Manuel Rocha Lecture
Manuel Rocha (1913-1981) was honoured by the Portuguese Geotechnical Society with
the establishment of the Lecture Series bearing his name in 1984.
Having completed the Civil Engineering Degree at the Technical University of Lisbon
(1938) he did post-graduate training at MIT. He was the driving force behind the creation
of the research team in Civil Engineering that would lead to the foundation of the National
Laboratory for Civil Engineering (LNEC), in Lisbon. He was Head of LNEC from 1954 to
1974 and led it to the cutting edge of research in Civil Engineering.
His research work had great impact in the area of concrete dams and rock mechanics. He
was the 1st President of the International Society for Rock Mechanics and organized its 1st
Congress in Lisbon (1966). He did consultancy work in numerous countries. He was Honorary President of the Portuguese Geotechnical Society, having promoted with great commitment the cooperation between Portugal and Brazil in the area of Civil Engineering, and
member of the National Academy of Sciences of the USA. Recognized as a brilliant researcher, scientist and professor, with a sharp, discerning intellect allied to a prodigious capacity for work and management, he was truly a man of many talents.

The 2015 Manuel Rocha Lecturer was Prof. Ennio Marques Palmeira, born in Rio de Janeiro,
Brazil, in 1953. He is Professor of Civil Engineering at the University of Brasília, Brazil. He obtained
his BSc. and MSc. in Civil Engineering from the Federal University of Rio de Janeiro (Brazil) and
PhD. from the University of Oxford (UK). He is a Member of the Brazilian Academy of Sciences,
Honorary Member of the International Geosynthetics Society (IGS) and received the Scientific
Merit Award from the Brazilian Presidency. He was Mercer Lecturer 2006-2008 (IGS/ISSMGE)
and received 50 national and international awards, including the IGS Award in two occasions. He
was the Editor of Soils and Rocks, is Associate Editor of the Canadian Geotechnical Journal and Editorial Board Member of 5 other international journals. He has over 350 publications in peer-reviewed
international journals, conference proceedings and book chapters. Eight of his articles received
awards from international journals on geosynthetics. Several theses of his past students received national or international awards. Prof. Palmeira has been involved with research on geosynthetics for
38 years.
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Sustainability and Innovation in Geotechnics:
Contributions from Geosynthetics
E.M. Palmeira
Abstract. Geosynthetic are construction materials with several applications in geotechnical and geoenvironmental
engineering. They are usually capable of providing more practical and economical solutions than traditional construction
materials. The extensive use of the latter for centuries has reduced the availability or increased the cost of such materials for
constructions and developments in many regions. In addition, restrictive environmental regulations have limited or
prohibited the exploitation and use of some traditional construction materials. In such situations geosynthetics can provide
cost-effective and environmentally friendly solutions for geotechnical problems. Their use can be even more beneficial to
the environment when associated with or to enable the use of alternative or waste materials in engineering works. Among
such possibilities there are the uses of wasted tires, plastics and recycled construction and demolition residues with
geosynthetics. This paper presents and discusses the use of geosynthetics associated with non-conventional construction
materials in different geotechnical and geoenvironmental applications. Advantages and limitations of such combinations
are discussed. The development and application of alternative low-cost geosynthetic products are also addressed.
Keywords: geosynthetics, geotechnics, alternative construction materials, residues, wastes.

1. Introduction
Geosynthetics have been increasingly used in the last
decades in several geotechnical and geoenvironmental
works as reinforcement, drains, filters, barriers and protective layers. As a construction material, geosynthetics are
easy to transport and to install in the field and commonly
provide less expensive engineering solutions which are
quicker to be executed. In addition, geosynthetics may enable the use of downgrade materials or provide solutions
causing less impact to the environment (less emissions of
harmful gases to the atmosphere, for instance). These aspects of the use of geosynthetics have been increasingly important. The exploitation of natural resources for traditional
construction materials is being rigorously controlled and
restricted by environment protection regulations in many
parts of the world. Solutions with geosynthetics can accommodate the use of residues or wastes (construction and demolition wastes, for instance) in situations where the use of
natural materials would be more expensive, less practical or
restricted. Besides, traditional construction solutions and
procedures that emit excessive amounts of harmful gases
and with significant energy and water consumption are becoming less and less attractive or even prohibited.
Stucki et al. (2011), Frischknecht et al. (2012) and
Heerten (2012) presented examples of situations where the
use of geosynthetics can be significantly beneficial to the
environment in comparison with their traditional counterparts. Figures 1(a) to (c) show different geotechnical or
geoenvironmental solutions for a filter in a pavement
(Fig. 1a), a drainage system in a landfill cover system

(Fig. 1b) and a retaining structure (Fig. 1c). The environmental benefits of using geosynthetic solutions in such
cases were evaluated by Stucki et al. (2011) and
Frischknecht et al. (2012). The following environmental
impacts produced by each solution were assessed: acidification, eutrophication (effects of phosphate and nitrate accumulation on aquatic systems), emission of gases that
increase global warming, cumulative renewable and nonrenewable energy demands (CED in Figs. 1d) and water
use. Comparisons for other geotechnical problems and environmental impacts are presented in Stucki et al. (2011)
and Frischknecht et al. (2012). Figure 1(d) shows that the
use of a geotextile filter in a pavement would produce 85%
less impacts than a traditional granular filter (Fig. 1a). Reductions of the values of the environmental impacts considered between 55% and 98% were obtained when the use of
a geocomposite and of a granular drain in the cover layer of
a landfill were compared (Figs. 1b and d). In this case, the
use of the geocomposite would consume approximately
98% less water than the gravel drainage layer. Figure 1(d)
also shows comparisons between retaining wall solutions
where for a geosynthetic reinforced wall the environmental
impacts would be between 68% and 83% less than in the
case of a conventional concrete retaining wall (Fig. 1c).
The combined use of geosynthetics and unconventional, low grade or waste materials can bring additional
benefits to the environment. These are the cases where
geosynthetics are used with recycled construction and demolition wastes in pavements, reinforced structures and
drainage systems (Santos et al., 2010), for instance. Some
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Figure 1 - Comparisons among environmental impacts of different geotechnical solutions (data from Stucki et al., 2011; Frischknecht et
al., 2012).

materials commonly disposed in landfills, such as PET bottles and wasted tires, can find a better destination when employed in the manufacture of low cost or alternative
geosynthetic products (Silva, 2007) or associated with traditional geosynthetic products in engineering solutions.
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This paper presents and discusses the use of geosynthetics in geotechnical and geoenvironmental works
with emphasis on sustainable and low cost engineering solutions. The performance of low cost geosynthetic products
is also approached.

