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Preface

This volume contains the contributions to the 12th International Conference on
Geosynthetics — “Geosynthetics: leading the way to a resilient planet” — held in Roma (Italy)
from September 17th to 21st, 2023.

Years after the successful EuroGeo 2, which was held in Bologna (Italy) in October 2000,
the geosynthetics and geotechnical engineering community has reached full awareness over
the last two decades, and the whole geosynthetics industry has focused on the sustainable use
of geosynthetics in a variety of innovative as well as consolidated applications. After the
sustainability implications in the correct use of geosynthetics, the ability to overcome the
natural events effects, often related to the climate change, and to adequately afford the
human activities (as the increase of pollution) forced to refer to a new keyword: Resiliency.

Hence the 12ICG intends to become the base for the next step therefore the conference
theme is

GEOSYNTHETICS, LEADING THE WAY TO A RESILIENT PLANET

The conference topics will address, through general and parallel sessions, invited presenta-
tions and keynote lectures, the most recent developments in geosynthetic engineering, sti-
mulating fruitful technical and scientific interaction among academicians, professionals,
manufacturers and students.

We believe that the 12 ICG will provide an excellent opportunity to present recent

experiences and developments to an audience of engineers, geologists and consultants, public
and private contractors, local, national and international authorities, and to all those
involved in research and practice related to geosynthetics.
The ICG conferences have always provided a unique and fruitful forum for the exchange of
new ideas and discussion on key issues within the largest gathering of world’s experts, aca-
demics and non-academics, working in the broad, innovative and dynamic area of
geosynthetics.

About 750 Authors, coming from academic institutions, private companies and public
bodies worldwide, contributed to the peer-reviewed papers included in this volume. The
Scientific Committee was especially pleased with the general high quality of the papers.

A total of 296 manuscripts were finally accepted for publication in the Conference
Proceedings. The papers were sorted into 19 topic categories, according to the subject areas
typically addressed in ICG events:

Sustainability with Geosynthetics

Geosynthetics Properties and Testing
Soil-Geosynthetic Interaction

Durability and Long-Term Performance
Reinforced Walls and Slopes

Basal reinforced Embankments, GEC, piles and shallow foundations
Seismic design with geosynthetics

Unpaved and paved roads

Railways and other Transportation Applications
Landfills and remediation of contaminated sites
Filtration and Drainage
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Hydraulic applications: canals, reservoirs and dams
Innovative materials and technologies

Design approaches and other applications

Case Histories

The proceedings also include the Giroud lecture, the Bathurst lecture, the Rowe lecture
and four outstanding keynote lectures presented by renowned experts on selected key topics.

A significant effort was made to provide the Authors with a rigorous and fair review of the
papers. The Editors are therefore very grateful to the numerous assessors and reviewers, for
their generous and valuable work.

We gratefully acknowledge the support of the Italian Geotechnical Society (AGI) and to
the Italian Chapter of IGS (AGI-IGS), which organized the Conference. We would also like
to express our appreciation to all the Sponsors that helped us in making this conference a
success.

Many thanks to all Keynote Lecturers, Invited Speakers and Authors for their enthu-
siastic and proactive response to 12 ICG, and for their contribution to this Proceedings
volume.

Finally, sincere thanks to Susanna Antonielli for her long-term dedication and tireless
efforts towards the correct organization of this volume of proceedings and also to the success
of the overall conference aspects.

We do hope you will find its content of valuable and long lasting use.

Giovanni Biondi
Daniele Cazzuffi
Nicola Moraci
Claudio Soccodato
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Geotextile filters: From idealization to real behaviour
(Giroud lecture)

E.M. Palmeira

University of Brasilia, Brasilia, Brazil

ABSTRACT: Geotextiles have been used as filters in geotechnical and geoenvironmental
works for decades. Despite their broad utilization, these filters still find obstacles to the
expansion of their application in larger projects and under complex soil and flow conditions.
However, environmental issues are increasingly pressing for a greater use of geotextile filters in
substitution to natural granular materials. Even though many important studies in the litera-
ture have improved the understanding of soil-fluid-geotextile filter interaction, some issues still
require thorough investigation aiming at a better understanding of the behaviour of geotextile
filters and the development of better design methodologies. This paper discusses how geo-
textiles filters are expected to behave in the field and some contradictions between idealized and
expected behaviour. Concerns regarding the use of geotextile filters under severe and critical
conditions and how filter malfunction can be avoided or minimised are also addressed.

1 INTRODUCTION

Geotextiles have been used extensively as filters in geotechnical and geoenvironmental works
for over five decades. The main reasons for the increasing use of these materials are the ease
of transportation and installation, reduction or non-use of natural materials, consistency and
repeatability of relevant properties and cost-effectiveness. More recently, an additional
increasingly important benefit of the use of geotextile filters as substitutes for granular filters
is the less environmental impacts caused by the former. Frischknecht ez al. (2012) report that
a geotextile filter can reduce important environmental impact parameters (greenhouse gas
emissions, consumption of renewable and non-renewable energy, consumption of water etc.)
by over 80% in comparison to sand filters. However, despite the huge success of geotextile
filters, some issues remain regarding their actual behaviour in a geotechnical work and on
how accurate current design and specification methods are. Failures of geotextile filters have
been reported (Koerner & Koerner 2015) and, although representing a very small fraction of
the use of such filters, the consequences of such failures can be very important.

For a significant fraction of designers and users, the substitution of a granular filter by a
geotextile counterpart looks so natural and easy that important aspects for filter perfor-
mance may be commonly overlooked. The general idea of a geotextile filter application is
schematically shown in Figure la, where the geotextile will substitute the entire granular
transition zone between the base soil and the coarser drainage layer. However, in most
situation the expected conditions under which the geotextile filter will function are actually
those shown in Figure 1b. Depending on the application, in the field the geotextile may be
subjected to compression, tension, shear and impregnation by degradable or non-degradable
solids. These conditions will influence the filter performance in a very complex way.

A huge number of examples of successful applications of geotextile filters can be found in
the literature. Wilson-Fahmy et al. (1996) conducted a comprehensive study on the perfor-
mance of geotextile filters of highway edge drains and some retaining walls and erosion

DOI: 10.1201/9781003386889-1 3


http://www.taylorfrancis.com

control systems. The sampling of specimens from the case histories investigated was not
based on a random collection of sites, but on specific sites where there was suspicion of
drainage system malfunction. Hence, a number of nonacceptable performance should be
expected. Despite this biased selection, 77% of the filters presented acceptable performance.
In another study involving the investigation of 91 case-histories, Koerner et al. (1994) con-
cluded that if construction and maintenance related problems were eliminated, only 4 (4.4%)
out of the 91 case-histories investigated would be considered nonacceptable situations, which
is considered an excellent performance record. Lopes et al (1991) and Morilha Jr. et al.
(1994) also report the exhumation of geotextile filters over 10 years old from 6 highway
drains suspected of malfunctioning in the state of Parana, Brazil. No clogging nor degra-
dation was observed in the geotextile filters and the apparent poor performance of the drains
was a consequence of poor construction practice, improper location of the drain, drain outlet
blocking or preferential flow of water through more permeable soil layers not intercepted by
the drainage trenches. Lopes et al. (1991) and Morilha Jr. et al. (1994) also report the good
performance of a geotextile filter in a road edge drain where partial clogging was observed in
a conventional French drain. Despite these examples of successful performance of geotextile
filters, some problems have been identified. An important analysis on unsatisfactory per-
formance of such filters is presented by Koerner & Koerner (2015), where poor behaviour or
failures have been caused by inadequate design, presence of atypical soils, unusual per-
meants and improper installation, corroborating what was found by the authors mentioned
above. In addition, Koerner & Koerner stress that most of the conditions where geotextile
filters failed are also known to be troublesome for sand filters.

 base soil | base soil

[ —geotextile

drainage

transition layer

zone

! | [base soil

drainage 1 7§ geocomposite

layer SPagasy  for drainage

(@) (b)

Figure 1. Granular vs. geotextile filter. (a) Idealization; (b) Actual working condition of a nonwoven
geotextile.

Geotextile filters must attend retention, permeability and anti-clogging criteria for proper
performance. In addition, they have also to present suitable mechanical properties and
resistance to degradation to withstand mechanical solicitations during installation and
construction, as well to guarantee a satisfactory service life. The behaviour of geotextile
filters has been investigated by many researchers under laboratory conditions, not rarely
under conditions significantly more severe than those expected in the field. Very simple to
quite complex testing techniques and methodologies can be found for the determination of
important geotextile filter properties or to predict filter performance. However, unfortu-
nately, all of them have limitations to model real filter in-service conditions. This is parti-
cularly so in situations where the filter will be in contact with problematic soils (internally
unstable soils, for instance) or permeants (leachate, for instance). In addition, nonwoven
geotextiles are highly compressible materials that in the great majority of the situations will
work under confined conditions but may also function under tension. Besides, they can be
impregnated by base soil particles during construction, which will influence its compressi-
bility and clogging potential (Figure 1b). Thus, when the fluid reaches the filter the condi-
tions of the latter may be quite different from those assumed in design and in current



standard laboratory tests. Conservative approaches have been the practice in these cases,
although conservatism may not necessarily result in a problem free design since some
uncertainties on how the filter will actually behave may remain.

