume fully occupied the entire profile.
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Figure 4.39: Relative concentration with depth resulting from (a) a 10-year simulation and (b) a 100-year simulation of the right waste pit
N-S profile for leachate heads of 0.3, 0.6, and 1.2 m.
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4.3.4 N-S – BTCs

The data from the NaCl transport in Chapter 3 was used as a reference for the

failure in the system related to Na concentrations above 200 mg/L, which formed the basis for

the simulations in the current chapter. Therefore, Figure 4.40 (a) depicts the breakthrough

curves for the colluvium horizon of the slope to the left of the waste pit at 75 m horizontal

from the origin and 6.70 m deep at the base of this soil for 0.3, 0.6, and 1.2 m of leachate.

The BTCs were consistent for the three simulated situations, indicating that the colluvium is

at a limiting relative concentration at 103 days at this position in the profile.

Figure 4.40 (b) shows the boundary of the residual soil with the sandstone for

the same slope but at a depth of 11.95 m. The findings indicate a rapid spreading of the

contamination plume, which reached its maximum value after 4.5 years and reached BTt at

1.07 years.

The longitudinal section at a depth of 28.45 m reveals the findings depicted in Figure

4.40 (c). The leachate head increase from this depth led to temporal shifts in the BTC.

Consequently, the arrival times of the concentration of interest were shortened, and as a result,

the time to BTt decreased from 20.20 years at 0.3 m to 19.85 years and 19.15 years at 0.6 m

and 1.2 m of head, respectively.

The data presented in Figure 4.40 (d) illustrates the BTCs from the base of the

sandstone for the same slope. The curves suggest that the contamination plume required

approximately 35 years to surpass the reference value for the three analyzed scenarios.

Additionally, it is noteworthy that the curves corresponding to the highest hydraulic heads

yielded the shortest breakthrough time (BTts). The threshold values for distances of 0.3, 0.6,

and 1.2 m were respectively 50.93, 49.92, and 47.97 years.

In light of the similar results obtained for the colluvium and residual sandstone

horizons across all longitudinal and cross sections in the various scenarios under investigation,

it is deemed beneficial to direct greater attention to the depths corresponding to the center

and base of the sandstone in the N-S section. Thus, BTCs of the colluvial soils situated to

the right of the pit slope and at a depth of 15.5 m, residual at 250 m from the origin with a
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depth of 23.15 m, and residual at a distance of 430 m from the origin with a depth of 18.4 m

are accessible in the supplementary materials.
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Figure 4.40: Breakthrough curve for the N-S waste pit at the left slope, with leachate heads of 0.3, 0.6, and 1.2 m at horizons (a) colluvium,
(b) residual soil, (c) in the middle of the sandstone, and (d) in the sandstone base.
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Therefore, Figure 4.41 (a) describes the BTCs representative of the sandstone

situated beneath the center of the waste pit at 250 m from the origin and a depth of 34.1 m.

The increase in the hydraulic head of the leachate resulted in the tracer’s earlier arrival times,

as evident from the simulations for this position, with limit concentrations reaching after 25

years. Specifically, the limit concentration was achieved at 47.03, 42.83, and 36.43 years for

the 0.3, 0.6, and 1.2 m leachate columns.

In Figure 4.41 (b), the results from the base of the sandstone at a depth of 45 m in

the same section are shown. The breakthrough curves indicate the absence of a contamination

plume in this specific section. It is noteworthy that the 0.3 and 0.6 m leachate columns did

not attain the limit concentration. However, upon increasing the leachate head to 1.2 m, the

breakthrough time was observed to be 90.84 years.

Figure 4.41: Breakthrough curve (a) in the middle of the sandstone and (b) in the sandstone base at the
center of the N-S waste pit with leachate heads of 0.3, 0.6, and 1.2 m.

350



Chapter 4 Results and Discussion

The BTCs results about the right-hand slope of the waste pit in the N-S profile,

located 430 m from the origin and with depths of 31.7 m and 45 m, are illustrated in Figure

4.42. At a depth of 31.7 m, the BTCs exhibited behavior like others in the analyzed profile,

indicating reduced arrival times with increased hydraulic head. Specifically, the BTt of 35.99

years with a 0.3 m leachate column was observed to shift to 34.45 and 31.71 years with

hydraulic heads of 0.6 m and 1.2 m, respectively.

The findings obtained at a depth of 45 m for the rightward slope indicate that the

contaminant penetrated the base of the sandstone, with its peak concentration occurring

under a hydraulic head of 1.2 m. However, these results also illustrate the sandstone’s ability

to attenuate, as it exhibited signs of contamination after 50 years of simulation. Regarding

BTts with leachate columns of 0.3, 0.6, and 1.2 m, the threshold concentration was attained

after respectively 74.93, 71.61, and 65.75 years.

Tables 4.5 to 4.7 present the durations required to achieve the threshold concentra-

tions in the soil and rock profiles examined in this section.