Soils and Rocks, São Paulo, 39(2): 113-135, May-August, 2016.

Sustainability and Innovation in Geotechnics: Contributions from Geosynthetics

2. Geosynthetics in combination with low
grade construction materials
2.1. Soil-reinforcement applications
This section presents some applications where geosynthetics were used as reinforcement in combination with
low grade or alternative construction materials. The casehistories analysed address applications in unpaved roads,
railways and retaining structures.
2.1.1. Geotextile reinforcement of an unpaved road on
soft soil
Palmeira (1981) reported a case-history where a low
grade fill material was used in combination with geotextile
reinforcement in an instrumented unpaved road built on a
soft clay deposit in Baixada Fluminense, Rio de Janeiro,
Brazil. The typical thickness of the soft soil deposit was 10
m and its undrained strength varied between 6 kPa and 14
kPa with depth. The fill material used had 66% in mass
passing the #200 sieve. Gravel fills are recommended in
this type of application because of their mechanical properties and greater level of interaction with reinforcement.
Thus, the material used was way outside the recommended
standard fill material (usually with less than 10% in mass of
particles smaller than 0.074 mm). A nonwoven geotextile
was used as reinforcement. This type of geosynthetic is certainly not the best choice for this type of application, but
was the only one available for the work at that time (~ 35
years ago) in Brazil. Although very extensible when tensioned under in-air conditions, nonwoven geotextile can
have their tensile stiffness significantly increased when
confined in soil (McGown et al., 1982; Mendes, 2006;
Mendes et al., 2007). Figure 2 presents a view of the site
during construction of the unpaved road. The road was instrumented to allow the measurements of settlements (fullprofile settlement gauge), strains along the surface of the
soft soil (magnetic extensometers) and strains in the reinforcement (magnetic extensometers). The road was subjected to the traffic of heavy trucks that transported fill

material for the construction of a larger experimental embankment, as part of the research programme on embankments on soft soils of the Road Research Institute (IPR) of
the National Department of Transportation Infrastructure
(DNIT).
Different types of reinforcement installation were investigated. Figure 3 shows schematically the 6 instrumented test sections, where it can be seen that the way in
which the extremities of the reinforcement layer were anchored was varied from a reasonably short length reinforcement (low anchorage, Section S1) to a case where the
extremities of the reinforcement were fixed to wood piles
(Section S6) to maximize reinforcement anchorage. Sections S2 and S3 (the latter abandoned because of instrumentation damage during the first passages of trucks) served as
reference unreinforced sections.
Figure 4 presents the settlement profiles of the base of
the road after 200 passage of heavy trucks. It can be noted
that in general less settlement was obtained in reinforced
sections in comparison with the unreinforced one and that
the better the anchorage of the geotextile extremities the
better the road performance. A large value of settlement
(local failure) was observed beneath the truck wheel in the
unreinforced section S2, which explains the damage caused
to the instrumentation of the other reference section (S3).
This type of mechanism can be identified also in section S2
(less reinforcement anchorage), but with less intensity.
However, local failures did not occur in the other reinforced
test sections.
The fill thickness in each section required to sustain
the traffic of trucks was also obtained at the end of the experiment (after 400 passages of trucks). This allowed assessing the reduction of fill thickness promoted by the
reinforcement in comparison with the unreinforced section.

Figure 3 - Schematic arrangements of the test sections investigated (Palmeira, 1981).

Figure 2 - Unpaved road construction.
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Figure 4 - Settlement profiles of the base of the road (RamalhoOrtigao & Palmeira, 1982).
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Figure 5 shows the reduction of fill thickness in some reinforced road sections. The thickness reduction varied between 9% and 23% depending on the section considered
and the better the reinforcement anchorage the greater the
thickness reduction. Therefore, despite the poor quality of
the fill material employed besides not the best type of
geosynthetic reinforcement having been used, the reinforcement presence caused significant reductions in fill
thickness and savings in fill material volumes. The use of
poor fill materials in reinforced soil walls is also presented
and discussed Zornberg & Mitchell (1994) and in Mitchell
& Zornberg (1995).
2.1.2. Recycled construction and demolition waste
associated with geosynthetic reinforcement in unpaved
roads
Góngora (2011) studied the use of recycled construction and demolition waste (RCDW) as fill material in reinforced and unreinforced roads using a large scale test equipment. Figure 6 shows the equipment used in the tests,
which was composed of a 1000 mm diameter rigid steel
tank, a reaction frame and a hydraulic system to provide the

load on the fill surface. A 200 mm diameter steel platen applied the load on the road surface, which was measured by a
load cell. Displacement transducers allowed the measurement of loading plate settlements. The vertical stress applied by the plate on the road surface was equal to 560 kPa,
which is a typical value for truck tire calibration in Brazil.
This pressure was applied under a frequency of 1 Hz. Conventional gravel and RCDW were used as fill materials for
the unpaved roads and a geogrid as reinforcement was installed at the fill-subgrade interface in the reinforced case.
The subgrade material consisted of a fine grained soil (62%
in mass passing the #200 sieve) with California Bearing
Ratio (CBR) of 4%. The properties of the soils and geogrid
used in the tests are presented in Tables 1 and 2, respectively. The tests were interrupted when a rut depth at the fill
surface of 25 mm was reached.

Table 1 - Properties of the soils tested.
Property

Subgrade

D10 (mm)

12

RCDW

-

1.6

5.9

D50 (mm)

0.025

10.5

35.9

D85 (mm)

0.19

16.7

47.4

CU
G
w (%)
gd (kN/m )
3

-

7.1

6.8

2.68

2.65

2.74

27.1

-

-

14.0

17.6

16.9

wL (%)

39

-

-

wP (%)

29

-

-

CBR (%)

4.2

-

-

-

36.0

56

LAAT (%)
Figure 5 - Fill thickness reduction in some reinforced road sections.

Gravel

Notes: (1) Dn = diameter for which n percent in mass of the remaining particle diameters are smaller than that diameter,
CU = Soil coefficient of uniformity = D60/D10, G = soil particles
density, w = moisture content, gd = dry unit weight, wL = liquid
limit, wP = plastic limit, CBR = California Bearing Ratio,
LAAT = Los Angeles Abrasion Test, (2) Grain size analysis tests
using dispersing agent for the subgrade material.

Table 2 - Properties of the geogrid.
Aperture dimensions (mm)

200

Tensile stiffness at 5% strain

1500

Percentage of grid open area (%)
ASM (N-m/deg.)

