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ABSTRACT: Clays and geosynthetic materials are commonly applied as low hydraulic conductivity layers and environmental 
protection barriers for storing solid wastes and wastewaters for both cover and bottom impermeabilization of geotechnical structures. 
However, due to a future shortage of clay materials and their high transport costs, in addition to geosynthetics generating more waste 
and presenting high costs, two needs emerge: reducing the amount of waste generated and developing strategies for preventing this 
waste from infiltrating the soil and ground water. One of the possible solutions consists in the use of some geotechnically applicable 
residues to prevent soil infiltration. Many by-products have been extensively studied as to their suitability as a geomaterial (Kumar 
et al., 2019) and showed promising results for use in liners. The most significant factors that depend on hydraulic conductivity are 
index, compaction, and compressive properties, so, in this aspect, hydraulic, mechanical, physic-chemical, and mineralogical 
properties determine the valorization, or not, of the waste as liner material (Marchiori & Albuquerque, 2020). Industrial wastes and 
geocomposite acting as hydraulic barriers material and its geotechnical properties were reviewed and analyzed lack of research and 
future investigations suggestions. 

RÉSUMÉ : Les argiles et les matériaux géosynthétiques sont couramment appliqués en tant que couches à faible conductivité 
hydraulique et barrières de protection de l'environnement pour le stockage des déchets solides et des eaux usées pour l'imperméabilisation 
de la couverture et du fond des structures géotechniques. Cependant, en raison d'une future pénurie de matériaux argileux et de leurs 
coûts de transport élevés, en plus des géosynthétiques générant plus de déchets et présentant des coûts élevés, deux besoins se font jour: 
réduire la quantité de déchets générés et développer des stratégies pour empêcher ces déchets de s'infiltrer dans le sol et eaux souterraines. 
L'une des solutions possibles consiste à utiliser certains résidus géotechniquement applicables pour empêcher l'infiltration du sol. De 
nombreux sous-produits ont été largement étudiés quant à leur aptitude en tant que géomatériau et ont montré des résultats prometteurs 
pour une utilisation dans les revêtements. Les facteurs les plus importants qui dépendent de la conductivité hydraulique sont les propriétés 
d'indice, de compactage et de compression, de sorte que, sous cet aspect, les propriétés hydrauliques, mécaniques, physico-chimiques et 
minéralogiques déterminent la valorisation ou non des déchets en tant que matériau de revêtement. Les déchets industriels et le 
géocomposite agissant comme matériau de barrière hydraulique et ses propriétés géotechniques ont été examinés et analysés en l'absence 
de recherches et de suggestions d'enquêtes futures. 
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1  INTRODUCTION.  

Natural materials, clays, and synthetic materials, geosynthetics, 
are commonly applied as layers of low hydraulic conductivity 
and environmental protection barriers in civil engineering works 
to store solid waste and wastewater (landfill, wastewater ponds 
and mining ponds) for both cover and waterproofing the bottom 
of soil structures. Many industrial wastes, such as mining wastes 
(MW), biomass incineration ashes (BA), blast furnace slag (BFS) 
and water treatment sludge (WTS) have been studied as 
incorporation material for geotechnical barriers, they appear to 
have physical and chemical characteristics similar to clays and 
continue to be discarded in soils, water or landfills, contributing 
to significant negative environmental impacts and not being 
recycled or recovered (Agamuthu, 2013). 

Valorization of industrial waste as applicable barrier materials 
for waterproofing earthworks for the storage of solid waste (SW) 
and wastewater have great potential and this research continue to 
grow due to its great performance and financial numbers. 
Although they its physical, chemical, and mineralogical 
properties, in addition to conducting characterization, 
mechanical and leaching experiments, proving the low hydraulic 
conductivity, compaction and chemical resistance, must be 
studied. Important physical characteristics include specific 
weight (ρ), density (GS), water content (w), particle size 
distribution and specific surface (SS), compaction characteristics 
as optimal water content (wopt) and optimal dry density (ρd,opt), 
chemical properties are main elements and oxides analysis, 
mineralogy, and cation exchange capacity (CEC), compressive 

strength (CS) with parameters as friction angle (φ’) and cohesion 
(c’) and the main property hydraulic conductivity (k). The 
identification of appropriate geo-applications for an industrial 
waste is the most crucial step, requiring consideration of its 
properties and a comprehensive knowledge and understanding of 
geotechnical construction, in addition to economic and 
environmental regulations (Abichou, Edil, et al., 1998).  