The tables demonstrate a decrease in breakthrough time as the hydraulic head of

leachate increases and highlight the differential impact of the contamination plume on the left

and right slopes of the waste pit as compared to the center, particularly the left slope. The

findings also indicate diminished contaminant migration through the sandstone, particularly

at the base in the central area of the pit, which was minimally affected by the tracer. The

results suggest lateral flow, primarily through the more permeable layers, directed towards

the left slope of the pit, namely, towards the northern part of the MSW disposal site.
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Figure 4.42: Breakthrough curve (a) in the middle of the sandstone and (b) in the sandstone base at the
right slope of the N-S waste pit with leachate heads of 0.3, 0.6, and 1.2 m.
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Table 4.5: An overview of the breakthrough curve results from the N-S colluvium horizon.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (days)
Colluvium base 6.70 Left slope 75.00 0.30 103

0.60 103
1.20 103

Colluvium base 15.50 Right slope 430.00 0.30 356
0.60 342
1.20 310

Table 4.6: An overview of the breakthrough curve results from the N-S residual horizon.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (years)
Residual base 11.95 Left slope 75.00 0.30 1.07

0.60 1.07
1.20 1.05

Residual base 23.15 Middle 250.00 0.30 1.85
0.60 2.21
1.20 1.82

Residual base 18.40 Right slope 430.00 0.30 1.79
0.60 1.67
1.20 1.37
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Table 4.7: An overview of the breakthrough curve results from the N-S sandstone.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (years)
In the middle of the sandstone 28.45 Left slope 75.00 0.30 20.20

0.60 19.85
1.20 19.15

In the middle of the sandstone 34.10 Middle 250.00 0.30 47.03
0.60 42.83
1.20 36.43

In the middle of the sandstone 31.70 Right slope 430.00 0.30 35.99
0.60 34.45
1.20 31.71

Sandstone base 45.00 Left slope 75.00 0.30 50.93
0.60 49.92
1.20 47.97

Sandstone base 45.00 Middle 250.00 0.30 N.R.
0.60 N.R.
1.20 90.84

Sandstone base 45.00 Right slope 430.00 0.30 74.93
0.60 71.61
1.20 65.75
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4.3.5 E-W – 0.3 m

Longitudinal profile

Figure 4.43: Results of the 1-year simulation with a 0.3 m leachate head for the representative east-west
profile.

Figure 4.44: Results of the 10-year simulation with a 0.3 m leachate head for the representative east-west
profile.

Figure 4.45: Results of the 100-year simulation with a 0.3 m leachate head for the representative east-west
profile.

Analogously to the North-South profile, the East-West profile depicted in Figures

4.43, 4.44, and 4.45 illustrates the contamination plume migration simulation outcomes along

the longitudinal profile over 1, 10, and 100 years, with a leachate head of 0.3 m. Initially, the

simulations of the N-S and E-W sections were comparable up to the tenth year. However,

unlike the previously analyzed section, the contaminant had largely spread across the E-W
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section after 100 years of simulation, except the right-hand slope, which demonstrated a

comparable behavior to the center of the pit in the N-S section, indicating a predominantly

horizontal flow.

Given the steepness of the slope, it was determined that an analysis of two longitudinal

sections would be beneficial: one at a depth of 31.5 m and the other at a depth of 50

m. Consequently, Figure 4.46 (a) displays the findings regarding the variation in relative

concentration with horizontal distance, specifically for a 0.3 m leachate column at 31.5 m and

50 m depths.

The concentration profile along the longitudinal axis at a depth of 31.5 m primarily

occurs within the sandstone. However, approximately 500 m from the source, the profile

emerges at the surface. Beyond this point, it encounters colluvial soil, resulting in a bottle-

neck formation due to the presence of the sandstone outcrop. Under these conditions, the

concentration at this juncture exhibits a peak following the problem’s boundary conditions.

Nonetheless, the pollutant tends to disperse laterally through the soil, capitalizing on its

higher permeability. This lateral spread is evident between the horizontal distances of 500 and

550 m. It is observed to extend over the investigated period, reaching 570 m at the 10-year

mark and extending to the simulation’s lateral boundary over 100 years.

Similarly, the section explored at a depth of 31.5 m displayed an elevation in relative

concentration, surpassing 40% of the maximum value, within a horizontal range of 100 to

250 m. This signifies that, over a decade, the plume had reached this position. However, it

had not extended to the 250 to 500 m horizontal range, which the contaminant occupied

after 100 years. As we discussed before, these concentration spikes could be attributed to the

topography of the section and the variances in the permeabilities of the profile under analysis.

An examination at a depth of 50 m revealed that the pit located 500 m down

displayed zero relative concentration in all the observed periods, as illustrated in Figure 4.46

(b). The low permeability of the outcropping sandstone at this specific point on the surface

caused the plume to disperse laterally, resulting in a 500 m horizontal cross-section with no

contaminants, even after 100 years.
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Figure 4.46: Variation of the relative concentration with the horizontal distance for 0.3 m of leachate
head, considering 1, 10, and 100 years in a study of (a) the surface, (b) the middle, and (c) the base of the
north-south profile.
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Left slope

The data shown in Figure 4.47 depict the concentration profile along the depth of

the E-W section for the slope situated to the left of the waste pit, precisely 116.5 m from

the section’s origin. The findings highlight the boundary condition implemented immediately

following the waste layer with the highest relative concentration. It is also noted that, upon

encountering the more permeable layers composed of colluvium and residual materials, the

concentration levels remained consistently high across all scenarios examined.

Considering the first year of the same section, the concentration decreased at around

16 m depth, reaching zero upon encountering the sandstone after seeping 2.5 m vertically.