The studies described above are just very few examples of the good performance of geo-
textile filters in general, but also raises important questions to be addressed to avoid unsa-
tisfactory performance. Thus, it is of special concern the behaviour of filters under severe
and critical conditions that may lead to filter (granular or geotextile) failure, being of utmost
importance to identify such conditions in order to avoid or minimise the detrimental con-
sequences of filter poor performance and/or to establish in advance appropriate monitoring
and maintenance practices throughout the structure service life. So, this paper presents and
discusses factors affecting the behaviour of geotextile filters, particularly under severe con-
ditions of utilization, as well as how these factors can be considered in design.

2 PHYSICAL FACTORS INFLUENCING GEOTEXTILE FILTER BEHAVIOUR

2.1 Geotextile impregnation by base soil particles

The behaviour of nonwoven geotextile filters can be influenced by confinement and the
presence of soil particles entrapped in its matrix. This particle entrapment can occur during
placement and compaction of soil on the geotextile layer or due to the retention of particles
brought to the filter by the action of seepage forces. The intensity of the impregnation can be
quite significant (Lawson 1990, Qureshi et al. 1990, Palmeira et al. 1996, Palmeira &
Gardoni 2000, Legge 2004), depending on the base soil and geotextile characteristics. These
particles in the geotextile voids can reduce geotextile compressibility, geotextile permeability
and the conditions for further internal clogging since their presence changes the available
openings in the filter. Large soil particles can intrude the geotextile voids during spreading
and base soil compaction, as shown in Figure 2 (Gardoni 2000, Palmeira & Gardoni 2000,
Palmeira et al. 2010). Similar large, entrapped soil particles were observed by Niec et al.
(2019) in geotextile specimens exhumed from a small dam in Poland. Impregnation of the
geotextile can also occur in the laboratory in tests such as the gradient ratio test (GRT),
particularly when vibration is used to compact a cohesionless fine grained base soil. The level
of particle entrapment can be assessed by the impregnation level (1) of the geotextile, defined
as the ratio between the mass of entrapped soil particles and the mass of fibres of the geo-
textile (Palmeira et al. 1996). Impregnation of the filter by base soil particles may be relevant
for base soils consisting of cohesionless fine grained materials and dispersive clays. Table 1
presents some ranges of variation of A values obtained in laboratory and field studies. It
should be noted that the value of 1 and the geotextile void occupancy by soil particles depend
on the density of the fibres of the geotextile.

Figure 2. Example of entrapped soil particles inside geotextile voids. (a) Cluster of particles in a
geotextile specimen exhumed from a road drainage trench (Palmeira & Gardoni 2000), (b) Particle in an
exhumed tailings dam filter (Palmeira et al. 2010), (c) Large entrapped soil particle in a geotextile
exhumed from a road drainage trench (Gardoni 2000).



Significant reductions in the permeability coefficient of systems consisting of internally
unstable soils and nonwoven geotextiles were observed by Qureshi er al. (1990) and the
results suggest that these permeability reductions were caused by significant impregnation of
the geotextile voids by base soil particles. Similar detrimental influence of soil impregnation
in the soil-geotextile system permeability coefficient was observed by Lawson (1990), where
the data available suggest values of impregnation level (1) of the order of 8. Values of up to
15 were observed under laboratory conditions (Palmeira & Gardoni 2000). Table 1 also
shows significant values of 4 for geotextile specimens exhumed from field tests and
real works.

A maximum value of A considering a mass of soil particles (smaller than the geotextile
voids) uniformly distributed inside the geotextile can be estimated by

A = %(1 —-n) (=) (1)

Table 1. Typical values of 4 for nonwoven needle-punched geotextiles.

Geotextile property value
or range tested”

Impregnation A value or

Source M, (g/m?*) FOS (mm) Soil Type* mechanism** range™*,***

Lawson (1990) 580 0.04 Loess soil  S/L 8

Palmeira et al. (1996), 140-600 0.06-0.14 GB, C/S/L 0.23-15

Gardoni (2000), Palmeira & sands,

Gardoni (2000), Palmeira et al. silty sands

(2005), Zaman et al. (2022)

Faure ef al. (1999)**** 468-603 0.072 Sandy silt C/S/F 1.4-9.1

Gardoni (2000) 200-600 0.06-0.13  Sands C/F 0.30-5.46
Clay C/L 0.06-0.88
Clay C/F 0.37-0.52

Palmeira & Gardoni (2000) 200-600 0.13 Clay C/F 0.06, 0.70

Palmeira et al. (2005) 150-600 0.06-0.15 Tailings  C/S/L 0.24-1.27

Palmeira et al. (2010) 400 0.09-0.16 Tailings  C/S/F 2-10

Moraci et al. (2016) 151.1 0.268 Silty clay  C/S/F 1.7-2.4

Niec et al. (2019) 277 0.125 Sands C/SIF 0.7-2.5

Kim et al. (2020a) 420 0.125 Soil in S/L 0.1-1.5
suspension

Liu et al. (2021b) 200 0.099 Tailings S/L 4.93
(silt)

Khan et al. (2022) 120-1200 0.060-0.12 Sands, S/ A% 0.30-1.79
PFA

Du et al. (2022) 125-400 0.066-0.17 Silty clay, C/S/L 1.02-5.66
silt

Markiewicz et al. (2022) 450 NA Silty sand C/S/F 0.88

*M 4 = geotextile mass per unit area, FOS = geotextile filtration opening size (Ogs, Oy or AOS, Apparent
Opening Size, depending on the source), GB = glass beads, NA = not available, PFA = pulverised fuel ash
mixture, A = impregnation level, A for tailings may be larger than for common soils depending on the particle
density of the former, **Mechanism of impregnation: compaction (vibration etc., code C) and/or seepage
(code S) under laboratory (code L) or field (code F) conditions,*** Some values were calculated based on data
from tests reported by the sources, ****From Valcros Dam (Faure e al, 1999) — geotextile porosity (n)
assumed as 0.9 to estimate A, *****Static and cyclic loadings.



where A,,., 1s the maximum value of A, p, is the density of the soil particles, pyis the density of
the geotextile fibres, n, is the porosity of the mass of particles in the geotextile voids and # is
the geotextile porosity not considering the presence of the entrapped particles.

For a mass of entrapped particles in a nonwoven polyester geotextile (or = 1380 kg/m?),
with n = 0.92, n, = 0.3 and p, = 2650 kg/m>, equation 1 gives a value of A,y of 15.5, which
compares well with the maximum values of impregnation level for light geotextiles listed in
Table 1. If all the geotextile voids are entirely occupied by a solid mass, which would be an
extreme case of geotextile impregnation yielding to kg7 = 0, where kg7 is the geotextile
permeability coefficient, equation 1 can still be used making n, = 0.

With more data obtained from the sources listed in Table 1 (Palmeira 2023) it is possible
to plot the variation of A4 with the ratios Ogs/d;y and Osyld;y shown in Figure 3 for different
soil conditions, where Ogs is the geotextile filtration opening size (AOS in some cases) and
d;p 1s the base soil particles for which 10% in mass is smaller. It should be acknowledged that
significant deviations between values of geotextile opening sizes (Ogs, A0S, Og etc.) can be
obtained, depending on the test method used (Bhatia & Smith 1996, Blond e al. 2015,
Fatema & Bhatia 2019). However, satisfactory comparisons have been obtained by some
authors regarding results from bubble point and hydrodynamic sieving tests (Vermeersch &
Mlynarek 1996, Palmeira & Trejos-Galvis 2017). The results in Figure 3 show a large scatter
for A, which is certainly associated with different geotextile properties, soils, hydraulic con-
ditions and impregnation mechanisms, and highlights the complexity of the problem.
Greater scatter and no clear trend of A variation can be observed for Oys/d;, between 0.5 and
30 and Osyld;y between 0.6 and 20, but a trend of A increasing with Ogs/d;y and Osyld;y can
be noted in the case of internally unstable soils for values of those ratios greater than 40 and
20, respectively. Similar levels of scatter are observed if different Ogs/d ratios are considered
(using d;5 or dsg, for instance). It is interesting to note values of A of up to 15 for internally
stable soils, up to 10 for internally unstable soils and up to 10 for specimens exhumed from
the field. For clayey soils, a maximum value of 4 equal to 4.7 was observed. Large values of 1
for clayey soils are likely to be associated with dispersive clays or clusters of clay particles. A
statistical evaluation of the results in Figure 3 shows that 4 is greater than 2.5 in approxi-
mately 66% of the cases. As an example, for a value of 1 equal to 2.4, normal permeability
tests on a confined impregnated nonwoven geotextile showed reductions in the geotextile
permeability coefficient between 40.2% and 50.0%, depending on the vertical stress con-
sidered (Palmeira & Gardoni 2000).
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Figure 3. 1 versus geotextile pore size: (a) A vs. Ogs/d;g, (b) A vs. Osyld;y. Data from sources listed in
Table 1 (Palmeira 2023).