Figure 6 - Large scale tests on reinforced and unreinforced unpaved roads (Góngora & Palmeira, 2012).
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30 x 30

Tensile strength (kN/m)

2

33
1.54

Notes: (1) Geogrid manufactured with polyester fibres protected
by a PVC cover; (2) ASM = Aperture Stability Modulus, also
known as in-plane torsional rigidity modulus (Kinney & Xiaolin,
1995; Kinney, 2000), obtained at 2 N-m torque, minimum value.
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The results of loading plate vertical settlement vs.
number of load repetitions for unreinforced and reinforced
roads are presented in Figs. 7(a) and (b). Regarding tests on
unreinforced roads (Fig. 7a), the RCDW fill performed
slightly better with a 25 mm rut depth being reached for the
gravel fill at a number of load repetitions (N) of 1630,
whereas for the RCDW fill that rut depth was reached for N
equal to 1710. The presence of the geogrid reinforcement
greatly improved the performance of the roads for both
types of fill, as shown in Fig. 7(b). However, the performance of the road built with RCDW was significantly
better than that of the road built with the natural gravel material. In terms of Traffic Benefit Ratio (TBR, defined as
the number of load repetitions of the reinforced road for a
given rut depth divided by the number of load repetitions of
the unreinforced road for the same rut depth), the value of
TBR for the reinforced RCDW fill was equal to 33.5,
whereas a TBR of 15 was obtained for the reinforced conventional gravel fill.
It should be pointed out that the ratios between geogrid aperture dimension and fill particle dimension are dif-

ferent for fill materials tested (Tables 1 and 2). This may
have influenced the performance of the reinforced road to
some extent. However, the results show that good performance may be achieved with a proper combination of
geogrid reinforcement and RCDW fill in unpaved roads on
weak subgrades.
Greater fill particles breakage was noted in the tests
with RCDW, which is consistent with the results of Los
Angeles abrasion tests (Table 1). Therefore, the possible influence of fill particle breakage should be properly considered when using RCDW as fill material in unpaved roads
(Góngora & Palmeira, 2012).

Figure 7 - Results of tests on unpaved roads built with different
types of fill materials (Gongora, 2011).

Figure 8 - Typical cross-section of the instrumented railway test
sections (Fernandes et al., 2008).

Soils and Rocks, São Paulo, 39(2): 113-135, May-August, 2016.

2.1.3. Geosynthetic reinforcement of an alternative
sub-ballast material in a railway
Geosynthetics can be used for different functions in
railways, such as drainage, filtration, separation and reinforcement. Instrumented experimental sections in the Victoria-Minas railway, in Brazil, allowed a study on the use of
reinforced alternative sub-ballast material (Fernandes,
2005). The railway is over 100 years old and is owned by
Vale Mining Company, being 989 km long. It is responsible for 40% of the total loads carried by railways in the
country with a daily traffic of 16 compositions (2 locomotives of 160 tons plus 100 wagons with approximately 100
ton each - 300 kN axle load). Different types of geosynthetics and reinforcement arrangements were investigated
in six instrumented test section (S1 to S6), which were subjected to the normal traffic of the railway. The typical
cross-section of the experimental sections is presented in
Fig. 8.
Figure 9 shows the grain size distribution curves of
the materials used in the test sections. The alternative subballast material consisted of a mixture between a local soil
(silty sand, 50% in mass, average particle diameter of
0.13 mm), a fine mining waste (sandy silt, 25% in mass, average particle diameter of 0.032 mm) and the traditional
sub-ballast (sandy gravel, 25% in mass, average particle diameter of 5.1 mm) commonly used in railways in the region.
The experimental test section S1 was a reference section, constructed with the standard sub-ballast material. Alternative sub-ballast material was used in the construction
of sections S2 to S5 with geosynthetic layers (geogrid or
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nonwoven geotextile) installed at different positions. The
alternative sub-ballast material was also used in section S6,
but without the presence of reinforcement. The same ballast
material was used in all test sections. Due to space limitations, in this paper only the results obtained for test sections
S1, S2, S3 and S6 are presented and discussed. Additional
information can be found in Fernandes (2005) and Fernandes et al. (2008). Figure 10 shows schematically a longitudinal cross-section of the railway with the relevant
dimensions and positions of the geogrid reinforcement in
test sections S2 and S3. A view of the railway track in one
of the test sections is presented in Fig. 11.
The geogrid reinforcement was manufactured from
polyester with 30 mm x 30 mm square apertures, tensile
strength of 65 kN/m, ultimate tensile strain of 10% and a secant tensile stiffness at 5% strain equal to 520 kN/m.
Strain-gauges in the sub-ballast, temperature transducers and moisture content transducers were employed.
Benkelman beam tests were carried out as part of the research programme (Fig. 11).
Figure 12 shows results of Benkelman beam tests performed on the railway superstructure, with a two trucks lo-

comotive with 8 axles each and total weight of 1600 kN being used to provide the necessary load on the structure.
From the results it can be noted that the reinforced alternative sub-ballast material (sections S2 and S3) behaved similarly to the traditional material (section S1) in terms of
vertical displacements of the track. However, large vertical
displacements were obtained in section S6, where unreinforced alternative sub-ballast material was used. These results show the significant influence of the geogrid in
reinforcing the alternative sub-ballast material.
The results of horizontal strains from strain gauges
installed in the sub-ballast layer against the number of axles
that passed on the sections are shown in Fig. 13 for the sections where the strain-gauges in that particular position survived the repetitive heavy loading from the traffic of trains.
The strains in Section 3 (alternative sub-ballast reinforced
with geogrid) were smaller than in the reference section S1.
Section S6 showed considerably larger horizontal strains,
which is consistent with its results of vertical displacements
from Benkelman beam tests (Fig. 12).
Ballast particles breakage is a common occurrence in
railways due to the heavy and repetitive load from the traf-

Figure 11 - View of one of the test sections.
Figure 9 - Grain size distribution curves of the materials used in
the experimental sections.