After a decade, the concentration was maximum until it reached the boundary between the

residual soil and the sandstone. The concentration was attenuated at this point, with a value

below 0.2 c/co when it reached the water level. After 100 years, the relative concentration

had a similar profile to a decade’s. Still, the reduction in concentration when reaching the

sandstone was restricted to values above 0.7 c/co, with a further increase to the maximum

concentration when percolating about 3 m vertically.
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Figure 4.47: Relative concentration with depth for 1, 10, and 100 years of simulation of the left waste pit
of the east-west profile, considering 0.3 m of leachate head.
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Pit center

In relation to the cross-section located in the center of the pit 330 m from the origin,

Figure 4.48 shows the variation in relative concentration along the depth, where it can be seen

that due to the slope of the section and the cut made to install the waste pit, the residual

soil horizon has narrowed to just over 2 m, with the sandstone quite close to the waste. At

one year into the simulation, the relative concentration was zero, indicating that, even when

starting from the boundary condition of maximum concentration, it shifted horizontally at the

beginning of the simulation, probably due to the proximity of the sandstone horizon, which

acted as a barrier to the vertical spread of the contaminant. In contrast, after 10 years of

simulation, the relative concentration was maximum in the residual soil and extended around

1.5 m vertically in the sandstone. From this point, the concentration fell to less than 10% of

the maximum value when it met the WT after percolating just over 10 m in depth. At 100

years, the relative concentration fluctuated but always at values equal to or greater than 90%

of the maximum value, demonstrating that the contamination plume had wholly filled the

section.
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Figure 4.48: Relative concentration with depth for 1, 10, and 100 years of simulation of the middle waste
pit of the east-west profile, considering 0.3 m of leachate head.

361



Chapter 4 Results and Discussion

Right slope

The slope located 543 m from the section’s origin exhibits a relative concentration of

waste as a function of depth, shown in Figure 4.49. The significant layer of waste results from

the slope’s inclination, which tends to be predominantly occupied by MSW and is close to

the groundwater. Consequently, there is no residual soil horizon, and the sandstone is again

near the pit.

One year into the simulation, relative concentration within the colluvium horizon

varied significantly. This variability decreased upon encountering the sandstone, leading to

more consistent concentration values. The scenarios simulated at 10 and 100 years revealed

less variability in the relative concentration values, possibly because they reached the steady

state more quickly. At 10 years, the c/co=1 value was constant up to a depth of around 1.5

m in the sandstone, regressing to zero after percolating down to a depth of 40 m.

After running a 100-year simulation, it was found that the entire section was

contaminated, displaying varying concentrations. The concentration decreased to 70% of the

maximum value in the sandstone. Subsequently, it increased to the maximum value after

percolating 2 m deep, maintaining this level to the analyzed depth limit.

Due to the WT’s close position in relation to the waste, the tracer saturated the

groundwater at 1 and 10 years of simulation, with attenuation generated by the sandstone. As

previously mentioned, the sandstone was unable to reduce the concentration after a century

of constant contamination.
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Figure 4.49: Relative concentration with depth for 1, 10, and 100 years of simulation of the right waste
pit of the east-west profile, considering 0.3 m of leachate head.
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4.3.6 E-W – Same layer, different heads and years

In the same way as the N-S section, the findings regarding the variation in relative

concentration with horizontal distance and depth for leachate heads of 0.6 and 1.2 m in

the E-W section closely resembled those observed for 0.3 m. Therefore, these particular

outcomes are available for reference in the supplementary material. However, disparities

become apparent when comparing the results for 10 and 100 years.

Thus, Figure 4.50 (a) illustrates the outcomes for a depth of 31.5 m, located 116.5

m away from the section’s origin, after 10 years. The results indicate that the three simulated

hydraulic heads produced similar findings, with a slight concentration increase observed

between 400 and 500 m horizontally and a peak concentration occurring between 500 and 570

m. Additionally, there was a concentration peak exceeding 0.4 c/co between 100 m and 250

m from the origin, which remained consistent despite variations in the leachate column.

After a century, the simulation in the same section has the results shown in Figure

4.50 (b). From this, it can be inferred that the entire contamination plume has spread

horizontally, with only one point differing at 500 m from the origin with zero concentration.

This occurrence may be attributed to the outcropping sandstone next to two more permeable

horizons, which have turned into preferred seepage paths.

For the same 100 years, but at the base of the sandstone, Figure 4.50 (c) shows the

results for the three leachate head scenarios, from which it can be seen that the increase in

the column was reflected in an increase in the relative concentration with a notable reflection

at 400 m horizontally, not only with an increase in concentration but also with the horizontal

spread of the plume which, even with the increase in the leachate column, still showed a gap

around 500 m from the origin without the presence of the contamination plume.
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Figure 4.50: Variation of relative concentration with horizontal distance for 0.3, 0.6, and 1.2 m leachate height in the middle of the E-W pit
after (a) 10 years of simulation, (b) 100 years of simulation, and (c) at the base of the E-W pit after 100 years of simulation.
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Left slope

Figure 4.51 illustrates the three hydraulic heads simulated for the slope to the left,

116.5 m from the start of the section. The results show that the different leachate columns

did not result in significant differences. The profile proved to be saturated by the contaminant

in the more superficial horizons formed by the colluvium and residual, and the concentration

was reduced at the boundary with the sandstone, again underscoring the sandstone’s capacity

for attenuation, reducing the relative concentration of the interface with the residual soil by

90% up to the WT.

After 100 years, the same profile exhibited in Figure 4.52 had a maximum relative

concentration until the residual soil met the sandstone, at which point the concentration was

reduced to 70% of the maximum value at a depth of 22 m and increased again to a maximum

level at a depth of around 27.5 m. The influence of leachate head increase was observed from

the concentration attenuation point at a depth of 18 m. Notably, the 0.6 and 1.2 m hydraulic

heads led to lower concentrations at the same depth. This fact has no reasonable explanation.
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Figure 4.51: Relative concentration with depth resulting from a 10-year simulation of the left waste pit
E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Figure 4.52: Relative concentration with depth resulting from a 100-year simulation of the left waste pit
E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Central pit

In Figure 4.53, the depiction shows the center of the pit, which is situated 330 m from

the initial E-W section coordinate. Despite its proximity to the waste layer, the concentration

was effectively reduced to 10% of the peak value after a 10-year simulation, as it seeped 7.5

m through the sandstone. The maximum relative concentration initially concentrated at the

base of the MSW remained consistent as it percolated through the residual soil and permeated

the sandstone to a depth of approximately 2.5 m. Notably, the concentration profile was

unaffected by an increase in the leachate column for the simulated scenario.