Giroud (1996) investigated the influence of impregnation on geotextile hydraulic proper-
ties and developed an equation to estimate the coefficient of permeability of impregnated



nonwoven geotextiles. Palmeira and Gardoni (2000) rewrote that equation as a function of
the geotextile impregnation level (1) yielding to

o, - Dras PR i @

2
Ny (dif_‘_il;_{d%) (l_n)2

where [ is a dimensionless shape factor which depends on the path followed by the fluid, p,,
is the density of the fluid, g is the acceleration of gravity, #,, is the dynamic viscosity of the
fluid, n is the porosity of the geotextile without considering the presence of the soil particles
in the voids, 4 is the geotextile impregnation level, pyis the density of the geotextile fibres, p
is the density of the soil particles, dyis the fibre diameter and d; is the average diameter of the
soil particles inside the geotextile (see Palmeira & Gardoni 2000 for predictions of d).

Satisfactory comparisons between predictions by equation 2 and measurements of geo-
textile permeability coefficient were obtained by Palmeira and Gardoni (2000) with 5 equal
to 0.11 and 0.14 for virgin (A = 0) and partially clogged nonwoven geotextiles, respectively.
Thus, using equation 2, a predicted reduction factor due to geotextile impregnation can be
expressed as

RF, = kero 3)
k.

where RF; is the reduction factor for geotextile impregnation, kg7, is the coefficient of

permeability of the virgin (clean) unconfined geotextile and k; is the coefficient of perme-

ability of the impregnated unconfined geotextile.

As an example of the influence of the impregnation of the geotextile by soil particles on its
permeability coefficient, Figure 4 presents the predicted variation of RF, with A for a non-
woven, needle-punched, geotextile with a mass per unit area of 200 g/m?, porosity of 0.92,
uniformly impregnated throughout its thickness of 1.9 mm. This figure shows that under
these conditions a value of 4 of 5 would result in a RF} of 8.6, already quite close to the usual
value of 10 suggested by some permeability criteria. Geotextile compression due to con-
finement increases the complexity of the problem. However, if the geotextile rests on coarse
drainage material (gravel, rock or a geocomposite drainage core), sagging of the geotextile in
the voids of the drainage material will cause a non-uniform compression of the filter, and
geotextile tension, ground vibration and seepage may remove some of the entrapped base
soil particles, reducing the value A to some extent.

1000
M, = 200 g/m?
n=0.92

; 100 tq'[-=l.9m.ﬂ:l' 5
~ pr= 1360 kg/m
>y
I 10
)
1 —r T T T T

0 5 10 15 20
Impregnation level, A

Figure 4. Predicted reduction factor for geotextile permeability due to partial clogging.



Laboratory investigations have shown that uniform impregnation of the geotextile
thickness by soil particles tends to occur for thin light nonwovens. The impregnation
of thicker geotextiles tends to occur predominantly along a small fraction of the geotextile
thickness at its face in contact with the base soil. In such cases, impregnation is likely to
influence little geotextile compressibility. The results presented above show that some level
of impregnation of a nonwoven geotextile filter soils should be considered in design.

2.2 Filters under confinement

Geotextile filters can be subjected to high compressive stresses in geotechnical works. By
being compressible materials, confinement will influence filter performance, particularly in
the case of nonwoven geotextiles. Figure 5 shows how significantly the pore dimensions of a
nonwoven needle-punched geotextile can be affected by compressive stresses (Gardoni 2000,
Gardoni & Palmeira 2002). Hence, compression will influence the retention capacity of the
filter as well as conditions for potential clogging. These changes in the filter microstructure
are difficult to predict and still not addressed by current filter criteria.

(b)

Figure 5. Effect of confining stress on a nonwoven geotextile (Gardoni 2000). (a) 2 kPa, (b) 1000 kPa.

Results from Bubble Point Tests (BBP) on compressed nonwoven, needle-punched, geo-
textiles have shown significant reductions in the geotextile pore sizes relevant for filter
design. Figure 6a depicts pore size distribution curves for a nonwoven, needle-punched,
geotextile (mass per unit area, M 4, of 200 g/m?) in tests under vertical stresses ranging from 0
to 1000 kPa (Palmeira 2020). Figure 6b presents the influence of confinement on different
geotextile pore diameters. These results show that the conditions of a buried geotextile filter
will be significantly different from those simulated in laboratory tests commonly carried out
to determine geotextile pore size dimensions.
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Figure 6. Influence of confinement on geotextile pore diameter (Palmeira 2020). (a) Pore size
distribution curves for different confining stresses, (b) Geotextile pore diameter vs. confining stress.



The capability of a geotextile filter to retain a moving soil particle depends on the number of
confrontations () the particle will have to face to cross the geotextile. Compression of the
geotextile will also influence the number of confrontations, as it reduces the geotextile thick-
ness. Palmeira & Trejos Galvis (2018) backanalysed the value of m using the equation proposed
by Giroud (1996) for five nonwoven, needle-punched, geotextiles (M, in the range 200 to
1800 g/m?) and obtained the results shown in Figure 7. A linear relationship between m and the
geotextile thickness (#57) normalised by the geotextile fibre diameter (dy) can be observed for
the products tested. Thus, thinner or compressed thicker geotextiles will present a smaller
number of confrontations. For the products tested in Figure 7, the recommended minimum
value of m of 30 (Giroud 1996) would be achieved for a #4/d;ratio of approximately 110. The
number of confrontations decreases with confinement. However, so do the geotextile pore sizes.
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m = 0.276 tgy/d,
100 R2=10.986 A
\
20 ] 4
A O
60 1 A
8 o
a
40 1
20 1
R = S —
0 100 200 300 400 500
tor/de

¢ GTA © GTB ®m GTC O GID A GTE —Bestfit

Figure 7. Number of confrontations vs. normalised geotextile thickness (Palmeira & Trajos Galvis
2018).

The geotextile retention capacity increases when the filter is subjected to the combined
action of partial clogging and confinement, as shown in Figure 8. This figure presents the
variation of geotextile filtration opening size (expressed as Ogs) of a nonwoven needle-
punched geotextile, obtained in BBP tests, normalised by the fibre diameter (dy) with the
confining vertical stress for different values of impregnation level (1) (Palmeira & Trejos
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Figure 8. Geotextile filtration opening size vs. confining stress for different impregnation levels
(Palmeira & Trejos-Galvis, 2017).
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Galvis 2017). Reductions in Ogs of up to 36% with respect to the result for the confined
virgin specimen can be noted, depending on the impregnation level and vertical stress con-
sidered. In comparison with the unconfined (o, = 0) virgin (A = 0) geotextile, the same
geotextile with a value of 4 of 6 under 1000 kPa showed a reduction in Ogs of 67%. Hence,
filter retention capacity is enhanced by confinement and partial clogging. It should be noted
that the range of Oos/d, values in Figure 8 covers the dimensions of particles of very fine
sands and silts. This, to some extent, explains why cohesionless silts are usually viewed as
problematic materials for geotextile filter performance.

2.3 Filters under tension

Geotextile filters can work under tension in some geotechnical structures, such as in drainage
layers at the base of embankments on soft soils, in geotextile tubes, silt fences and as
separators in roads on compressible grounds, for instance. The tensile strains developed can
influence geotextile pore dimensions and filtration behaviour. Several studies can be found in
the literature on the behaviour of geotextile filters under tension (Fourie & Kuchena 1995,
Adel et al. 1996, Fourie & Addis 1997 and 1999, Moo-Young & Ochola 1999, Wu et al.
2008, Wu & Hong 2016, Palmeira et al. 2012, Chen et al. 2019, Palmeira et al. 2019, Tang
et al. 2020a, b). Conflicting results have been obtained among different researchers, parti-
cularly in tests with woven geotextiles. These differences in results are likely to be due to
different geotextiles properties and fabric structures as well as different experimental tech-
niques being used.

Fourie and Addis (1997) investigated the effect of tensile loads on the filtration opening
size of geotextiles. Tests with the geotextile specimens subjected to uniaxial and biaxial loads
were carried out. The authors commented that the effect of an in-plane tensile load appeared
to be more pronounced for the woven than the nonwoven geotextile. They also observed
erratic variations of Ogs of a nonwoven geotextile under tension and concluded that, despite
increasing the geotextile retention capacity, the reduction in Ogs may favour blinding or
clogging of the geotextile filter. In another study on the influence of tension on geotextile
filter behaviour, Fourie and Kuchena (1995) observed up to 80% reduction in flow rate in
highly stressed woven and nonwoven geotextile specimens. The authors attribute this
reduction to closure of pore spaces impeding flow of water through the geotextile. However,
the dimensions of the tensioned geotextile sample strip from where the specimens used in the
tests were collected did not satisfy plane strain conditions; hence, necking of the nonwoven
specimens may have influenced the results. Necking of the specimen under tension must have
also influenced the results obtained by Tang et al. (2020a) due to the size of the specimens
tested.

The influence of uniaxial strain on geotextile pore size, flow rate capacity and compat-
ibility (GRT) with soil was investigated by Wu et al. (2008). Increases in Ogs were observed
with increasing strain, with a slight rate of increase for the heavier nonwoven geotextile
tested. The authors comment that uniaxial strain causes the straps to bulge in woven geo-
textiles in the direction normal to that of the load, enlarging the interstitial spaces. For all
geotextiles tested, the tensile strains caused an increase in pore size, decrease in the gradient
ratio, GR, (being more pronounced in the nonwoven geotextiles) and an increase in flow
rate. Fourie and Addis (1999) observed that unequal orthogonal loads may distort the shape
of the openings in a woven geotextile, effectively decreasing the pore spaces and that dif-
ferent mechanisms of expansion and flattening of geotextile strands under tension may
influence differently the pore opening sizes in thinner and thicker geotextiles. Hong and Wu
(2011) also observed the influence of geotextile straining on the results of filtration tests
under sustained and pulsatory loads.