Clays are aluminum silicates, when well compacted have low 
hydraulic conductivity and relatively cheap for engineering 
earthworks and high-density polyethylene (HDPE) are widely 
used in liners, principally acting as an waterproofing membrane 
to prevent the migration of liquids and gases (Vertematti, 2015). 
Liners are usually made of compacted clay liner (CCL) or 
geosynthetic-clay liner (GCL), and it’s value for compacted liner 
must be less than or equal to 10-7 cm/s (Khalid et al., 2019). The 
main properties of an ideal barrier system are summarized by 
(Ganjian et al., 2004):  

(i) low hydraulic conductivity, less than 1 x 10-7 cm/s.  
(ii) enough strength to support the weigh above it, at least 5 

N/mm2.  
(iii) deformation during service without cracking or rupture and 

self-healing properties.  
(iv) chemical compatibility and high cation exchange capacity.  
(v) easy construction and with low-cost materials. 

 
Although, before analysing the possible alternative materials 

for use in geotechnical barriers, it is extremely important to 
disqualify those that are harmful in such applications, due to a 
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physical or chemical incompatibility (Marchiori & Albuquerque, 
2020). Composites normally are divided by layers, the first one, 
from top to bottom, with the perspective of provide a hard 
surface, tensile strength, and an initial leachate migration; the 
middle one (can be 1 or more depending on the type of waste) 
reduces permeability and have high cation exchange capacity, 
usually a cheaper material with proper properties; the last one, 
contribute with a firm base for the other layers and a chemical 
and physical final barrier to prevent migration to the soil and 
groundwater (Ganjian et al., 2004). 

The main geotechnical aspects of a landfill involve the control 
of its base and its top to minimize soil infiltrations and gas 
emissions, in addition, it is needed to secure the place utilization 
after its closure and having its capacity optimized. Its general 
constitution is summed up by a basal covering layer, insulating 
the soil, drainage layer, to remove the leachate, covering layer, 
isolating the material dumped from the outside and a superficial 
drainage layer, to avoid surface erosion. Its hydric balance is 
explicit in Figure 1: 

 
Figure 1. Landfill Hydraulic Balance. 

The increased use of energy and fossil resources 
consumption, linked to the immense generation of waste and not 
having an appropriate place or logistic for responsible disposal, 
in addition to the most recent intention to save energy and effort, 
seeking greater efficiency and the lower costs for industries, 
justifies the use of alternative materials and energies. For this and 
other reasons already explained, countries and economic blocs 
are being obliged by programs such as the (United Nations) for 
research and use on an industrial scale of cleaner and cheaper 
energies, solving part of the great problem that is the excess of 
waste. 

2  LINERS GEOTECHNICAL PROPERTIES 

2.1  Index Properties 

Index properties as specific gravity, essential for the final weight 
and can be determined by the method of the pycnometer, 
granulometry is important to obtain the fine particle size amount, 
along with plasticity are the most important index properties for 
liners. Plasticity or Atterberg limits are a very important 
characteristic of fine soils, it describes the capability of the soil 
to suffer irreversible deformation without break or crumble, as 
liners must have deformation without cracking or rupture. These 
characteristics directly influence the chemical, mechanical and 
hydraulic approaches of a soil.  

2.2  Chemical Analysis 

Chemical analysis as CEC, through a determinate cation 
saturation, is the quantity of ions that a mineral can exchange, 
important for clay minerals to quantify its ion adsorption and/or 
absorption, modifying physical and chemical properties. Oxide’s 
analysis and principally the percentage of Al2O3, SiO2 and Fe2O3 
can affect plasticity, pozzolanic activity and specific weight. As 
liner application, the most important factor for chemical 
components and behavior is according to chemical compatibility 

with the disposal material and the leaching properties, principally 
for heavy metals. 