Figure 4.54 illustrates the same section that, after a century of simulation, was

taken over by the contamination plume, which varied but was consistently above 80% of

the maximum concentration. The hydraulic heads of 0.3, 0.6, and 1.2 m did not result in

significant differences along the profile. However, at specific depths, the increase in the

leachate column resulted in a reduction in the relative concentration in a similar way to that

simulated for the left of the waste pit after 100 years.
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Figure 4.53: Relative concentration with depth resulting from a 10-year simulation in the middle waste
pit E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Figure 4.54: Relative concentration with depth resulting from a 100-year simulation in the middle waste
pit E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Right slope

The waste pit, situated 543 m from the simulation’s origin, exhibits a ten-year trend

in the right-side slope detailed in Figure 4.55. Correspondingly, like the outcomes for other

slopes after a decade, the relative concentration profile commences from a peak just below

the waste. It then sustains this concentration up to a depth of 34.55 m in the sandstone.

After approximately 12.5 m of vertical percolation, the plume diminishes to less than 2%

of the highest concentration at a depth of 44.15 m. In contrast, hydraulic head variances

were minimal over the ten-year simulation period, unlike the disparities noted over a century,

illustrated in Figure 4.56.

In addition to the contamination profiles throughout a century of simulation, the

findings in Figure 4.56 indicate that approximately 30% of the highest concentration was

reduced between elevations 34.55 and 38.32 m in this scenario. Subsequently, the concentration

returned to its peak value. Consistent with previous similar outcomes, a definitive explanation

for this occurrence remains elusive.
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Figure 4.55: Relative concentration with depth resulting from a 10-year simulation of the right waste pit
E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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Figure 4.56: Relative concentration with depth resulting from a 100-year simulation of the right waste pit
E-W profile for leachate heads of 0.3, 0.6, and 1.2 m.
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4.3.7 E-W – BTCs

The BTCs corresponding to leachate columns of 0.3, 0.6, and 1.2 m, evaluated at

the base of the colluvium horizon situated 116.5 m from the origin coordinate and at a depth

of 9.5 m, are depicted in Figure 4.57 (a). The analysis reveals a significant oscillation at the

onset of the curve. With a breakthrough time of 106 simulation days, it was observed that the

colluvium exceeded the maximum concentration permitted for the tracer parameters, which

is 0.2 c/co. This outcome was consistent across all three simulated hydraulic heads.

When analyzing the residual soil base at a depth of 18.70 m, BTCs shown in Figure

4.57 (b) from the three leachate columns indicated no significant differences. The breakthrough

time (BTt) was 1.67 years at 0.3 m, 1.66 years at 0.6 m, and 1.63 years at 1.2 m hydraulic

head.

At the midpoint of the sandstone, located at a depth of 34.35 m and a distance

of 116.5 m from the section’s origin, BTCs for this point are shown in Figure 4.57 (c).

These BTCs illustrate a decrease in breakthrough times as the leachate head increases. It is

important to note that the evaluated site endured a 10-year simulation period without being

impacted by the contamination plume. Furthermore, the rise in the head from 0.3 to 1.2 m

reduced the breakthrough time from 16.33 years to 15.6 years, or 262 days, to reach the same

limit concentration. An intermediate time of 16.13 years was achieved when considering a

leachate column of 0.6 m, bridging the gap between the two previous hydraulic heads.

Figure 4.57 (d) shows the same section as previously analyzed. Still, at the base of

the sandstone at a depth of 50 m, the contamination plume reached the sandstone at 15.65 m

above the base in double the time; in other words, it reached the lower limit of the simulated

section after 20 years. The BTCs were anticipated with an increase in a hydraulic head of

leachate, as can be seen by the BTt of 32.21, 31.73, and 30.84 years as a result, respectively,

of 0.3, 0.6, and 1.2 m of leachate column. The increase from 0.3 m to 0.6 m resulted in a

reduction of 173 days, and when comparing 0.3 m with 1.2 m, there was a reduction of 493

days.
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Figure 4.57: Breakthrough curve on the left slope of the E-W waste with leachate heads of 0.3, 0.6, and 1.2 m for (a) colluvium, (b) residual
soil, (c) the middle of sandstone, and (d) the sandstone base.
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Considering the base of the residual soil located in the center of the waste pit at

coordinates 330 m horizontal and 21.9 m vertical, Figure 4.58 (a) illustrates the BTCs for

the three simulated hydraulic heads. Again, the increase in the leachate column reduced the

BTCs, slightly anticipating the BTts from 1.67 years at 0.3 m hydraulic head to 1.66 and 1.63

years at 0.6 and 1.2 m. The proximity to the waste and the small thickness of the residual

horizon led to a rapid breach of the concentration limit and a rapid reach of the steady state.

Figure 4.58 (b) presents the outcomes for the identical horizontal position at a depth

of 35.95 m. The hydraulic pressures of 0.6 and 1.2 m reduced the BTCs and, consequently,

the BTts to 24.46 years for the former and 23.29 years for the latter. Initially, a simulation

with a 0.3 m leachate head indicated a BTt of 25.10 years, indicating an advancement of the

limit concentration by up to 1.8 years.