Chen et al. (2019) investigated the variation of nonwoven heat-bonded geotextile pore size
distribution with tensile strain using the Discrete Element Method (DEM). The authors
utilized image analysis to obtain the variations of geotextile pore size distribution.
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They observed compression of some fibres in uniaxial loading depending on the direction
considered. Overall, the geotextile opening size linearly increased with the tensile strain in
both uniaxial and biaxial tensile tests, but with less intensity and magnitude when compared
with the experimental results by Wu et al. (2008). The authors attribute these differences to
simplifications made in the model such as the bonds between fibres in the same fibre web
having been considered as unbreakable.

The effects of unequal tensile strains in warp and weft directions on the per cent open area
(POA) and filtration opening size (Ogs) of woven geotextiles were investigated by Tang et al.
(2020b). The authors observed that POA and Ogs showed marked increases with increasing
unequal biaxial strain, similarly to what was observed by Palmeira ef al. (2019) in tests on
nonwoven geotextiles, and that tensile strains had a greater impact on smaller pores. An
unequal biaxial strain may decrease or increase the geotextile FOS depending on the initial
shape of the pores. Strain values, ratio between warp and weft strains and biaxial strains had
a greater impact on geotextile POA than uniaxial strains.

Sagging of the geotextile filter between particles of the bedding material will also cause
tensile strains in the geotextile filter. Palmeira e al. (2012) investigated this mechanism of
geotextile deformation in tests with nonwoven, needle-punched, geotextiles resting on dif-
ferent bedding materials (steel spheres or gravel). Large strains were observed in the geo-
textile, particularly for the lighter ones, depending on the type and spacing between bedding
material particles and vertical stress (Figure 9a). An adaptation of the method proposed by
Giroud et al. (1990) to estimate geotextile strains in soil-geotextile layers overlying circular
voids yielded to good comparisons between predicted and observed average geotextile
strains in tests with spheres as bedding materials, as shown in Figure 9b. However, for the
case of gravel as bedding material, the prediction should be multiplied by a factor of
the order of 3 or more to improve accuracy. Thus, tensile strains due to geotextile sagging in
the voids of coarse material can influence its retention capacity.
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Figure 9. Tensile strains due to geotextile sagging in the bedding material voids (Palmeira et al. 2012).
(a) Strain versus vertical stress, (b) Predicted vs. measured geotextile strain.

The variation of pore dimensions of nonwoven, needle-punched, geotextile filters due to
tension and confinement was investigated by Palmeira et al (2019). In their study, the
authors used a bubble point test equipment capable of performing tests on previously in-
plane tensioned geotextile specimens with or without the application of compressive stresses
normal to the geotextile plane. It was observed that the values of Osy, O3y and O, of the
geotextile, particularly the latter, were less sensitive to the tensile strains than Ogs and Oog.
Contrary to what was observed in uniaxially tensioned geotextiles, the values of Ogg and Ogs
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were rather insensitive to the tensile strain applied under plane strain conditions
(Figure 10a), which is consistent with the observations by Fourie and Addis (1997) and
Moo-Young and Ochola (1999). Confinement reduced the value of Ogg independent on the
tensile strain in the specimen, with the reduction of the influence of tensile strains due to
confinement being more evident for the thicker geotextiles. The largest pore diameter
increases were obtained in tests on specimens subjected to equal biaxial strains (Figure 10b).
In this case, increases in Ogg of up to 64% were noted in comparison with results from test on
unstrained specimens, depending on the geotextile considered. However, again the pore
dimensions of the tensioned geotextile were reduced by confinement.
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Figure 10. Pore dimension vs. tensile strain (modified from Palmeira, 2020). (a) Plane strain
condition, (b) Equal biaxial strain condition.

Palmeira ez al. (2019) proposed a solution to estimate an upper bound value for the fil-
tration opening size of a tensioned nonwoven geotextile under equal biaxial tensile strains.
The approach is based on Kirsh (1898) elastic solution for the increase in the diameter of a
circular hole in a linear elastic, homogeneous and isotropic tensioned plate. This solution
was adapted to consider large tensile strains. Figure 11 shows results of the ratio between
geotextile filtration opening size (O,) for a given tensile strain (¢) and the filtration opening
size under unstrained conditions (O,) versus tensile strain (¢) obtained in bubble point tests.
It also shows the predicted upper bound curves for different values of geotextile Poisson ratio
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® G3-Plane strain

O G3-Uniaxial

A G3-Biaxial

- ; ' O G3-Equal biaxial strain
0 10 20

& (%)

Figure 11. Comparisons between measurements and upper bound values for filtration opening size
(modifield from Palmeira 2020).
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(v). The predicted upper bound for geotextile filtration opening size for a Poisson ratio of 0.3
was satisfactory regarding the experimental results. This approach may be useful for the
prediction of a conservative upper bound for the geotextile filtration opening size under
equal biaxial tensile strains, which would to some extent simulate the conditions expected for
a geotextile separator in a road or for a geotextile sagging in the voids of a coarse underlying
material.

The upper bound for filtration opening sizes of tensioned nonwoven, needle-punched,
geotextiles described above was compared to the diameter of particles that actually piped
through geotextile filters in Gradient Ratio tests under confinement performed by Palmeira
et al. geotextile (2012). In these tests, the bedding layer consisted of 18 mm diameter steel
spheres with different values of spacing to diameter ratios (s/d, Figure 9). Vibration and
water flow were the main mechanisms causing soil particle to pass through the geotextile
filter in the tests. Figure 12 shows the variation of the maximum diameter (Dos) of the piped
particles or geotextile filtration opening size (Qgg, from BBP tests on confined and tensioned
geotextiles, Palmeira ez al. 2019) versus the vertical stress acting on the voids between bed-
ding layer particles as calculated by the method proposed by Giroud et al. (1990). The upper
bound (Palmeira et al. 2019) in Figure 12 was calculated using a geotextile Poisson ratio of
0.3. The results show piped soil particles considerably larger than the upper bound for low
vertical stresses. This can be attributed to large particles being pushed through the geotextile
voids or passing through needle holes in the geotextile due to the needle-punching process
during geotextile manufacturing, base soil compaction or due to high seepage forces. For
greater vertical stresses, the diameters of the largest piped particles were below the upper
bound curve. The values of Dys oscillated around the curve of Ogg vs. vertical stress in
Figure 12a or were a little greater (Figure 12b). Bearing in mind the limited amount of
experimental data available, the results in Figure 12 are encouraging with regard to the
development of more realistic predictions of the retention capacity of nonwoven, needle-
punched, geotextiles overlying coarse drainage materials.
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Figure 12. Diameter of the largest soil particle piping through a nonwoven geotextile overlying a
granular drainage layer (modified from Palmeira 2020). (a) s/d = 1, (b) s/d = 2.
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In summary, tension can influence geotextile filter performance in different ways,
depending on the geotextile type and tensioning mechanism (uniaxial, biaxial, plane strain
etc.). The situation is more complex in woven geotextiles, since opening size variation will
depend on the type and characteristics of the geotextile fibres and on how they will behave
under tension. The filtration opening size of nonwoven, needle-punched, geotextiles seem to
be little affected by tension under plane strain conditions. Equal biaxial strain condition
increases filtration opening sizes of woven and nonwoven geotextiles.

3 BEHAVIOUR OF GEOTEXTILE FILTERS UNDER SEVERE WORKING
CONDITIONS

Geotextile filter failure under severe conditions can be the result of the following:

Physical clogging (blinding, blocking or particle intrusion)

Chemical clogging (precipitation of chemicals)

Biological clogging (action of microorganisms)

Biochemical clogging (combined action of chemical substances and microorganisms)

Commonly, a combination of two or more of the aforementioned mechanisms takes place
under field conditions. However, under laboratory conditions, most researchers have tried to
isolate or enhance a specific clogging mechanism to reduce the complexity of the problem.
The following points discuss the behaviour of geotextile filters under severe working
conditions.

3.1 Geotextile filters in internally unstable soils

A major concern of filter failure is on filters, either granular or synthetic, in contact with
internally unstable soils. In an internally unstable soil, its smaller particles can be carried by
the water through the voids of the soil skeleton formed by its larger particles in a process
called suffusion. Gap-graded soils and soils with the gradation curve concave upwards with
large values of coefficient of uniformity (C,) are potentially internally unstable soils.
According to Skempton and Brogan (1994), the critical content of fines below which the fine
particles in a gap graded soil do not fill the voids in the coarse component ranges from 24%
(dense packing) to 29% (loose packing). If the content of fines is greater than 35% the coarse
particles are dispersed in a matrix of fine particles (Moraci et al. 2022). If the filter retains the
soil particles carried by seepage forces, it may be blinded. On the other hand, if the filter
allows the passage of a substantial amount of these particles internal clogging of the filter,
clogging of drainage pipes or structural instability of the base soil due to excessive piping can
occur. In addition, an internally unstable soil can clog itself, causing deviation of flow from
the expected directions and pore pressure increases without necessarily being caused by filter
malfunctioning. This may happen in the field in the case of heterogeneous soil masses and
has not been simulated under laboratory conditions due to the complexity of dealing with
heterogeneous materials.