2.3  Mechanical Characteristics 

Optimal compaction parameters and compressive strength 
simulates field conditions, Standard Proctor was designed to 
increase soil density grouping the particles with reduction of air 
volume permissible until reaching an optimum value in this 
humidity-density relation, load capacity is limited for an 
adequate security coefficient against rupture by shear, triaxial 
consolidated undrained load permits to obtain the shear 
resistance, cohesion, and friction angle for liner application. The 
immediate settlement must take into account the permanent load 
plus the short-term load, the one immediately constructed, this 
one has alternate method to calculate the tensions and settlement 
depending on the form of the load, such as concentrated, linear, 
triangular load, uniformly distributed in a band, in circular or 
rectangular areas (Craig, 2007), oedometric test simulate those 
conditions in laboratory. 

2.4  Hydraulic Conductivity 

Hydraulic performance by constant head permeameters are 
laboratorial tests to evaluate hydraulic conductivity, it is is the 
most significant factor effecting soil liner performance. Liners 
are usually made of compacted soils, commonly clays, k 
normally for compacted liner must be less than or equal to 1 x 
10-7 cm/s (Khalid et al., 2019). 

3  RESIDUES AS LINERS 

3.1  Mining Wastes 

Mine waste lagoons are described as dangerous structures and 
responsible for many environmental disasters, thus it is an almost 
unlimited source, on account that mining activities continue to 
generate more waste. Through extraction of ores and minerals in 
mining industry, extremely fine particles are rejected by crushing, 
sorting or processing the raw material, mainly as sludge 
(Almeida et al., 2020) called MW, or mining tailing, generated 
from crushed rocks. Physical, chemical, and mechanical 
properties over mining residues are in accordance with the 
extracted ore, but they can undergo changes due to chemical 
processes applied, also are interest for reuse, mainly low to 
moderate hydraulic conductivity, plasticity, and shear strength. 
The hydraulic conductivity of mine tailings has been studied by 
itself or mixed with other components to improve performance 
utilizing alternative barrier materials from different ores 
industries. From aluminum industry, bauxite refining process 
results in a residue called red mud (RM), industrial by-product 
composed of solid and metallic oxides (Rubinos et al., 2015), due 
to its large and global aluminum appliance (Gangadhara Reddy 
& Hanumantha Rao, 2016) estimated around 120 million tons per 
year of RM and tested biotreated RM and found compaction 
characteristics improvement thought lower optimum water 
content and higher unconfined compressive strength (USC), and 
its potential valorization was extended by (Rubinos et al., 2015) 
when it found hydraulic conductivity around liner limit of 10-7 
cm/s, concluding its feasibility. Additionally, (Aswathy et al., 
2016) improved compaction and compressive properties for soil-
RM mixtures with 2% of lime. Residues from ores extraction of 
iron, copper and gold were also studied and concluded that the 
feasibility for liner is mandatory mixtures with clayey soils due 
to its high permeability and leaching properties. Other studies 
analyzed spitilic MW from exploitation of nickeliferous laterites 
(Maritsa et al., 2016) and found k less than 10-7 cm/s when adding 
3% of bentonite, drawing attention for incorporation possibilities. 
(Bareither & Gorakhki, 2016) developed a geocomposite by 
intrusion of waste rock particles in tailing’s matrix called 
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GeoWaste, pure tailing and GeoWaste hydraulic performance are 
similar achieving 10-7 cm/s and an improve of mechanical 
resistance. Drilling processes generates drilling fluids and piles 
as waste, they can be water, synthetic or natural material as 
bentonite or even a mixture of them, this type of waste has the 
potential to impact the environment, when it is not contaminated 
with heavy metals, it has the potential to be a liner alternative 
material due its high bentonite content. (Marchiori & 
Albuquerque, 2020) summarized for MW, the main advantages 
are low cost, potential compost incorporation, mechanical, shear 
resistance, and chemical resistance, but need to incorporation in 
clayey mixtures for hydraulic conductivity and can present 
contaminants, they are already used as dams and landfill covers 
and slope stability, although lack long-term behaviour and 
chemical compatibility. 