The concentration migration took approximately 15 years to reach the specified

coordinates of the analyzed section and about 35 years to reach a depth of 50 m, as indicated

in Figure 4.58 (c). This figure also illustrates the decrease in the arrival time of the plume

as the hydraulic head increased. The system failed after 48.85 years with a 0.3 m column,

47.58 years with a 0.6 m column, and 45.21 years with a 1.2 m column. Consequently, the

system failed 1.27 years earlier with a 0.6 m leachate column and 3.64 years earlier with a 1.2

m column, compared to a 0.3 m column.
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Figure 4.58: Breakthrough curve (a) in the residual soil in the center, (b) in the middle of the sandstone, and (c) in the sandstone base of
the E-W waste pit with leaching heights of 0.3, 0.6, and 1.2 m.
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Analogous to the preceding sections, the cross-sectional points evaluated on the

slope to the right of the waste pit and 543 m from the origin, as depicted in Figure 4.59 (a),

present the findings for the base of the shallowest horizon formed by the colluvium. The

analysis revealed significant variability in results during the initial 15 years until reaching a

steady-state. The breakthrough times were 208 days with 0.3 m of leachate and 210 days for

0.6 and 1.2 m. At this juncture, the limit concentration was attained. Thus, the escalation in

the hydraulic head had no discernible impact at the specified point, contrary to the outcomes

shown in Figure 4.59 (b), corresponding to a depth of 42.3 m, which signifies the center of

the sandstone within the same section. This coordinate demonstrates a decline in BTCs with

an increase in the leachate column, with 1.5 and 4 years less time required to attain BTt

compared to the 0.3 m leachate head, which necessitated 21.25 years for achievement.

Finally, for the base of the section under study, Figure 4.59 (c) illustrates the results

for the 50 m depth. The increase in leachate head noticeably reduced the BTCs, a position

that again was around 20 years without contact with the contamination plume. Once in

contact with the simulated contaminant, 43.08 years were required to reach 20% of the

maximum concentration when utilizing 0.3 m leachate. This duration decreased to 39.69 and

34.35 years when employing 0.6 and 1.2 m hydraulic head.
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Figure 4.59: Breakthrough curve at the right slope of the E-W waste pit, with leaching heights of 0.3, 0.6, and 1.2 m in (a) colluvium, (b)
the middle of sandstone, and (c) the sandstone base.
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The data in Tables 4.8 to 4.10 provide a comprehensive overview of the breakthrough

times for the various sections within the E-W profile. The analysis indicates a correlation

between the increase in the leachate column and a reduction in breakthrough curves, with closer

times observed in more permeable layers and more significant disparities in less permeable

horizons. The areas primarily impacted by the contaminant are the slopes flanking the

waste pit, followed by the pit’s center, indicating a preference for horizontal percolation.

Comparatively, the sandstone played an essential role in attenuating the plume, except for the

E-W profile, where the contaminant entirely permeated, except for the 570 m horizontal due

to the rocky outcrop. At this point, percolation occurred in its vicinity and did not include

vertical flow.

It was possible to notice that in some of the breakthrough curves generated, con-

centration was reduced after reaching the peak concentration, particularly in the sandstone

curves. As inferred by Shackelford (2021), this curve shape is related to the sum of transport

by advection, dispersion, and decay, or advection, dispersion, sorption, and decay. In contrast,

Kjeidsen & Christensen (1984) mentions advection, dispersion, and degradation or dilution.

Given the conditions imposed on the sandstone and the simulation, and the fact that NaCl is

a conservative tracer and is not subject to sorption, precipitation, and degradation reactions,

dilution was the only attenuation mechanism (Lake & Rowe, 2000; Naveen et al., 2019; Rowe

& Abdelrazek, 2019).

From the N-S and E-W profiles, the results indicated rapid contamination of the

colluvium and residual horizons, with attenuation of the plume when it encountered the

sandstone. Hydraulic conductivity was a key parameter driving the plume through the most

permeable materials and deserves special attention in future sensitivity analyses. The E-W

section proved to be more susceptible to the simulated plume, e.g., the sandstone base of the

N-S profile in the central region was not affected by the plume for the leachate hydraulic heads

of 0.3 and 0.6 m, while the contamination completely took over the E-W profile. This may be

related to the more rugged E-W relief , with a steeper slope. Furthermore, the results indicated

that the sandstone exhibited a notable capacity to attenuate the simulated contaminant.

However, under conditions of constant leachate head, both profiles were projected to reach
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the maximum contamination levels stipulated for the tracer after a century, except the base

of the.
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Table 4.8: An overview of the breakthrough curve results from the E-W colluvium horizon.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (days)
Colluvium base 9.50 Left slope 116.50 0.30 106

0.60 106
1.20 106

Colluvium base 34.55 Right slope 543.00 0.30 208
0.60 210
1.20 210

Table 4.9: An overview of the breakthrough curve results from the E-W residual horizon.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (days)
Residual base 18.70 Left slope 116.50 0.30 1.67

0.60 1.66
1.20 1.63

Residual base 21.90 Middle 330.00 0.30 1.59
0.60 1.59
1.20 1.59
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Table 4.10: An overview of the breakthrough curve results from the E-W sandstone.