The performance of geotextile filters in internally unstable soils has been evaluated by
several researchers. Haliburton and Wood (1982) suggest that a percentage of open area
(POA) of 23% of a woven geotextile would be required to attend the limit gradient ratio, GR,
of 3 in gap-graded soils with 70% silt content. Fischer et al. (1994) report reductions between
68% and 94% in the geotextile permeability coefficient of the region comprising 25 mm of
soil and geotextile in gradient ratio tests. Lee ef al. (2002) present results of in-plane and
cross-plane filtration tests on nonwoven geotextiles with reductions in geotextile perme-
ability ranging from 27% to 67%, with a gradient ratio value of 1.5. Markiewicz et al. (2022)
observed reductions in nonwoven geotextile filters permeability coefficient between 2.7 and
5.5 times in gradient ratio tests on geotextile-unstable soil systems. Khan ef al. (2022) report
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values of GR between 0.38 and 1.79, depending on the internally unstable soil gradation and
that the dynamic loading applied to the soil-geotextile system enhanced the instability of
specimens with high percentage of fines. For dynamic conditions, these authors also
recommend the use of an indicative grain size dzy as an upper retention limit to stop washing
out of coarse fraction of internally unstable soil through geotextiles. For internally
unstable soils, a critical diameter of suffusion, d., is suggested as a lower retention limit to
avoid blinding of soil-geotextile interfaces. The value of dgs of the soil in retention criteria for
internally unstable soils does not guarantee the retention of particles below that value. If
passage of the fine soil particles through the geotextile filter is allowed, the characteristic
geotextile opening size should be greater than the value of d,. to avoid geotextile blinding
(Khan et al. 2022). Instead of the commonly used piping limit of 2500 g/m? (Lafleur et al.
1989), Khan et al. (2022) suggest that the piping limit should be defined based on the gra-
dation of the particles that constitute less than 30% (for uniformly graded soils) or 20% (for
broadly graded soil) of the original soil gradation.

The discrete element method was employed by Tao (2018) to assess suffusion in soils and
the formation of arches of smaller particles on voids between large particles was observed
(Figure 13). Similar studies were carried out by Ryoo er al (2022a, b). The intensity of
suffusion will depend on the soil characteristics and the hydraulic gradient. It is interesting to
note that Figure 13a is a numerical evidence of the potential of internally unstable soils to
self-clog, as commented above, due to the retention of significant amounts of smaller par-
ticles in specific regions of the soil. Figure 13¢ shows impregnation of the geotextile filter in
DEM simulations. The higher the hydraulic gradient the higher the intensity of suffusion.
Regarding expected hydraulic gradients under field conditions, Giroud (1996), Moraci and
Tondello (1996), and Moraci et al. (2010, 2022) present typical ranges of values in different
geotechnical structures under one-way and reverse flow conditions.

Figure 13.  Arching effect in internally unstable soils in DEM simulations: (a) Tao (2018), (b) Ryoo
et al. (2022a), (c) Ryoo et al. (2022b).

Several studies can be found in the literature regarding the behaviour of geotextile filters in
internally unstable soils showing a wide range of results. Table 2 summarises results from a
rather large number of investigations present in the literature. Most soils have large values of
coefficient of uniformity (C,,), coefficient of curvature (C,) and some of them are gap-graded
materials. The main results of the tests are expressed in Table 2 in terms of the ratio between
the geotextile permeability coefficient (kg7) after different types of filtration tests and that
under virgin conditions (kg7,), ratio between geotextile (kg7) and soil coefficients of per-
meability (k) and/or the ratio between final (k) and the initial (k,,,.,) permeability coef-
ficients of the system (soil and geotextile). Some tests were carried out under confinement
(vertical stresses up to 2000 kPa). Two studies tested undisturbed soil-geotextile systems in
filtration tests and three tested geotextile specimens exhumed from field works. Values of
karlker, in the range 0.000126 to 0.8 can be observed. Ratios k. /k).,, Which are also equal
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to the ratios between final and initial flow rates, between 0.009 and greater than 1 can be
noted as well as values of kg7/k, in the range 0.11 to 450. However, low values of kg7/kg7, or
kyyslksys.o do not necessarily mean drainage problems since the permeability coefficient of the
partially clogged geotextile may still be considerably higher than that of the soil and the flow
rate greater than that required.

Table 2. Examples of permeability coefficient reduction of filters in internally unstable soils.

Reference Geotextile and soil properties* Permeability ratio range

Williams & Abouzakhm (1989) NW, M, = 136-300 g/m? mixtures kgyslkes = 0.08-0.52

of S and St.

Lawson (1990) NW, W, M4 = 70-580 g/m?, loess Kyylksyso = 0.02-0.5
soil, C, > 23.

Qureshi et al. (1990) NW, M, = 143-550 g/mz, mixtures kg i/k5, = 0.19-0.98

of S and St, C, = 4.0-38.8.
Williams & Luettich (1990) NW, M, = 136 and 142 g/m?, StS kyyslks = 0.9

Wayne & Koerner (1993) NW, NP, W, M, = 128-249 g/m*,  kglk, = 0.11-450
StS

Morilha Jr. et al. (1994) NW, M, = 150-600 g/m?, soil A4-7-5 kgilkgr, = 0.37-0.80
and A-7-6 (AASHTO).

Bhatia & Huang (1995) NW, M, = 136-285 g/m?, glass beads kgyslksys-o = 0.21-0.85
mixtures, C, = 11.1-30.0, o, = 0.

Gardoni (1995) NW, NP, M, = 282 g/m?, C,, = 2.3, kgilkgr, (ES) = 0.48-0.60,

C.= 1.6, RS/USS, ES from a field PCA
drain, o, = 0.
NW, M, = 200 g/m> RSIUSS (C, = kgyslksys-o = 0.009-0.56

16.3),
C (C, = 13.3),
StS (C,>482), o, = 0.
Palmeira et al. (1996) NW, NP, M, = 180-600 g/m>, korlkgr, = 0.36-0.68
StS, C, = 25 and 105, o, = 0-200
kPa.

KyypslKsys-o = 0.47-0.84
Gardoni & Palmeira (1999) NW, M, = 200 g/mz, kerlker, (USS) = 0.13
RS, C,> 527, 0, = 0.
Kyypslksys-o = 0.075
kgrlks = 99.3, PCA

Gardoni (2000), Palmeira et al. NW, M, = 300 and 600 g/mz, kerlker, = 0.00087-0.0027
(2005) RS, C, = 21, o, = 0-2000 kPa.
kgrlks = 40.38-126.4
Lee et al. (2002) NW, M, = 300 g/m?, RS, C, = 90.8, kgilkgr, = 0.36-0.67, PCA
o, = 0.
Beirigo (2005), Palmeira et al. ~ NW, M = 200-637 gim? T, C, = 3.7 kgyslksys-o = 0.18-0.53
(2010) and 9.2, o, = 0-2000 kPa.

ksys/'ks = 0.21-0.98
Lee & Bourdeau (2006) NW, M, =253 gim?, C, C,> 14, kerlkgr, (ES) = 0.000126
o, = 0, test on geotextile specimens
exhumed from a field drain.
kgrlks ~ 5.0
ksyslksys-o = 0.022
NW, M, = 135 and 405 g/m?, S Kyyslksyso = 0.022-0.24
and St mixtures, C, = 10.6-78.3.
Hong & Wu (2011) NW, M, = 210 and 337 g/m?, S, kgyslksys-o = 0.31-1.03
C, =9.26, o, = 0-196 kPa.

(continued)
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Table 2. Continued

Reference Geotextile and soil properties™ Permeability ratio range
Miszkowska et al. (2017) NW, NP, M4 = 200-450 g/m?, StS, kgrlkgr, = 0.11-0.33
C, = 8.3, 0, = 10 kPa.
Du et al. (2022) NW, NP, M 4 = 200 and 400 g/m?, St, kyyslksys-o = 0.06-0.24
C, =408, o, = 0 and 25 kPa.
Markiewicz et al. (2022) NW, M, = 95-310 g/m?, StS, C, =  kgilkgr, = 0.18-0.37, PCA
9.2,
o, = 0.
NW, M, = 450 g/m?, ES after 23 kerlkgro, (ES) = 0.11, PCA
years
in service, o, = 5 kPa.
Odabasi et al. (2022) NW, W, M4 = 115-407 g/m?, re- kgyslksys.o = 0.06-19.2
cycled
materials, C, = 2.63-72.1, o, = 0.
kgyslks = 0.053-1
Santos & Palmeira (2023) NW, StS, M, = 200 g/m?, C, = kyyslksys-o = 0.01-0.60

5.07-55.217,
oy, = 0 and 25 kPa.

*C = clay, C, = coefficient of curvature, C, = soil coefficient of uniformity, ES = exhumed geotextile specimen,
kgt = geotextile permeability coefficient after test, kg7, = permeability coefficient of the virgin geotextile, k; =
base soil permeability coefficient, k,,, = permeability coefficient of a soil-geotextile system, k., = initial kg,
value, M 4 = mass per unit area, NW = nonwoven, PCA = permeability criterion (kg7 > 10k) attended, RS =
residual soil, S = sands, St = silts, S¢S = silty sands, 7 = tailings, USS = undisturbed soil specimen, W =
woven, o, = range of vertical stress on the soil-geotextile system.