3.2  Biomass Wastes 

BA from agro-industrial wastes are mostly prevenient through 
thermochemical processes as combustion, pyrolysis and 
incineration, varying from 5-15 % of biomass processed of ash 
production from those systems (James et al., 2012) and the 
recycle of this residue is growing, BA has received attention due 
to its combustion due its pozzolanic properties can be used as 
cementitious material after alkali content reduction (Salvo et al., 
2015), can substitute gravel in road construction and possibly can 
replace fine-grained clays and soils in the construction of landfill 
liners on account of its latent hydraulic properties (Obernberger 
I & Supancic K, 2009), thus low costs, plasticity and chemical 
compatibility are the advantages, but need incorporation for 
mechanical resistance, BA are used as soil additive and landfill 
cover, but need investigation over mechanical properties and 
durability (Marchiori & Albuquerque, 2020). Main examples of 
agriculture wastes as liner studies are bagasse ash (BHA), rice 
husk (RHA), palm oil fuel ash (POFA) and wool ash (WA), its 
potential utilization was evaluated and concluded the main 
advantages are recovery of valuable components (SiO2, Al2O3, 
CaO), providing essential elements and liming effects when 
incorporating clayey soils (Vassilev et al., 2013). Other BA types 
are cellulose and paper mill sludge (PMS) consist mainly of 
fibers, fillers, clays, and several other minor impurities that can 
have low hydraulic conductivity when properly compacted, also 
have been used to build hydraulic barrier layers in landfill cover 
(Kraus et al., 1997a). It is important to notice that BA 
geotechnical properties can vary when dealing with different 
paper-producing plants and agriculture. According to overload 
studies, PMS hydraulic conductivity varies around 10-7-10-9 cm/s 
(Kuokkanen et al., 2008). (Osinubi & Eberemu, 2013) tested on 
residual granite soil mixture with 0-15% of POFA to assess its 
hydraulic conductivity and improve soil plasticity, while ρd,max 
decreased and water content increased with the POFA content, 
also k decreased to a 10% POFA content achieving k around 10-

9 cm/s suitable for liners. Also, tests were conducted on a reddish-
brown lateritic soil treated with up to 12% bagasse ash were also 
suitable for use in barrier applications of waste containment. 

3.3  Blast Furnace Slags 

Combustion of materials generates waste, a process that is 
classified as a thermal process, the tailings are usually found in 
the form of ash, fly or inert, slag or sand. Due to a granulometry 
like that of clays and sands, natural usually used in civil 
construction. Coal ashes are divided by Class F fly ash, produced 
from the burning of anthracite and bituminous coal, and Class C 
fly ash, produced from lignite and sub-bituminous coal and can 
contain significant amounts of calcium hydroxide (Bhatt et al., 
2019) and, as a result, can be self-cementing, were extensively 
studied as liner material (Palmer et al., 2000) its future disuse as 
a raw material for energy generation makes long term studies 
unfeasible due to a future lack of material on a large scale. Sands 

are usually from foundries, that use sand in two ways: for molds 
that form the external part and in cores that form the internal 
shapes and cavities of the foundry, the excess of foundry sands 
(FS) from metal generally contains a significant amount of 
bentonite, up to 15%, and therefore can have low hydraulic 
conductivity, also shows low sensitivity to moisture and 
compaction effort and environmental impact, making FS 
excellent hydraulic barrier materials (Abichou et al., 2000; 
Abichou, Benson, et al., 1998; Yaghoubi et al., 2020). The 
investigated thermal residue is BFS, a product of iron production, 
which has been widely investigated and used, particularly as a 
supplementary cementitious material due to its alkali activation 
reactivity, improving mechanical properties, workability and  
chemical resistance, and also high compressive strength. The 
compaction behavior of the material is like granular soils, a study 
of BFS properties was carried out with the conventional filling 
material, and it is considered for filling applications (Kumar et 
al., 2019), making BFS be considered as landfill alternative 
material, but lack research in long-term behavior and chemical 
compatibility, such as leaching potential. 