Layer Depth (m) Position Distance from the origin (m) Head (m) BTt (days)
In the middle of the sandstone 34.35 Left slope 116.50 0.30 16.33

0.60 16.13
1.20 15.60

In the middle of the sandstone 35.95 Middle 330.00 0.30 25.10
0.60 24.46
1.20 23.29

In the middle of the sandstone 42.30 Right slope 543.00 0.30 21.25
0.60 19.68
1.20 17.18

Sandstone base 50.00 Left slope 116.50 0.30 32.21
0.60 31.73
1.20 30.84

Sandstone base 50.00 Middle 330.00 0.30 48.85
0.60 47.58
1.20 45.21

Sandstone base 50.00 Right slope 543.00 0.30 43.08
0.60 39.69
1.20 34.35
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For the purpose of comparison, Figures 4.60 and 4.61 illustrate, respectively, the

field results of Mondelli et al. (2007) and Lago et al. (2006) from the N-S and E-W sections

based on resistivity tests using the electrical resistance survey. The N-S profile corresponds to

the one utilized in this study, while the E-W profile is derived from a nearby section. It should

be noted that both images are at different scales, and the E-W resistivity profile comprises a

360 m horizontal section, whereas the one simulated here is 700 m.

Based on the commencement of operations of the Bauru MSW in 1993 and the

publication dates of the aforementioned authors, the research periods for the study conducted

by Mondelli et al. (2007) were estimated to cover 15 years of operation, equivalent to 5475 days.

Similarly, the investigation performed by Lago et al. (2006) spanned 11 years, encompassing

4015 days. Therefore, the simulation profiles provide an overview of the estimated time frames

along with the analysis of the electrical resistivity findings.

The longitudinal profiles depicted in Figure 4.36 reveal intriguing similarities to the

results observed at a depth of 33 m between 350 and 425 m horizontal distance. Over a

ten-year simulation period, relative concentration increases noticeably between 150 and 200

m horizontally, while the 100-year simulation shows no concentration at 350 m.

A similar comparison becomes more challenging for the E-W section since they

correspond to different profiles. However, both results showed a tendency for the plume to

spread in an easterly direction (left of the image) when the result was conceived. In Figure

4.50, which represents the plume’s spread at a depth of 31.5 m, considering 10 years of

simulation, concentrations close to zero are observed between 250 and 500 m, contrary to the

in situ results. On the other hand, the findings from Lago et al. (2006) for a depth of 24.5 m

reveal that the contamination plume had already reached a lower depth than the simulated

one.
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Figure 4.60: Comparison of the resistivity results adapted from Mondelli et al. (2007) (above) and simulated profiles (below) with a 1.2 m
leachate head in the N-S section.
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Figure 4.61: Comparison of the resistivity results adapted from Lago et al. (2006) (above) and simulated profiles (below) with a 1.2 m
leachate head in the E-W section.
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As previously inferred, the above observations were only for comparison purposes but

reflect essential information worth highlighting. The simulation underestimated the electrical

resistivity results, even though the former did not take into account considerations that would

mitigate the fate of the contamination plume, such as constructive aspects, e.g., diluted

asphalt applied to the base of the MSW disposal site along with 0.20 m of soil compacted

3% above optimum humidity with a 95% degree of compaction. This information indicates a

concern about the state of the MSW disposal site.

Furthermore, the in situ results of previous research have more accurately reflected,

among other aspects, the operational history of the MSW disposal site, a factor that was not

accounted for in the simulations. As highlighted in the work of Mondelli et al. (2007), health

waste was disposed of between 450 and 500 m horizontally (Figure 4.60). Additionally, between

180 and 240 m, leachate ponds, such peculiarities, should be considered when comparing and

assessing the contamination plume spreading profiles generated here.

Feng et al. (2019) explain in their work that high leachate heads, exceeding 5 m for

the reported case, caused a vertical concentration profile for times above 10 years, indicating

that the presence of a protection layer of 0.75 m was unable to impede the contamination

plume. Moreover, Ding et al. (2020) reiterate the importance of the hydraulic gradient, which

is directly related to the breakthrough of contaminants, endorsing the importance of the

volume of leachate generated.

Thus, Bauru’s MSW disposal site is in a situation of vulnerability, aggravated

by the proximity of the water level and the time elapsed between the results of Mondelli

et al. (2007) and Lago et al. (2006) to the present date, even though the MSW disposal

site closed its activities in 2016, the trend, as shown by the results of the simulations, is

for the geoenvironmental conditions of the MSW disposal site, its surroundings, as well as

groundwater and surface water to worsen, as shown in Table 4.11 which shows the Pb, Mn, Ni

and Na concentration data evaluated in Chapter 3 from the monitoring wells in the sections

analyzed, as well as from the Gabiroba stream, near Bauru’s MSW disposal site.

The results of this research expose the risk to which human health, local fauna, and

flora are exposed, taking into account that the process of natural attenuation can take decades
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or even centuries (Baun et al., 2003; van Breukelen et al., 2004; Mahallei & Badv, 2020). Han

et al. (2016) emphasize that the natural attenuation process and hydrogeological conditions

are not solely responsible for altering groundwater contamination, in view of the significant

contribution of leachate quality to the contamination process.

It is advisable to consistently monitor the water quality of the wells and tributary

rivers surrounding the MSW disposal site, both upstream and downstream. This monitoring is

crucial in identifying any necessary adjustments to mitigate leachate generation. For instance,

improving rainwater drainage can help reduce the leachate column, affecting the hydraulic

gradient and the contamination plume. It is important to note that elevated leachate levels

can also impact the stability of the MSW disposal site by increasing the pore pressure.

Other measures, such as implementing cut-off walls or reactive barriers as proposed

by Xie et al. (2009) in a Chinese MSW disposal site, are similar to the one studied here.