Figure 10 - Longitudinal cross-section of the track.
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Figure 12 - Vertical displacement profiles from Benkelman beam
tests (Fernandes et al., 2008).
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allow the use of low grade and low cost sub-ballast material
in railway construction.
2.1.4. Recycled construction and demolition waste in
geosynthetic reinforced walls

Figure 13 - Horizontal strains in the sub-ballast vs. number of axles for some experimental sections.

fic of trains. The percentage (Bg, in mass) of broken ballast
particles were determined as per Marsal (1973) and the results obtained are depicted in Fig. 14. The results show less
particle breakage in the reinforced sections S2 and S3 in
comparison with unreinforced sections S1 and S6.
It should be pointed out that the monitoring period of
the test sections was 2 years. So, despite the good performance of the sections reinforced with geogrid, a longer testing time would be necessary to evaluate the influence of
reinforcement on the long term performance of the track.
Another aspect to be considered in the long term is possible
mechanical damage of the reinforcement. Significant damages were noticed in exhumed specimens of the geotextiles
used in sections S4 and S5 of the same research programme
(Fernandes et al., 2008). However, the influence of mechanical damages can be minimized if proper design methodologies are employed. The results obtained are quite
promising in showing that geosynthetic reinforcement may

Figure 14 - Percentage of broken ballast particles vs. number of
axles (Fernandes et al., 2008).
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Another combined use of geosynthetics and recycled
construction and demolition waste (RCDW) is described
by Santos (2011). In this case, two instrumented 3.6 m high
geosynthetic reinforced walls were built with RCDW backfill on collapsible porous foundation soil in the Foundations
Experimental Site of the Graduate Programme of Geotechnics of the University of Brasília, Brasília, Brazil. Figure 15 shows a typical cross-section of the walls as well as
the instrumentation used. One of the walls (Wall 1) was reinforced with geogrid, whereas the other was reinforced
with nonwoven geotextile (Wall 2). The walls were constructed in a container bounded by lubricated reinforced
masonry walls. The moving frame technique was employed
to build the walls (wrapped around faces). The instrumentation allowed the measurement of settlements along the top
of the backfill, face horizontal displacements, vertical and
horizontal total stresses, reinforcement strains (straingauges and tell-tales for geogrid and geotextile strain measurements, respectively) and horizontal displacement of the
foundation soil (inclinometer close to the wall toe, Fig. 15).
Figure 16 shows a bird eye view of the testing facilities and
Figs. 17(a) and (b) show the faces of Walls 1 and 2 after the
end of construction, respectively.
The RCDR used to build the walls had particle sizes
with up to 100 mm in diameter, but with approximately
95% in mass smaller than 50 mm and 12% in mass smaller
than 0.074 mm (D50 = 2.1 mm, CU = D60/D10 = 106). A rather
light compaction was applied to the fill during construction.
Geogrid reinforcement manufactured with polyester fibres,

Figure 15 - Typical cross-section of the reinforced walls built
with RCDW (modified from Santos, 2011).
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Figure 16 - View of the reinforced walls testing facility.

Figure 18 - General view of the test arrangement to induce foundation soil collapse by inundation (Santos et al., 2014).

Figure 17 - Faces of Walls 1 and 2 at the end of construction.

with tensile strength of 20 kN/m, secant tensile stiffness of
300 kN/m at 5% tensile strain and ultimate tensile strain of
12% was used as reinforcement in Wall 1. The reinforcement used in Wall 2 was a needle-punched nonwoven
geotextile, made of polypropylene, with mass per unit area
2
equal to 300 g/m , tensile strength of 19 kN/m and ultimate
tensile strain of 70%. Although being quite extensible materials under in-air conditions, the tensile stiffness of
nonwoven geotextiles can increase significantly when
these materials are confined by soil (McGown et al., 1982;
Tupa, 1994; Mendes, 2006; Mendes et al., 2007; Palmeira,
2009).The vertical spacing between reinforcement layers
was equal to 0.6 m in both walls.
Because the walls were constructed on a porous collapsible foundation known as Brasília porous clay, it would
be interesting also to induce the foundation soil structure
collapse by increasing its moisture content by inundation.
To accomplish that pools were constructed at the face of the
walls, as shown in Fig. 18.
Some results obtained by Santos (2011) are presented
in Figs. 19 to 22 (Santos et al., 2014). Figure 19 shows the
variation of vertical stresses normalised by the soil overburden pressure along the bases of the walls 107 days after
construction. Some differences between results were due to
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Figure 19 - Normalized vertical stress along wall base (modified
from Santos et al., 2014).

less soil homogeneity along the ground surface in the region of Wall 1 (Santos et al., 2014).
Figure 20 presents results of normalised settlements
along the backfill surface one year after construction and
after foundation soil collapse caused by inundation. Significant increases on wall settlements can be noted, particularly for Wall 1 whose foundation soil surface was more
collapsible and less homogeneous than that below Wall 2.
The variations of horizontal displacements along the
foundation soil depth close to the wall toe are presented in
Figs. 21(a) and (b) one year after construction and after
foundation soil collapse, respectively. The horizontal displacements below Wall 1 were slightly greater than those
below Wall 2 in the region close to the ground surface. For
greater depths the horizontal displacements of the foundation soil were similar for both walls. The additional displacements caused by foundation soil collapse were also
more significant close to the ground surface.
Figures 22(a) and (b) show the tensile strains along
the reinforcement length for the 3rd reinforcement layer lo-
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cated at an elevation of 1.2 m from the wall base. Considerably large strains in the geotextile reinforcement close to
the wall face can be noted as a consequence of the wrapped
around wall face type and the lower tensile stiffness of the
geotextile under unconfined conditions. For greater distances from the wall face the strains in both types of reinforcement were similar. Foundation soil collapse
influenced little the strains in the reinforcement, except for
the reinforcement layer at the base of the wall, where some
influence was noted (Santos et al., 2014).
The results obtained show that RCDW may be successfully used as backfill material in geosynthetic reinforced walls. The ratios between maximum wall face horizontal displacement and wall height were in the range 2%
to 3%, which is considered acceptable by some design
codes (Santos et al., 2014). It should be noted that the walls
were constructed on a foundation soil prone to structural
collapse when wetted and the backfill material was rather
loose. Thus, under these circumstances the overall behaviour of the walls can be considered quite satisfactory in
comparison with those where traditional granular fill materials are used.
Figure 20 - Normalised settlements along the RCDW backfill surface (modified from Santos et al., 2014).

3. Geosynthetics and alternative materials in
geoenvironmental works
3.1. Some alternative construction materials for drainage systems
Some materials, usually considered as waste by the
general public, can be combined with geosynthetics in environmental protection works. These are the cases of
wasted tires, PET bottles, plastic wastes and construction

Figure 21 - Horizontal displacements of the foundation soil (modified from Santos et al., 2014).
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Figure 22 - Tensile strains along the reinforcement length - reinforcement at 1.2 m elevation (modified from Santos et al., 2014).
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and demolition residues. Some of these materials are presented in Fig. 23 and can occupy a significant volume in
landfills. They may also be disposed in dumps, with considerable damages to the environment and hazards to human
health. Because these materials are accumulated in landfill
in great volumes, they can be used in the landfill itself to
provide a better destination to these wastes with low cost
and environmentally friendly solutions. The use of such
materials may be particularly interesting in drainage systems of landfills and, in some cases, of some geotechnical
works. Some examples of the combination of unconventional construction materials and geotextile filters are
shown in Fig. 24.
As any construction material, unconventional ones
must be studied and have their relevant engineering properties determined in order to be used in engineering projects.
Depending on the material considered, this may require
large scale tests to be performed. Figure 25 shows images
of large scale tests carried out on tire chips and compressed

Figure 23 - Some alternative construction materials.