3.4  Water Treatment Sludge 

Water treatment plants (WTP) operations basically consists of 
capture, chemical coagulation, flocculation, decantation, 
filtration, and disinfection of the water, natural or residual, 
several minerals are used on that process, as Ca, Mg, Na, K, Fe, 
chlorides, nitrates, and nitrites. The periodical cleaning of the 
decanters at the plant generates solid wastes called water 
treatment sludges (WTS). Its chemical  and  mineralogy  are  
basically  silica, around 20%, aluminum, 60%, and iron, 5%, 
looking similar to aluminum silicates as clays (Bashar et al., 2016; 
Coelho, 2016; Kyncl, 2008). WTS’s properties seem to be 
suitable for producing liner materials and for reinforcing 
weakened clay soils. Dehydrated and treated, chemically or 
incinerated, sludges  and  muds  from WTP  also  have  
the  aforementioned potential to be alternative materials for 
liners instead of clays (Okoli et al., 1999), with a severe attention 
for its hazardousness especially for residual water and mainly 
because of its permeability, compaction, durability and 
workability in constructions (Bashar et al., 2016), so, a more 
sustainable destination for WTS is its use in earthworks and as 
landfill lining. (Tsugawa et al., 2017b) observed thixotropy, 
increase in resistance over time when the system is left at rest, in 
WTS, and high plasticity from São Paulo’s WTS, and with a 
optimal mixture 3:1 ratio soil:WTS qualifying as feasible for 
liner application (E L T Montalvan, 2021; E L T Montalvan & 
Boscov, 2016). Such as BA, notice that WTS geotechnical 
properties can vary when dealing with different WTP and water 
origin, they seems feasible to landfill cover for its low k, but need 
research around incorporation possibilities, chemical and 
mechanical resistance, and long-term behavior. 
Table 1 summarized geotechnical parameters range obtained in 
laboratorial tests, index properties as GS and SS, chemical oxide 
analysis with silica, aluminum and iron oxides content, optimal 
compaction parameter of water content and specific weight, 
compressive strength properties as cohesion and friction angle, 
and hydraulic conductivity. For valorization, composite material 
as referred should take advantage of the best properties a residue 
can provide to achieve liners design characteristics 
abovementioned by (Ganjian et al., 2004) in topic 1. 
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Table 1. Residues Geotechnical Properties 

Geotechnical 

Properties 
MW1 BA2 BFS3 WTS4 

GS (g/cm³) 2.5-3.5 1.5-2.5 2.0-3.0 1.5-2.5 

SS (cm²/g)  >2000 >5000 >2000 >15000 

LL (%) 35-65 30-40 35-45 30-50 

LP (%) NP-35 NP-25 25-30 NP-30 

IP (%) NP-30 NP-15 10-15 NP-25 

CEC (meq/100g) 5-10 - 5-10 - 

Al2O3 (%) 10-30 0-10 5-20 40-80 

SiO2 (%) 0-20 20-60 10-30 15-25 

Fe2O3 (%) 10-50 0-15 0-5 0-10 

wopt (%) 25-35 15-40 5-10 20-200 

ρd,opt (g/cm³) 1.5-2.0 1.0-2.0 2.0-2.5 1.0-2.0 

c' (KPa) 0-100 20-25 30-80 10-20 

φ’(°) 30-40 30-45 40-50 35-40 

k (cm/s) 10-6-10-8 10-4-10-8 10-8-10-9 10-4-10-6 

1(Aswathy et al., 2016; Bareither et al., 2018; Gangadhara Reddy & 
Hanumantha Rao, 2016; Hu et al., 2017; Maritsa et al., 2016; Patiño et 
al., 2018; Rubinos et al., 2015; Schnaid et al., 2014) 
2(Aziz et al., 2016; Benson & Wang, 1999; Kraus et al., 1997b; 
Kuokkanen et al., 2008; Osinubi & Eberemu, 2013; Soltani et al., 2015; 
Vassilev et al., 2010) 
3(Devarangadi & M, 2020; Devarangadi & Shankar, 2019; Herrmann et 
al., 2010; Smolar et al., 2016; Yildirim & Prezzi, 2015) 
4(Ahmad et al., 2016; Baǧrıaçık & Güner, 2020; Bashar et al., 2016; 
Basim, 1999; Marchiori, Studart, Alburquerque, et al., 2021; Marchiori, 
Studart, Morais, et al., 2021; Edy L T Montalvan & Boscov, 2016, 
2017; Pleysler et al., 2009; Rodríguez et al., 2010; Tsugawa et al., 
2017a, 2019; Wolff et al., 2007) 