This approach could be valuable when protective liners are absent, and advection and

mechanical dispersion are the primary means of transport. However, it is notorious that

natural attenuation is the primary tool in developing countries, as the additional expenses

associated with barrier construction are frequently deemed impractical.

Besides the above, the simulations carried out here have the limitation of considering

the position of the fixed water level and not considering underground flow. The soil and rock

masses were supposed to be homogeneous, isotropic, and without the occurrence of fractures

that give rise to preferential percolation. The process of attenuation by degradation was not

considered, as well as deformations due to the waste layer and the self-weight of the soil and

rock, in addition to critical environmental factors such as rainfall. Furthermore, leachate is a

complex compound with which the competition between its constituents was not taken into

account, and data from a saline tracer was used to infer the input parameters for the analyses.

In this study, despite its limitations, we conducted simulations incorporating key

parameters previously determined in laboratory experiments for geomaterials found at Bauru’s

MSW disposal site. These parameters include suction, hydraulic conductivity, and advection,

with the latter two being particularly crucial for understanding contaminant transport,

especially in areas lacking clay or similar materials to delay the spread of the contamination
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plume. The 2D simulations, along with 1D analyses divided into longitudinal and transverse

profiles, have enhanced our understanding and prediction of plume spread in a geologically

complex site, mainly due to the presence of rock formations in a tropical environment.

The study conducted here sought to portray a case study. It should be considered that

the definition of profiles, choice of parameters, boundary conditions, and the use of 1D, 2D, or

3D simulations must be accompanied by an appropriate field investigation in conjunction with

the laboratory aimed at local geological-geotechnical understanding. For example, dispersivity

and hydrodynamic dispersion values tend to increase in the field (Levy & Chesters, 1995;

Woumeni & Vauclin, 2006; Odling et al., 2007; Ojuri & Ola, 2010). Additionally, as illustrated

by Rowe & Abdelrazek (2019), anisotropy plays a crucial role, with longitudinal dispersivity

influencing flow direction and transverse dispersivity affecting uniform distribution within the

aquifer.

The selection of simulation type is a critical factor in drawing inferences, as noted

by Yan et al. (2021), who reported that 1D findings reduced 2D BTCs by ten years. Konikow

(2011) suggests that modeling in complex locations should begin with simple scenarios, gradu-

ally increasing in complexity. Furthermore, the author stresses that 3D simulations enhance

the quality of result visualization and analysis. However, this enhancement necessitates a

more critical assessment, as one should more than merely assume that the simplifications

adopted during the model validation stage are sufficient and meaningful.

This work endorses that new contributions from the research group with updates on

the current stage of migration of the contamination plume have been conducted.
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Table 4.11: Concentration of heavy metals in monitoring wells near the sections under study.

Site Profile MW Pb (µg/L) Mn (µg/L) Ni (µg/L) Na* (µg/L)
Bauru MSW N-S 10 <10 <10 <10 2750

11 10 1242 <10 1600
13* 92.5 300 <10 1400

E-W 4* <10 589.8 32.8 1550
5-A 14.5 <10 <10 1000

Gabiroba stream Upstream <10 47 <10
Downstream <10 127 <10
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4.4 Conclusions

This work analyzed the fate and transport of contaminants from Bauru’s MSW

disposal site in Brazil and the breakthrough time to reach undesirable contamination levels in

the local subsoil profile through numerical simulation using the CODE_BRIGHT program.

From this study, we can draw the key points:

(i) Increasing leachate head reduced the time it takes for contaminants to reach undesirable

levels.

(ii) The slopes to the left and right of the waste pit were most affected by the contamination

plume, followed by the center of the pit, indicating a tendency for horizontal flow,

especially in the more permeable soil horizons above the sandstone.

(iii) The East-West section has a higher susceptibility to the percolation of contaminants,

with findings indicating rapid contamination of the colluvium and residual horizons and

attenuation of the plume upon encountering the sandstone.

(iv) After a century of constant leachate head conditions, the North-South and East-West

profiles reached the maximum contamination level for the tracer, increasing concerns

about long-term environmental risks without intervention.

(v) The simulations for Bauru’s MSW disposal site underestimated in situ electrical resis-

tivity results, raising concerns about contaminants’ behavior, spread, and fate.
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4.5 Supplementary material

4.5.1 Model validation

Figure 4.62: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 1 m depth
consolidated at 20 kPa.
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Figure 4.63: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 1 m depth
consolidated at 20 kPa.

Figure 4.64: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 4 m depth
consolidated at 40 kPa.
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Figure 4.65: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 4 m depth
consolidated at 40 kPa.

Figure 4.66: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 4 m depth
consolidated at 80 kPa.
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Figure 4.67: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 4 m depth
consolidated at 80 kPa.

Figure 4.68: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 7 m depth
consolidated at 80 kPa.
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Figure 4.69: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 7 m depth
consolidated at 80 kPa.

Figure 4.70: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 7 m depth
consolidated at 160 kPa.
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Figure 4.71: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 7 m depth
consolidated at 160 kPa.

Figure 4.72: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 11 m depth
consolidated at 160 kPa.
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Figure 4.73: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 11 m depth
consolidated at 160 kPa.

Figure 4.74: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 11 m depth
consolidated at 320 kPa.

399



C
hapter

4
Supplem

entary
m
aterial

Figure 4.75: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 11 m depth
consolidated at 320 kPa.

Figure 4.76: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 13 m depth
consolidated at 160 kPa.
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Figure 4.77: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 13 m depth
consolidated at 160 kPa.