122

PET bottles to assess compressibility and hydraulic properties of these materials.
Tables 3 to 5 present typical results of some physical,
mechanical and hydraulic properties of tire chips, compressed PET bottles and construction and demolition waste
(loose state) obtained in large scale tests as part of a research programme on a better utilization of waste materials
in geotechnical and geoenvironmental works (Paranhos et
al., 2003; Palmeira et al., 2006; Paranhos & Palmeira,
2002). The results show flat and round particle shapes for
the tire chips and compressed PET bottles, respectively, in
contrast to the irregular shape of the RCDW particles (Table 3). The mass of compressed PET bottles was considerably more permeable than those of the other materials

Figure 24 - Examples of alternative construction materials combined with geotextile filter in drainage systems.
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Figure 25 - Large scale tests on tire chips and compressed PET bottles.

tested (Table 4). Even under a loose state, RCDW was of
the order of 10 times less compressible that the tire chips
and compressed PET bottles (Table 5).
Despite presenting poorer mechanical properties than
conventional construction materials, the unconventional
Table 3 - Some physical properties (Paranhos et al., 2003).
Properties

PET bottles

Tire chips

RCDR

round

lamellar

irregular

95

45

35

1.0

1.5

2.0

Density (kg/m )

92.0

367.0

1113.0

Void ratio

2.11

2.19

0.95

Shape of grains
D90 (mm)
CU
3

Notes: D90 = diameter for which 90% in mass is of the remaining
diameters are smaller; CU = coefficient of uniformity (D60/D10).

construction materials tested can effectively substitute sand
and gravel in drainage systems with significant cost savings
and environmental benefits, depending on site conditions
and project requirements. This is particularly beneficial in
regions were conventional granular materials are expensive
or cannot be used because of constraints imposed by environmental regulations.
Figures 26(a) and (b) present cross-sections of experimental domestic waste cells which conventional granular
(gravel, Fig. 26a) and unconventional (whole tires and tire
chips, Fig. 26b) drainage systems. The experimental cells
were constructed in the Brasilia’s landfill (Joquei Clube
landfill), approximately 14 km from the city of Brasília,
Brazil. The cells were 15 m x 15 m x 2.4 m and were capaTable 5 - Results of compressibility tests (Paranhos & Palmeira,
2002).
Material

Table 4 - Results of permeability tests (Palmeira et al., 2006).
Material

Permeability coefficient (cm/s)

(1)

Eoed (MPa)

(2)

(3)

RCDR

6.5

Tire chips

0.46

Compressed PET bottles

0.5

(4)

(4)

RCDR

10

Tire chips

15

Compressed PET bottles

50

Notes: (1) Specimens in a loose state; (2) Eoed = oedometric compression modulus; (3) In the range of linear behaviour; (4) At 50%
of the maximum stress applied in the test.
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Table 6 - Properties of the soils in Cell CG.
Gravel

Cover soil(3)

53

—-

60

—-

D85 (mm)

65

0.20

CU(2)

1.2

—-

19.7

13.4

24

0.003 to 0.009

D10 (mm)

(1)

D50 (mm)

g (kN/m )
3

k (cm/s)

(4)

Notes: (1) Dn (for n = 10, 50 and 85) = Diameter for which n % (in
mass) of the remaining particles have diameters smaller than D;
(2) CU = Soil coefficient of uniformity = D60 /D10, (3) 79% in mass
passing in the # 200 sieve in tests with the use of dispersing agent;
(4) Obtained in field permeability tests (Junqueira, 2000; Silva,
2004).
Table 7 - Geotextile properties.
Property
Mass per unit area (g/m2)

150

Thickness (mm)

1.5

Normal permeability (cm/s)

0.4

-1

Permittivity (s )
Fitration opening size (mm)

2.5
(1)

0.15

Note: (1) Obtained in hydrodynamic tests.
Figure 26 - Experimental domestic waste cells with different
drainage systems (Junqueira et al., 2006).

ble of accumulating approximately 50 tons of domestic
waste each. The lining system of the cells consisted of
HDPE geomembranes. The waste thickness (2.4 m) in the
cells was representative of the thickness of the waste in the
landfill, which at the time occupied a large area in plan, but
with similar waste thickness. In the cell with the conventional drainage system (cell CG, Fig. 26a) the latter consisted of a 0.2 m thick gravel layer. No filter provision was
made for this cell. Table 6 shows the properties of the
gravel used in cell CG. This table also shows the relevant
properties of the cover soil (0.3 m thick) used in both cells.
The alternative drainage system (cell CT, Fig. 26b) consisted of whole tires arranged in plan in a regular pattern
(Fig. 27) underneath a nonwoven, needle punched, geotextile filter. Table 7 presents the relevant properties of the
geotextile filter used in Cell GT. At the centre of each cell
there was a drainage trench (0.3 m x 0.3 m) with a perforated pipe 100 mm in diameter. In cell CG the drainage
trench was filled with gravel whereas in cell CT it was filled
with tire chips.
It should be noted that in a drainage system such as
the one in cell CT the geotextile on the whole tires will be
subjected to sagging in the central void of each tire and in
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Figure 27 - Cell CT during construction (Junqueira et al., 2006).