The plotting of all the kg, /k,,., data from the original references in Table 2 (Palmeira
2023) is shown in Figure 14 as a function of the nonwoven geotextile filtration opening size
(FOS = Qgs, Ogy or AOS) normalised by d;y or d3, of the internally unstable cohesionless
base soil. Scatter of the test results are due to different techniques employed to measure FOS,
different hydraulic gradients and different equipment and experimental methodologies
adopted in the tests. Figure 14a shows greater scatter in comparing k. /k,., with FOS/d,,
whereas Figure 14b suggests values of kj/k,,,., greater than 0.5 for values of FOS/d;,
greater than 8. This may be because for large FOS/d3, values piping of the fine fraction of the
base soil may prevail, whereas for smaller values of that ratio blinding and/or significant
geotextile impregnation may cause greater k;,,, reductions.
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Figure 14. ksyslksys-o from filtration tests on internally unstable cohesionless soils-nonwoven
geotextile systems. (a) ksys/ksys-o vs. FOSId;y, (b) ksyslksys-o vs. FOS/d3.
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A detailed analysis (Palmeira 2023) of the results in Table 2 also allows the calculation of
what would be the appropriate flow rate reduction factor (RFy) for the soil-geotextile sys-
tem. Figure 15 shows the frequency of RF,, values for the tests in Table 2. It can be noted
that in 42.9% of the cases the value of RF should fall within the range 1 to 2, in 17.0% of the
cases the appropriate reduction factor should be greater than 10 and in 2.7% of the cases
between 100 and 200. So, the results in Table 2 and Figure 14 show that, in the absence of
proper test results, a significantly higher RF, value should be adopted in preliminary ana-
lyses of problems involving internally unstable soils in comparison with values commonly
used for internally stable soils.

It should be pointed out that the coefficient of permeability of an internally unstable soil is
likely to vary during a filtration test. If this value is reduced during the test, a low ratio of
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Figure 15. Frequency distribution of required flow rate reduction factor.

kyslksys.o does not necessarily mean significant geotextile clogging or blinding. This can be
exemplified considering the situation shown in Figure 16 in a filtration test, where the system
is divided into two soil regions (4 and B) after water flow stabilisation, where region B
comprises the geotextile layer plus some thickness of soil above it where the fine soil particles
dragged by the seepage forces have accumulated or from where they have been removed.
From basic soil mechanics, the equivalent permeability coefficient of the system in the ver-
tical direction is

Ksys _ 1+ Lg/t, u
kso Ls/tc"i_g_j :

4)

where kg, is the equivalent permeability coefficient of the system, ky, is the soil permeability
coefficient at the start of the test, L, is the thickness of soil above region B, ¢, is the thickness
of region B (soil + geotextile), a; is a parameter to account for the variation of soil perme-
ability of region A during the test (a5 = k,;/k,,, where kg ; is the final soil permeability
coefficient of region A) and «. is a parameter to account for the variation of permeability of

partially clogged
zone N

Figure 16. Schematic simplified condition in a filtration test.
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region B (a. = kylk,,, where kg, is the final permeability coefficient of region B). If there is no
change in the permeability coefficients (stable soils) during the test, a. = a; = 1. In a filtration
test, a value of ky,,/k,, greater than one (a. and/or as > 1) is an indication of piping, rather
than clogging. It can be assumed that in most test configurations (L, »> t57) the initial
permeability coefficient of the system (k,.,) should be equal to k,. Then, if L/, 1s large, the
soil coefficient of permeability has a higher influence on the final value of k). In addition,
the variation of soil permeability coefficient due to suffusion is likely to be non-uniform
along the specimen height (Figure 13a).

A wide variety of scenarios for the system in Figure 16 can be considered, depending on
the values of L/t., as and o, adopted in equation 4. It should be noted that a  can be greater
than one if the erosion of fine particles along the thickness L, increases the permeability
coefficient of that region. In the present case, . will be considered smaller than one, since it
is assumed that the finer soil particles are retained by the geotextile. Under such conditions,
Figure 17 shows the variation of k,/k,, with a; for different values of L/t. and o, assuming
that at the start of the test the soil specimen is homogeneous, with a permeability coefficient
equal to k,,. It can be observed that for L/t =1, one order of magnitude reduction (as = a, =
0.1) in the average permeability coefficients of the soil in regions 4 and B during the test, can
yield to a ky,/ky, (or kyi/ksys.,) value of 0.1 (Figure 17a), which is in the range of the lower
values presented in Table 2. It can be argued that if the permeability in region B is reduced,
the permeability in region 4 should increase. This is not necessarily true since localized
blockings of soil pores in region A (Figure 13a) by the moving particles may still reduce the
permeability coefficient in that region.
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Figure 17.  Possible variations of k,, during a filtration test on an internally unstable soil: (a) L/t. = 1,
(b) LJt. =10, (c) LJ/t. = 1000, (d) Ly/t. = 10000.
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For larger ratios of Ly/t. (Figure 17¢ and d) even large reductions in the permeability
coefficient of region B (a. = 0.001, for instance) would result in k),/ky, close to 1 and the
reduction in kj,; would be basically equal to the reduction in the soil permeability above the
partially clogged zone. This type of behaviour will take place when the thickness of the soil
mass affected by clogging is smaller compared to the thickness of the rest of the soil speci-
men. The results of filtration tests on internally unstable soils will depend on the intensity of
suffusion that takes place during testing and how it influences the permeability coefficient
along the soil thickness. Thus, under these conditions, thicker soil specimens should be used
in this type of test (Giroud 1996) with the measurement of the permeability coefficient of the
soil in different regions along the specimen height. The same comments apply to gradient
ratio tests on unstable soils because the hydraulic gradient away from the geotextile speci-
men may also be affected by suffusion, influencing the value of GR obtained. Palmeira &
Matheus (2000) recommend due care when deciding on the acceptance or not of a geotextile
filter based only on the value of GR from tests on internally unstable soils. In such cases, the
flow rate variation with time and the requirements from the project itself (minimum required
flow rate, for instance) must also be considered for a final decision. In this sense, the
advantage of working with the variation of kj,, with time is that it may anticipate the
expected flow rate reduction. Long-term filtration tests are highly recommended under such
conditions (Palmeira & Matheus 2000, Cazzuffi et al. 2015). Despite some simplifications,
equation 4 shows that a very severe reduction in the permeability of the geotextile (or of a
thin region adjacent to it) is necessary for a serious compromise of flow rate in typical field
conditions.

Based on the comments above, it is clear that internally unstable soils are problematic
soils either for granular and synthetic filters. Hence, it is of utmost importance to identify
whether a soil is internally unstable or not beforehand. Different approaches for such eva-
luation are available (Kezdi 1979, de Graauw et al. 1984, Kenney & Lau 1985, Bhatia &
Huang 1995, Indraratna et al. 2008, Moraci et al. 2012, for instance). Moraci et al. (2022)
confirmed the greater reliability of the semi-empirical method proposed by Kenney and Lau
(1985) in comparison with other criteria in assessing soil internal instability. Based on tests
on 57 cohesionless soils (25 gap-graded and 32 broadly graded), Li & Fannin (2008) found
that Kezdi (1979) criterion predicted better the internal instability or stability of the soil for
values of the percentage of mass passing (F, as defined by Kenney and Lau 1985) greater
than 15%, whereas Kenney and Lau (1985) predicted better for values of F smaller than 15%.
Khan et al. (2022) also observed good predictions of soil internal instability by Kenney and
Lau’s and Kezdi’s methods.

3.2 Filters subjected to biological clogging mechanisms

Geotextile filters can be used in environments which favour biological clogging. These are
the cases of applications of such filters in landfills, for instance. Under such conditions,
severe filter clogging can occur with repercussions on landfill slope stability and greater
pollutant potential in case of failure of the underlying lining system. Granular filters and
drainage systems can also clog due to bacteria activity (Fleming et al., 1999, Rowe et al.
2000a, Mclsaac & Rowe 2007). Figure 18 shows images of landfill stone drainage layers,
where in one of the cases (Figure 18a) that layer clogged after only 3 years in contact with
leachate (Fleming et al., 1999). Rowe et al. (2000a) report reductions of 6 orders of magni-
tude in the hydraulic conductivity of 15 mm glass beads after 320 days of column tests with
leachate as permeant.

The formation of bacteria films in the geotextile voids will certainly reduce its perme-
ability. Figure 19 shows microscopic images of bacteria films in a nonwoven geotextile and
the reduction in its permeability with time as the number of bacteria increases (Remigio
2006, Palmeira et al., 2008). In addition, the presence of solids in suspension in the leachate
can further increase the clogging potential due to geotextile blinding or impregnation.
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Mlynarek and Rollin (1995) found that for the filtration of wastewater, the intensity of the
growth of biofilm depended on the geotextile opening size, with 17% reduction in the
hydraulic capacity of a more open geotextile after 6 months of service under anaerobic
conditions and 60% reduction under aerobic conditions.

Figure 18. Examples of clogging of stone drainage blankets. (a) After 3 years in contact with leachate
(Fleming et al. 1999), (b) Sever clogging of a gravel drainage layer (Fleming & Rowe 2004).
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Figure 19. Effects of bacteria film formation in a nonwoven geotextile after 90 days of leachate flow.
(a) Bacteria films in the geotextile (Remigio 2006), (b) Mass of bacteria and geotextile permeability vs.
time (Palmeira et al. 2008).