Figure 4.78: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 13 m depth
consolidated at 320 kPa.
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Figure 4.79: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 13 m depth
consolidated at 320 kPa.

Figure 4.80: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 16 m depth
consolidated at 160 kPa.
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Figure 4.81: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 16 m depth
consolidated at 160 kPa.

Figure 4.82: Numerical validation with column test through experimental data (left) and analytical (right) from the soil at 16 m depth
consolidated at 320 kPa.
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Figure 4.83: Numerical validation with leaching test through experimental data (left) and analytical (right) from the soil at 16 m depth
consolidated at 320 kPa.

Figure 4.84: Numerical validation with column test through experimental data (left) and analytical (right) from the sandstone consolidated
at 160 kPa.
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Figure 4.85: Numerical validation with leaching test through experimental data (left) and analytical (right) from the sandstone consolidated
at 160 kPa.

Figure 4.86: Numerical validation with column test through experimental data (left) and analytical (right) from the sandstone consolidated
at 320 kPa.
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Figure 4.87: Numerical validation with leaching test through experimental data (left) and analytical (right) from the sandstone consolidated
at 320 kPa.
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4.5.2 N-S – 0.6 m

Figure 4.88: Variation of the relative concentration with the horizontal distance for 0.6 m of leachate head, considering 1, 10, and 100 years
in a study of (a) the surface, (b) the middle, and (c) the base of the N-S profile.

407



C
hapter

4
C
onclusions

Figure 4.89: Relative concentration with depth for 1, 10, and 100 years of simulation of (a) the left, (b) the middle, and (c) the right waste
pit of the N-S profile, considering 0.6 m of leachate head.408
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4.5.3 N-S – 1.2 m

Figure 4.90: Variation of the relative concentration with the horizontal distance for 1.2 m of leachate head, considering 1, 10, and 100 years
in a study of (a) the surface, (b) the middle, and (c) the base of the N-S profile.
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Figure 4.91: Relative concentration with depth for 1, 10, and 100 years of simulation of (a) the left, (b) the middle, and (c) the right waste
pit of the N-S profile, considering 1.2 m of leachate head.
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4.5.4 N-S – Colluvium and residual BTCs

Figure 4.92: Breakthrough curves (a) in the middle of the residual at the center, (b) in the colluvium on the right slope, and (c) in the
residual on the right slope of the N-S waste pit, with leachate heads of 0.3, 0.6, and 1.2 m.
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4.5.5 E-W – 0.6 m

Figure 4.93: Variation of the relative concentration with the horizontal distance for 0.6 m of leachate head, considering 1, 10, and 100 years
in a study (a) of the middle and (b) profile base of the E-W profile.
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Figure 4.94: Relative concentration with depth for 1, 10, and 100 years of simulation of (a) the left, (b) the middle, and (c) the right waste
pit of the E-W profile, considering 0.6 m of leachate head.
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4.5.6 E-W – 1.2 m

Figure 4.95: Variation of the relative concentration with the horizontal distance for 1.2 m of leachate head, considering 1, 10, and 100 years
in a study of (a) the middle and (b) the base of the E-W profile.
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Figure 4.96: Relative concentration with depth for 1, 10, and 100 years of simulation of (a) the left, (b) the middle, and (c) the right waste
pit of the E-W profile, considering 1.2 m of leachate head.
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Overall conclusions

This thesis presents significant findings regarding the behavior of contaminants in

subsurface environments, focusing on the Bauru landfill in Brazil. The study highlights the

impact of clay minerals from the smectite group on the expansive characteristics of sandstone,

particularly its hydromechanical behavior. Both gray and brown sandstones exhibited similar

properties in terms of uniaxial compressive strength (UCS), Young’s modulus, and shear

strength, indicating brittle failure with low resistance but intermediate to high modulus.

However, these materials showed distinct compressibility and expansion behaviors under dry

and saturated conditions.

The research also revealed permeability anisotropy, with the brown sandstone

demonstrating higher horizontal hydraulic conductivity than the gray sandstone. Moreover,

hydraulic conductivity decreased with depth and increased confinement pressure, influenced

by a reduction in porosity. Introducing a saline tracer reduced soil permeability but had

minimal impact on the sandstone. Key transport parameters such as dispersivity and

hydrodynamic dispersion were significantly influenced by permeability, tortuosity, flow lines,

and interconnected pores, which are crucial for advective-dispersive transport.

Tracer movement was closely aligned with water flow, as evidenced by a retardation

factor (Rd), indicating slight sorption of tracers by the soil and sandstone. Thereby, most

tracers were dissolved. Notably, heavy metals Ni and Mg exhibited mobility even in alkaline

environments, while Pb remained immobile, raising concerns about environmental exposure
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to heavy metals.

Laboratory column tests validated simulations performed using CODE_BRIGHT,

which analyzed the Bauru landfill’s two profiles (North-South and East-West). The simulations

revealed that the slopes adjacent to the waste pit were the most affected by the contamination

plume, primarily due to horizontal flow in the more permeable soil horizons above the

sandstone. The East-West section demonstrated a higher susceptibility to contaminant

percolation, with rapid contamination of the colluvium and residual horizons, followed by

plume attenuation upon reaching the sandstone.

Under constant leachate head conditions, both profiles reached maximum contami-

nation levels after a century, raising significant concerns about long-term environmental risks

if no interventions are implemented. Additionally, increased leachate head reduced the time

for contaminants to reach critical levels. Furthermore, the simulations suggested a potential

for more severe impacts from the landfill’s contaminants than initially predicted, as they

underestimated the contamination spread compared to field results from previous electrical

resistivity investigations.
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