the space between tires. This will cause tensile forces in the
geotextile layer that must be taken into account in design. A
measure to minimize this mechanism would be to fill those
voids with tire chips, for instance. Another important aspect that must be considered is the possibility of geotextile
filter and/or geomembrane damages caused by metallic reinforcements or meshes (when present) used in the manufacture of tires.
The composition of the domestic waste in both cells
was the following: 49% of organic matter, 18% of plastics,
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22% of paper/cardboard, 2% of metals and 9% of other materials. Chemical tests were periodically performed on the
effluents (leachate) of the cells to determine relevant parameters such as pH, chemical oxygen demand (COD),
ammoniac nitrogen, nitrate content, chloride content, electrical conductivity and solids in suspension. When applicable, the chemical tests performed followed the recommendations presented in APHA (1996). Tanks stored the
leachate that drained from the cells allowing leachate flow
rate measurements and sample collections for physical and
chemical analyses.
The instrumentation employed in the cell during the
monitoring period consisted of temperature transducers and
settlement plates installed at different locations in the waste
mass (Fig. 26). The measurement of precipitation in the region was accomplished with a pluviometer close to the experimental cells.
Because of geometrical conditions and properties of
the cover soil used the climate conditions in the region influenced markedly the generation and composition of the
leachate, waste degradation and microbiological processes.
The climate in the region is characterised by well-defined
dry and rainy season. The rainy season takes place from October to April each year, whereas the dry season takes place
from May to September. The temperature in the region varies between 18 °C and 25 °C during most of the year and the
average precipitation is approximately 1350 mm/year.
Further information on materials and methodology of
this research programme are reported by Junqueira (2000),
Junqueira & Palmeira (2000), Silva (2004), Junqueira et al.
(2006) and Palmeira & Silva (2007).
Some results obtained in a 2 years monitoring period
are shown in Figs. 28 to 32. Figures 28 and 29 show very little, if any, differences in the ratio between effluent volume
and precipitated volume on the cells (Fig. 28) and between
cumulative effluent volumes (Fig. 29) from the cells, showing that the different types of drainage systems did not affected these results (Junqueira et al., 2006).
Figures 30 to 32 depict the variations of some leachate parameters with time (Junqueira et al., 2006). In general, the values of pH and COD of the leachate were not
influenced by the type of drainage system (Figs. 30 and 31).
The pH values obtained are consistent with data in the literature (Tchobanoglus et al., 1993). The small differences in
COD values obtained (Fig. 31) can be attributed to the variability of the waste characteristics.
Figure 32 presents the variation of suspended solids
in the leachate with time for both cells, where it can be
noted that the presence of the geotextile filter in cell CT, in
contrast with no filter in cell CG, reduced the amount of
suspended solids. Despite the greater drainage capability
and pore spaces of the gravel layer, the sedimentation of
solids in the drainage system with time can cause its clogging because of the lack of a filter layer. The geotextile filter in cell CT was capable of retaining part of the solids in
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Figure 28 - Normalised effluent volume vs. time (Junqueira et al.,
2006).

Figure 29 - Cumulative effluent volume vs. time (Junqueira et al.,
2006).

Figure 30 - Variation of effluent pH with time (Junqueira et al.,
2006).

suspension without compromising the drainage capability
of the system.
3.2. Alternative materials in geosynthetic manufacture
Alternative materials, such as some of the ones described in the previous section, can be used to manufacture
low cost geosynthetics. This section presents and discusses
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Figure 31 - Variation of effluent COD with time (Junqueira et al.,
2006).

Figure 33 - Alternative geocomposites for drainage (Silva, 2007).

Figure 32 - Variation of suspended solids with time (Junqueira et
al., 2006).

some of these combinations where waste like materials can
find a better use in the manufacture of alternative geosynthetic products.
Alternative low cost materials can be used to substitute geospacers in geocomposites for drainage. This provides a better use for some materials that are usually
disposed in landfills besides reducing the costs of geocomposite products, which is particularly relevant in nonindustrialized and less developed countries (Silva, 2007;
Silva & Palmeira, 2007). Figure 33 (Silva & Palmeira,
2007) shows some alternative geocomposites whose drainage capacities were investigated by means of compression
and transmissivity tests as per ASTM D4716 (ASTM,
1995). These products consisted of combinations of
nonwoven geotextile filters with PET bottle caps or wasted
tire strips (20 mm wide).
The results of transmissivity tests on some typical
conventional and on alternative geocomposite products are
shown in Figs. 34(a) to (c) in terms of discharge capacity
along the geocomposite plane vs. vertical stress. As expected, the discharge capacity decreases with the product
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compression caused by increasing normal stresses and this
reduction was more intense in the tests with the geocomposites with cores made of PET bottle caps and tire strips,
depending on the normal stress considered and the spacing
between caps or strips. Nevertheless, the results obtained
for the less compressible alternative geocomposite was
similar to those obtained for the conventional products
(Fig. 34a). The latter can also be made cheaper if recycled
materials are used in their fabrication. Despite the satisfactory results obtained in the tests with the alternative geocomposite products, it should be pointed out that besides
drainage capacity factors such as durability must also be
taken into account, particularly in applications in landfills,
for instance.
Barrier systems can also incorporate the use of alternative materials to reduce costs. This may be the case of
mixing some products with bentonite in geocomposite clay
linners (GCL). Despite cost reduction, the mixing of such
products can alter some relevant properties of a GCL, such
as bentonite low permeability coefficient (typically less
-11
than 10 m/s) and expansibility. Nevertheless, in less critical and severe applications the use of alternative barriers
may provide cost-effective and sustainable engineering solutions for environmental protection.
Figures 35(a) to (c) show the influences of the presence of alternative materials in the bentonite on some relevant properties (Viana & Palmeira, 2010; Viana et al.,
2011). The alternative materials mixed to the sodic bentonite were sand, lateritic clay and rubber grains (from wasted
tires, Fig. 35a). Figure 35(a) shows that the internal friction
angle of the hydrated mixture increases with the alternative
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Figure 34 - Transmissivity test results (Silva & Palmeira, 2007).

material content. In this figure Rf is the ratio between the
tangent of the friction angle of the mixture and the tangent
of the friction angle of the bentonite alone. The friction angle of the core material in a GCL is of utmost relevance in
the analysis of possible internal failure when this type of
product is used in slopes of waste disposal areas. Figure
35(b) shows that the mixture expansibility was reduced
with the increase of the content of rubber grains and normal
stress, whereas Fig. 35(c) shows that the mixture
permittivity increased significantly with the content of rubber grains. The results in Figs. 35(b) and (c) are certainly
potential limitations for the performance of a barrier incorporating the mixtures tested. However, the results obtained
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may still be satisfactory for less severe and less critical applications or when the GCL incorporating such mixtures is
used as a secondary barrier or for protection (and barrier)
under a geomembrane.
Vianna et al. (2011) also performed tests on a GCLs
manufactured with mixtures between alternative materials
and sodic bentonite (Fig. 36a). The GCLs were manufactured with mixtures of 50% in mass of alternative material
(sand, clay or rubber grains) and 50% of bentonite. Needle-punched nonwoven geotextiles made of polyester were
employed as GCL cover and carrier layers. The geotextile
layers were stitched to each other to increase GCL internal
strength. Two conventional GCL products (codes GCL A
and GCL B) were also tested for comparisons. The tests
carried out were ramp (inclined plane - 600 mm x 600 mm
specimens, Fig. 36b) and expansibility tests.
Figure 36(a) presents the results of expansibility tests
in terms of GCL expansion vs. time for the products tested.
The results show that the expansibility of the alternative
GCLs was of the order of half of that observed for the conventional GCLs A and B. This is consistent with the results
obtained in the tests on the bentonite-alternative material
mixtures reported earlier in this paper. It should be noted
that the expansibility of the GCL is smaller than the free
expansibility of its core due to the restrictive action of the
stitches.
Figure 36(b) shows results of ramp tests on GCL A
and on the alternative GCL-Rubber with a core consisting
of a mixture of bentonite and rubber grains (50% in mass of
rubber grains) in terms of mobilized shear stress vs. normal
stress. It should be pointed out that results from ramp tests
can be significantly more reliable than those from conventional direct shear tests under low stress levels. This may be
the case of a slope in a waste disposal area where a thin
cover soil layer (or granular drainage layer) is the only surcharge on the liner (Palmeira, 2009). In the ramp tests only
the extremity of the carrier geotextile (at the bottom of the
GCL) was fixed to the ramp in order to favour GCL internal
failure. However, no internal failure was observed in tests
on GCL A and on GCL-Rubber. Therefore, the results in
Fig. 36(b) do not represent failure envelopes, but the representation of relationships between mobilized shear stress
and normal stress on the GCL for the ramp inclinations indicated. It can be noted that similar results were obtained
for alternative and conventional GCLs either in tests under
dry conditions or after GCL hydration. These similar results were a consequence of the influence of the strength of
the stitches crossing the GCL.