Laboratory column tests by different researchers have observed reductions in the geo-
textile coefficient of permeability to leachate between 10% and 100% (Koerner & Koerner
1991, Fourie et al. 1994, Kossendey et al. 1996, Colmanetti & Palmeira 2002, Silva et al.
2002, Goycoechea et al. 2020), being common reductions between 3 and 5 orders of mag-
nitude (Cancelli & Cazzuffi 1987, Cazzuffi and Cossu 1993, Koerner & Koerner 1995,
Palmeira e al. 2008, Liu & Liu 2020). Severe reductions in geotextile permeability can take
place in a few hours under laboratory conditions when the leachate contains large amounts
of solids in suspension (Cancelli & Cazzuffi 1987, Silva et al. 2002). However, large reduc-
tions in the geotextile permeability (due to its small thickness) may not necessarily com-
promise the drainage system performance (see section 3.1). Corcoran & Bhatia (1996)
concluded that the reduction of one order of magnitude in the permittivity of a nonwoven
geotextile filter of a drainage trench in Fresh Kills landfill should not affect the capacity of
the filter to perform its function. Koerner & Koerner (1995) state that flow rate in leachate
collection systems should not be altered until the filter coefficient of permeability becomes
smaller than approximately 1 x 10~ cm/s, which represents typically a 6 orders of magni-
tude reduction in typical values of permeability coefficients of nonwoven, needle-punched,
geotextiles. Rowe et al. (2000a) assumed failure of a granular medium due to clogging when
the reduction in its hydraulic conductivity was about 7-8 orders of magnitude for the
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prediction of the time for clogging of a landfill leachate collection system. Based on field
observations, drainage pipes wrapped (or socked) with a nonwoven geotextile showed
intense clogging and should not be used in leachate collection systems (Koerner & Koerner,
1995). Better filter performance of nonwoven geotextiles than of woven geotextiles filters in
drainage systems subjected to leachate flow have been reported (Fourie et al. 1994, Fleming
and Rowe 2004, Mclsaac & Rowe 2006, Goycoechea et al. 2020). Cancelli & Cazzufti (1987)
observed larger permeability reductions in heat bonded geotextiles than in nonwoven needle-
punched geotextiles.

Biological clogging of geotextile filters is a complex mechanism and some conflicting results
on its intensity and consequences can be found in the literature, where mild (Ionescu et al.
1982, Mlynarek and Rollin 1995) or severe (Koerner and Koerner 1991, 1995, Cazzufti and
Cossu 1993, Palmeira er al. 2008, Liu and Liu 2020, Silva and Lodi 2020) clogging was
observed, depending on the type of filter and conditions to which the filter was subjected.
Because severe clogging of the drainage systems of a landfill is very common, it has been
argued whether a filter layer should actually be used between the waste mass and the drainage
layer (usually coarse granular material). Giroud (1996) suggests that sand filters and geotextile
filters should not be used in municipal solid waste landfills and wastewater treatment sludge
landfills. However, significant intrusion of fines in the drainage layer at the waste-gravel
interface has been observed when there is no filter (Figure 18) and that the presence of
suitable filter between the waste and the drainage layer improves the performance of the
drainage layer against clogging (Carey et al. 2000, Fleming & Rowe 2004, Mclsaac & Rowe
2006). Mclsaac & Rowe (2006) point out that the presence of the geotextile filter may prevent
most of the fines from entering the underlying gravel layer. These authors also indicate that the
use of a nonwoven geotextile inside the gravel can be a good approach since even if this layer is
severely clogged the top gravel layer above the geotextile will allow the flow of leachate,
avoiding leachate mounding. A drainage layer of a landfill where this solution was adopted
was working very effectively for 11 years (Mclsaac & Rowe 2006, Rowe et al. 2000b).

The development of encrustations can clog even an open material such as gravel, forming a
block that has the consistency of a lean concrete (Brune ez al. 1991, Turk 1995). Brune ez al.
(1991) observed very few mineral particles carried by the leachate in the incrustations, which
were essentially composed of bacteria, their secretions and crusts of inorganic compounds.
They also point out that there is much less biological growth in a landfill in its methane
production phase (old waste, neutral pH) than in the early stages of landfill operation (fresh
waste, acidic conditions). In addition, methane and sulphate-reducing bacteria increase the
leachate pH, yielding to the precipitation of carbonates and sulphides from metal ions dis-
solved in the leachate (Brune ef al. 1991, Rowe et al. 2000a). Biofilm formation and CaCO;
precipitation were the primary clogging mechanisms observed by Liu & Liu (2020) in
laboratory column tests on granular and geotextile filters subjected to leachate flow.

Management of the waste disposal processes and of the drainage systems in municipal
solid waste landfills can inhibit or favour filter clogging. For instance, detrimental practices
to the filter leachate collection system are the presence of a greater amount of organic
matter, disposal of dewatered sludge and incinerated ash, which foster the generation of
CaCOj3 (Liu and Liu 2020), and the disposal of construction debris, which favours an
increase in the supply of calcium carbonate and iron, major components of encrustations in
filters (Brune et al. 1991). Leachate recycling worsens the situation regarding filter clogging
(Koerner & Koerner 1995). On the other hand, Legge (2004) reports on experiences gained
in remediating biological clogging of geotextile filters by inducing sudden changes to the
environment within which the organic material develops, such as the use of a “p-trap” on the
drain outlet. This can suddenly change the conditions in the blanket drain from aerobic to
anaerobic on a regular basis to control bacterial growth as required, with later removal of
the “p-trap” from the outlet drainage pipe. Pretreatment by aeration of the waste for
approximately 6 months prior to landfilling has been proposed to eliminate the acidic phase
and hence the development of encrustations (Giroud 1996). Kossendey et al. (1996) also
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recommend the pre-treatment of organic waste to keep the leachate carbon content as low as
possible to reduce the potential of geotextile biological clogging.

Leachate collection systems are prone to clogging due to solid particles retention, bacteria
growth, iron oxide precipitation and salt precipitation. Iron oxide precipitation may be
caused by the action of bacteria such as Gallionella, Sphaerotilus, Leptothix, Thiobacillus
ferooxydans and Sphaerotilus (Mlynarek and Rollin 1995, Rollin and Lombard 1988).
Crystals of salts can adhere to the geotextile fibres as water evaporates, eventually blocking
the filter voids if the drying period is long enough. Studies by Koerner and Koerner (1991),
Colmanetti (2000) and Colmanetti and Palmeira (2002) have shown that there is a great
potential for filter clogging due to the presence of solids in suspension in the leachate.
According to Koerner & Koerner (1995), although subjective, leachates with T'SS (Total
Suspended Solids) > 2500 mg/l and/or BODs > 2500 mg/l should be viewed as harsh and
of special concern. Figure 20 shows grain size distribution curves of solids in suspension in
the leachate in tests performed by Koerner and Koerner (1991) and Colmanetti (2000).
Results for the material blinding a nonwoven geotextile filter in large column tests performed
by Silva et al. (2002) are also shown in that figure. It should be pointed out that a young
leachate (160 days) was used in the tests reported by Colmanetti (2000), whereas in the case
of Koerner and Koerner (1991) older leachates were tested. Most of the data from Koerner
and Koerner (1991) fall in the silt size range (as well as the data from Silva et al. 2002, to
some extent), whereas coarser material was observed by Colmanetti (2000). It should be
noticed that in some of the cases shown in Figure 20, the leachate specimens tested by
Colmanetti (2000) were collected after the effluent had passed through a 45 mm thick uni-
form gravel drainage layer (dsp = 12.5 mm, possibly very low filtration capacity) or by a
drainage system consisting of a nonwoven geotextile (M, = 600 g/m?) overlying a 55 mm
thick layer of the same gravel. Compared to the case where the leachate only passed through
the gravel layer, it can be noted that the presence of the geotextile filter significantly reduced
the diameters of the particles in suspension in the effluent. This type of diameter reduction in
solids in suspension was also observed in the effluent from large field experimental domestic
waste cells, as reported by Junqueira et al. (2006). The results in Figure 20 show a wide range
of possible diameters and types of solids (degradable and nondegradable) in suspension in
the leachate, depending on its age. Hence, a filter will have to face different conditions
regarding clogging potential due to solids in suspension throughout its service life.
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Figure 20. Particle size distributions of solids in suspension in leachates.

The addition of antimicrobial agent during the manufacturing process of the geotextile
has been suggested in order to reduce or avoid filter bioclogging (Fourie ef al. 1994) aiming
at inhibiting the attachment of bacteria to the fibre surface as well as reducing the adhesive
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strength of the bioslime. However, Koerner & Koerner (1991) report that the remnants due
to the use of biocide treated geotextiles in laboratory column tests were as troublesome as the
viable bacteria in favouring subsequent geotextile clogging. Some studies have indicated that
biological growth may be easily removed from the geotextile fibre surface (Koerner &
Koerner 1991, Silva et al. 2002, Palmeira et al. 2008). However, that may not be the case for
physical clogging due to the entrapment of non-degradable particles and incrustations.
Colmanetti & Palmeira (2002) report physical clogging, rather than chemical or biological,
as the clogging mechanism prevailing in large laboratory experiments on drainage systems
for domestic wastes. The presence of fine-grained soils adjacent to leachate collection tren-
ches can also partially clog the filter due to particles intrusion (Corcoran & Bhatia 1996).