Table 2. Residues Contribution for Liner Design 

Liner Design  

(Ganjian et al., 2004) 
MW BA BFS WTS 

(i) 

k < 10-7 cm/s 
+ - + - 

(ii) 

Strength > 5 MPa 
+ o + - 

(iii) 

Deform without Rupture 
+ - o + 

(iv) 

Chemical Compatibility 
- + o + 

(v) 

Low-cost Material 
+ + + + 

+ Positive Contribution 

- Negative Contribution 

o Neutral Contribution 

Different ratios should be explored according to main 
characteristics for each residue. MW, BFS and some BA, such as 
PMS allow to achieve the limit (i) hydraulic conductivity less 
than 10-7 cm/s BFS and MW increase a composite strength during 
load, mainly for its mechanical resistance parameter similar to 
clays, providing (ii) enough strength to support the weigh above 
it. MW and WTS due to it higher plasticity indexes than other 
waste types, reaching IP around 25-30%, contribute for (iii) 
deformation during service without cracking or rupture and self-
healing properties, in addition BFS can guarantee that the 
compaction remain good enough. WTS and BA allow better (iv) 
chemical compatibility and high cation exchange capacity should 
due its elemental and oxides analysis. For (v) low-cost raw 
material, all the residues fulfill by definition, industries can 
decrease their disposal costs and the landfill constructing cost, 
that range from US$300,000-US$800,000 per acre and the main 
difference is clay availability, US$30,000-US$160,000 (Duffy, 

2015, 2016). This evaluation are summarized in Table 2. 

4  CONCLUSIONS 

According to overload studies, hydraulic conductivity is a 
potential feature of many materials, such as waste and residues, 
which should be further explored by researchers and not only as 
individual materials, but as mixtures that can obtain better 
performance, solving part of the problems explained in this 
article, such as excess waste in landfills, the future lack of raw 
clayey materials, high costs and waste generation of geosynthetic 
production (Marchiori & Albuquerque, 2020). Each one of the 
industrial by-products studied has geotechnical properties that 
are necessary for a liner material, with the ideal arrangement 
balancing these main properties, these wastes have the potential 
for an alternative liner. The main findings of this study include: 

• Mining wastes (MW) allow to at least maintain hydraulic 
performance while improving mechanical characteristics; 
also, can perform as filler improving compaction 
characteristics, with due attention to tracking heavy metals 
and their leached potential. 

• Biomass ashes (BA) low specific weight and silica content 
can contribute with pozzolanic activity, due to their inherent 
high amount of silica minerals, creating a silica-gel that 
connects grains and structural layers while minimizing 
porosity within the soil, increasing its bearing capacity. 

• Blast furnace slag (BFS) can improve considerably 
mechanical resistance, also tracking heavy metals and their 
leached potential; and can decrease hydraulic conductivity. 

• Water treatment sludge (WTS) can provide filling 
properties when using fine particle and decrease of specific 
weight; its large specific surface area will require more 
liquid to wet the surface and, thus, affects geotechnical 
characteristics results as specific weight, plasticity indexes 
and optimum compaction values; Al and Si high content 
approximates the clay behaviour high plasticity and 
volumetric variation; and CaO and high silica content can 
improve pozzolanic activity and bearing capacity. 

These residues can be valorized with mixtures among them and 
along with clayey soils, lime and/or bentonite with different 
ratios, the investigation must be based on the principles of 
geotechnical properties described above, its physical, chemical, 
mechanical, and hydraulic characterization, and for application 
in field scale liners, it is necessary to investigate chemical 
compatibility, long-term performance, and leaching potential. 
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