4. Some Low Cost and Simple Solutions with
Geosynthetics
One of the most interesting advantages of geosynthetics is the possibility of providing simple and cost effective solutions in situations where the application of traditional engineering approaches would be significantly more
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Figure 35 - Influence of alternative material content on some properties of bentonite mixtures - hydrated specimens (Viana & Palmeira,
2010; Viana et al., 2011).

difficult or expensive. One example of this situation is a
case where scarcity of natural construction materials or
lack of proper workmanship is present. Figure 37 shows silt
fence solutions to treat gullies in low income or in remote
areas. In this type of work a nonwoven geotextile is used to
serve as barrier to sediments (Farias, 2005). If the fences
are properly designed, with time the accumulation of sediments behind each barrier will tend to stop the erosive pro-
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cess and favour natural vegetation growth. Large scale
flume tests on silt fences reported by Farias et al. (2006)
have shown that in many situations low cost nonwoven
geotextiles may be employed in this type of problem and
the easy construction process allows the use of local labour.
A simple solution to improve the quality of water for
remote communities is reported by Bernardes (2015). In
this case the difficulty in finding or transporting proper nat-
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Figure 36 - Tests on an alternative GCL (Viana et al., 2011).

Figure 37 - Examples of a low cost erosion control solution involving the use of geotextiles (Courtesy of Dr. Rideci J. Farias and
Furnas Centrais Elétricas).
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ural materials for water treatment for the community of São
Raimundo, in the Brazilian Amanzon, led to the combined
use of sand and geotextile filters. This community is approximately 1200 km distant (by river) from the city of
Manaus, capital of the state of Amazonas, and can only be
reached by boat. Therefore, the transportation of traditional
construction materials is very difficult. However, light
weight geotextiles can be easily transported by boat to the
site. To filter the water for consumption for the community
a simple filter arrangement installed at the bottom of storage tanks was tested, as schematically shown in Fig. 38(a).
The filter consisted of a layer of sand enveloped by a
nonwoven geotextile. Besides improving water filtration,
the use of the geotextile made the construction of the system easier for members of the community. The presence of
intestinal parasites in children, common due to ingestion or
handling of untreated water, was monitored before and af-
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Figure 38 - Combined sand-geotextile filter for water treatment in the remote community of São Raimundo, Amazon, Brazil (Bernardes,
2015).

ter the use of the alternative filter. Figure 38(b) shows significant reductions in the contamination of children less
than 12 years old by parasites in the water after the implementation of a very simple water filtering process. Infections caused by some types of parasites were simply
eradicated after water filtration.
Another simple application of geotextile filters is to
reduce the contaminant potential of leachates. Figure 39
shows an arrangement of vertical nonwoven geotextile layers (similar to silt fences) investigated by Silva (2014) aiming at filtering leachate from a dump in the city of Cuiabá,
state of Mato Grosso, Brazil, as a preliminary treatment for
the leachate before its disposal in the nature. Different types
of nonwoven geotextiles (largest filtration opening size,
FOS, of 0.15 mm for the lightest geotextile tested) and
number of vertical panels were tested and some relevant ef-

Figure 39 - Test arrangement for preliminary leachate treatment.
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fluent parameters of the leachate were measured after it had
crossed the filter layers. A vertical sand (D10 = 0.18 mm,
D50 = 0.29 mm, D85 = 0.5 mm, Coefficient of uniformity
= 1.7) filter in a similar arrangement was also tested for
comparison. According to Terzaghi’s classical filter criteria the equivalent filtration opening size of the sand filter
(@ D15/4) would be of the order of 0.048 mm, therefore
smaller than that of the geotextile with mass per unit area of
2
600 g/m (FOS = 0.060 mm).
Figures 40(a) and (b) show the variations of chemical
oxygen demand, biological oxygen demand and contents of
some heavy metals (Fe, Cr and Zn) of the effluent with the
mass per unit area of the geotextile filter in each panel (arrangement with three panels). Reductions of up to 40% and
18% in COD and BOD of the effluent, respectively, due to
the filtering action of the geotextile can be noted (Figs. 40a
and b). Under the same conditions the reduction in COD
and BOD by a sand filter was approximately 9%, therefore
considerably less than those of the geotextile filter. Reductions between 22% and 51% in some heavy metal contents
can be noted in Fig. 40(b) and in most cases the performance of the geotextile filter was similar or better than that
of the sand filter. No significant gains were noted in the re-
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duction of most parameters for geotextiles with mass per
2
unit area greater than 600 g/m . The toxic potential of the
effluent was also reduced between 6% and 32% with the
use of the geotextile filter panels, as shown in Fig. 40 (c).
Also in this case the geotextile filter performed better or
similarly to the sand filter in most cases. The results obtained show that the use of geotextile filter panels may provide an efficient preliminary treatment for leachate, which

is more practical (the geotextile layer can be even reused after washing) and less detrimental to the environment than
the use of a sand filter. This type of solution would be particularly indicated and viable for the preliminary treatment
of leachate from landfills of small to medium size communities.
Another simple and low-cost geosynthetic application was presented by Greenwood (2012) regarding barrier
systems against floods. Figure 41 shows the system where a
geomembrane layer attached to a cover is elevated by the
action of a float when the level of the river rises. Thus, the
barrier is raised simultaneously with the water level avoiding or minimizing the consequences of the flood. The system can be hidden in pathways close to the river for aesthetic reasons. The system can also be used in urban areas.

5. Future Developments
The future certainly will require increasingly creative
solutions for geotechnical and geoenvironmental works
that produce less damage to the environment. Thus, engineering solutions that cause significant environmental impacts during its construction or life time will certainly be
less and less acceptable by environmental protection standards. Geosynthetics may provide solutions with less impact to the environment than their counterparts and by
being manufactured, future geosynthetic products will be
able to incorporate innovations and developments from engineering materials science. Some more sophisticated materials used today in other fields in engineering are likely to
become cheap enough to be also used in geotechnical engineering applications. This may be the case of membranes
with sensors that are capable of locating highly stressed regions or perforations, as schematically presented in Fig. 42
(Borns, 1997). These sensors were developed by Sandia
National Laboratories, USA, and were first incorporated in
materials for defense and space applications (Borns, 1997).

Figure 40 - Leachate filtration with nonwoven geotextiles (Silva,
2015).
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Figure 41 - System against floods with geomembrane.
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Figure 44 - Self-healing polymer (Messer, 2015).

Figure 42 - Geomembrane with damage detection system (Borns,
1997).

Geosynthetic reinforcements can be manufactured today
with systems that allow the measurement of strains.
Electrically conductive geosynthetics (EKG, Fig. 43)
are already a reality and are made of a polymer material capable of conducting electricity (Jones et al., 2006). The development of such material revived the use of the electroosmosis for the acceleration of the consolidation of soft saturated fine grained soils, drainage of fine wastes, soil improvement and removal or reduction of pollutants in soils.
Before EKG the use of electro-osmosis was very expensive
or unpractical due to corrosion of metallic components of
the system.
Recent research in biotechnology at Pennsylvania
State University, USA, has led to the development of multiphase polymer (Fig. 44) derived from the genetic code of
squid ring teeth that is capable of self-healing in contact
with water (Messer 2015; Correio Braziliense, 2015). If the
manufacture of a geomembrane with such polymer is feasible, such geomembrane will be able to self-seal a cut or perforation when in contact with water. So, the extension of
the innovations produced in materials science to geosynthetics seems limitless. The use of nanotechnologies will
also produce more sophisticated and even intelligent engi-

Figure 43 - Electro-osmotic consolidation with EKG (modified
from Jones et al., 2006).
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neering plastics that will certainly find applications in geotechnical and geoenvironmental works in the future. Regardless of the complexity or the sophistication of the
product used, one of the main characteristics of geosynthetics will continue to be their capability of producing
quick and easy alternative solutions for geotechnical and
geoenvironmental engineering problems.

6. Conclusions
This paper presented and discussed the results of
studies on sustainable solutions involving the use of geosynthetics as well as combinations of geosynthetic products
with alternative construction materials or wastes in geotechnical and geoenvironmental works to enhance the beneficial effects to the environment. Geotechnical and geoenvironmental engineering solutions incorporating
geosynthetics can significantly reduce the impacts to the
environment in comparison with their traditional counterparts. Geosynthetics can also provide simple and sustainable solutions for a variety of problems. Combinations of
geosynthetics with alternative construction materials, residues or wastes may reduce construction costs and the volumes occupied by wastes in landfills. Simple solutions
incorporating geosynthetics can also have important repercussions in solving problems in remote areas and for erosion and flood controls, where traditional natural materials
or specialized labour are not available. The main conclusions of the studies and case-histories reported in this paper
are summarised as follows.
Several residues commonly viewed as waste can be
employed in a more environmentally friendly way in civil
engineering with favourable repercussions on cost reductions and in the reduction of environmental hazards. Materials such as wasted tires, construction and demolition
waste and PET bottles can be recycled or properly processed in order to be used as fill or drainage materials in
constructions.
Compressed PET bottles or tire chips and geotextile
filters can be combined in drainage systems. The former
materials can substitute good quality granular drainage materials, which may be scarce, very expensive or have their
use restricted by environmental regulations. Whole tires
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can also be used to form drainage blankets underneath a
geotextile filter in drainage systems of landfills.
Research results have shown that geosynthetic reinforced walls with recycled construction and demolition
waste (RCD-RR) backfills have performed very well. Similar good performance of RCD-R was observed in tests on
geogrid reinforced unpaved roads constructed on weak
subgrade. Field tests on geosynthetic reinforced alternative
ballast consisting of a mixture of nonstandard material and
mine waste also yielded to very good performance of a railway track. The use of such materials can reduce construction costs particularly in regions were good quality fill
materials are scarce or expensive.
Low cost geosynthetics can also be produced with the
incorporation or combination with alternative materials.
Results of tests on geocomposites for drainage incorporating PET bottle caps and tire strips as drainage were comparable to those obtained for conventional geocomposite
products. Regarding barrier layers in environmental or hydraulic applications, rubber grains from wasted tires can be
mixed to bentonite to reduce the cost of GCLs. Despite the
increase in permittivity and reduction in expansibility of a
GCL incorporating rubber grains in comparison with standard products, the test results obtained suggest that such alternative GCLs can be employed in less critical situations
or as protective or secondary barrier layers underneath
geomembranes.
A better use of residues and wastes in engineering
works is certainly important for the reduction of natural
material exploitation and for the preservation of the environment. For such uses it is necessary the existence of an
efficient and economical system for the collection, recycling, processing and supplying of these residues for geotechnical and geoenvironmental works. The combination
of geosynthetics with such residues may provide less expensive and more environmentally friendly solutions.
Despite the benefits of using residues in engineering
projects as discussed above, one has to bear in mind that the
excessive demand for a particular type of residue will increase its cost, which may compromise its use in some applications. Thus, a given residue utilization that is feasible
in a geotechnical engineering application today may not be
so in the future, depending on the competition for that residue from other industries. Besides, some residues or their
degradation may be hazardous to the soil or ground water.
Therefore, thorough evaluation of the benefits, limitations
and impacts caused by the use of the residue must be made
before hand. However, the demand for a better use of residues in civil engineering will certainly increase in the future, requiring ingenuity and innovative solutions for the
application of such materials in civil engineering works.
Materials and polymer sciences will keep on producing new and more powerful geosynthetic products for engineering applications. With the continuous development of
polymers aided by new nanotechnologies, more and more
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sophisticated geosynthetic products can be foreseen in the
future. Despite increasing complexity of the product itself
the geosynthetics will certainly maintain their character as
effective and simple materials to be used in geotechnical
and geoenvironmental works.
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