Techniques to unclog geotextiles have also been investigated by different researchers,
namely backflush or reverse flow with different substances, with conflicting results.
According to Koerner & Koerner (1991), backflush in column tests on geotextiles showed
best performance when using water (50% improvement) followed by leachate (32%
improvement) and by nitrogen gas (29% improvement). Vacuum (254 mmHg) extraction
was the least effective (6% improvement) remediation measure, and only nominally
improved flow rates. Silva et al. (2002) report that backflushing in large field column tests
under a total water head of 0.18 m partially restored geotextile drainage capacity, but severe
clogging followed after a few hours of leachate flow because the main clogging mechanism in
this case was geotextile blinding by suspended solids in the leachate. Goycoechea et al.
(2020) observed that filter unclogging with reverse flow in column tests was also unsuccessful
because the flow rate increased little even when the applied hydraulic gradient was 5 times
the initial value. Figure 21 shows results of geotextile permittivity versus total hydraulic head
in column tests on a previously biologically clogged nonwoven needle-punched geotextile
(M 4 = 600 g/m?) (Palmeira et al. 2008). In this case, it can be noted that just a total head loss
approximately 1 m high, equivalent to a 1 m high mounding of leachate, was sufficient to
wash out the bacteria films from the geotextile and restore the same trend of permittivity
variation with head loss of the virgin geotextile. However, these tests were carried out on
specimens where clogging was caused basically by the presence of biofilms in the geotextile
voids (Figure 19a). Had non degradable particles or incrustations been present in the geo-
textile voids, certainly higher total head losses would be required to increase the drainage
capacity of the geotextile. Thus, the efficiency of backflushing under low water pressures
depends on the intensity and type of clogging mechanism developed. Under field conditions,
special engineering facilities would be required to allow the use of the backflush technique,
which would also face the difficulties associated with more complex clogging mechanisms
and the typical dimensions of actual landfill cells.
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Figure 21. Geotextile permittivity vs. total water head loss in backflush tests on a clogged geotextile
specimen: (a) Apparatus, (b) Geotextile permittivity vs. total water head loss (Palmeira et al., 2008).
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Another issue that may be raised is the possible influence of the contact between leachate
and geotextile filter on its mechanical properties. Researchers have reported no influence of
the contact with leachate on the geotextile tensile properties (Ionescu et al. 1982, Cazzuffi &
Cossu 1993, Corcoran & Bhatia 1996, Koerner & Koerner 1991), although Koerner &
Koerner (1991) observed some strength reduction in a heat bonded geotextile due to weak-
ening of thermally fused fibre junctions after 36 months duration column tests. Koerner and
Koerner (1991) observed no influence of the polymer from which the geotextile was manu-
factured on its biological clogging behaviour.

Field and laboratory experiences seem to suggest that a more open product should be
specified when using a geotextile filter in an environment that favours biological clogging,
(Koerner & Koerner 1991, Cazzuffi & Cossu 1993, Mlynarek & Rollin 1995, Giroud 1996,
Rollin 1996). Geotextile and/or soil filters to be used in leachate collection systems must be
sufficiently open to pass the sediments, or particulates, along with micro-organisms con-
tained in the leachate. In the case of woven geotextiles, Koerner & Koerner (1991) observed
severe clogging in woven geotextiles with POA equal to 4% and limited clogging in a woven
geotextile with POA equal to 10%. Giroud (1996) recommends that, if used, monofilament
woven filters should have a FOS of 0.5 mm and POA > 15% (preferably, > 30%) and the
drainage medium should consist of an open graded material (gravel, minimum particle size
of 10 mm, not limestone, and possibly geonet in slopes).

3.3 Filters subjected to chemical and biochemical clogging mechanisms

Chemical and biochemical clogging of filters are very complex and difficult mechanisms to
simulate in the laboratory. A countless number of different scenarios are possible,
depending on the chemicals and geotextiles characteristics and on in-service filter condi-
tions. Thus, the results of laboratory research are still limited and focused on specific
situations. Despite the complexity of the problem, important contributions can be found in
the literature regarding chemical and biochemical clogging of geotextile filters under
laboratory and field conditions.

High alkalinity ground water will precipitate calcium and magnesium (Koerner &
Koerner 2005) and conditions such as those found in tailings dams or in natural soils may
favour the precipitation of different elements. Chemical clogging of geotextiles in iron tail-
ings can be influenced by multiple factors, such as concentration of ferrous iron ions, pH,
hydraulic conditions, temperature, microorganisms, redox potential and oxygen partial
pressure, and reductions in flow rates in column tests of up to 73% have been reported (Liu
et al. 2021a). Woo (2005) reports calcium oxide (a major component of cement), dissolved
from cement grouts used for ground reinforcement during tunnel construction, as being one
of the main clogging materials in tunnel drainage systems, in addition to calcium carbonate
and red sediments containing iron and soil particles (Kim et al. 2020a). According to Carey
et al. (2000) the precipitation of chemicals, sulphates and iron oxides which can commonly
cause clogging is much less prevalent under anaerobic and reduced conditions.

Veylon et al. (2016) present a thorough investigation on the performance of geotextile
filters in trenches after 18 years in service. The formation of a calcite crust on the down-
stream face of the geotextile envelopes and of the reference drainage system (gravel without
filter) (Figure 22) was the primary mechanism observed underlying the reduction in filter
performance. The results of field instrumentation in the trenches revealed that the reference
trench and the trench with the woven geotextile showed severe reductions in flow rate (93%
for the reference trench and 94% for the trench with the woven geotextile filter). The mea-
surements of flow rate in a trench with a nonwoven geotextile were compromised due to
possible leakage of fluid to neighbouring trenches. The clogging rate, defined as a function of
the reduction of flow capacity with time, varied from 16 to 21% for the trenches with geo-
textile filter and 73% for the reference trench. It was also observed that the presence of the
geotextile filters reduced clogging of the slotted drainage pipes of the trenches. The authors

26



concluded that after 18 years in service the geotextiles performed well in terms of mechanical
resistance and filtration performance.

Figure 22. Calcified interfaces between gravel and downstream calcite crust: (a) Reference trench (no
filter), (b) Nonwoven geotextile filter, (c) Woven geotextile filter (modified from Veylon et al. 2016).

The clogging mechanism of geotextile filter envelopes of perforated corrugated pipes
(socked pipes), 3 to 15 years old, in an arid region, was investigated by Guo et al. (2020).
Three major slightly soluble salts (calcium carbonate, calcium sulphate and magnesium
carbonate) are present in arid and semi-arid soils. Reductions in geotextile permeability of
up to 99.5% were observed, although the permeability coefficients of the partially clogged
geotextiles were still close or greater than those of the neighbouring soils (kg7/ks.; = 0.85, or
between 8.8 and 42.7). Silicon dioxide (SiO,) and calcium carbonate (CaCQOj3) were identified
as common clogging substances in arid and semi-arid regions.

Increase in precipitation of salt crystals with increasing temperature and flow rate was
observed by Guo et al. (2021) in immersion and permeability tests on geotextiles (Figure 23).
The authors observed that the structure of the geotextiles tested did not promote or inhibit
the chemical precipitation process under static (no flow) conditions. Guo et al. (2022) present
a coupled model of chemical clogging and permeability coefficient of a geotextile filter
considering the processes of geotextile fibre diameter increase after crystal precipitation and
accumulation of crystal precipitates on the surface of the geotextile fibres.

Figure 23.  Salt crystals attached to the fibres of a nonwoven geotextile (Guo et al. 2021).

The use of construction and demolition residues in geotechnical construction works has
markedly increased in the last decades in response to environmental protection requirements
and better sustainable construction practices, besides the significant volume that this type less
harmful or inert residues can occupy in landfills. Therefore, researchers have investigated the
clogging potential of geotextile filters in contact with such materials. The deposition of tufa
precipitate (Figure 24) from the effluent of recycled concrete aggregate (RCA) in the voids of
nonwoven geotextiles was investigated by Abbaspour & Tanyu (2021). The two major minerals

27



were identified as calcium carbonate (CaCQj3, mainly calcite, more dominant at the top face of
geotextile specimens subjected to column tests) and calcium sulphate (CaSO4.2H,O, mainly
gypsum, more frequently encountered on the bottom surface of the specimens). The authors
observed a good performance of the filter but pointed out that a loss of filtration capacity of
the system of the order of 50% to 80% after 25 years should be expected, which would require a
reduction factor to account for chemical clogging between 2 to 3.5. Bilgen er al. (2020) also
investigated the performance of geotextile filters in contact with RCA by means of column
tests. In this case woven, monofilament, geotextiles were tested and average reductions in flow
rates between 19 and 81%, reductions of POA between 37% and 65% and reductions in Ogs
between 25% and 51% were observed. Nevertheless, the authors report post-test geotextile
permeability coefficients still between 5 and 200 times that of typical clean uniform sand layers.
Britto (2020) reports no significant variations in the coefficient of permeability of systems
consisting of sand and rubble dust from recycled construction and demolition wastes and
nonwoven geotextiles in permeability tests under confinement. No significant changes in
effluent rate were observed by Lee & Bourdeau (2006) in 2 weeks duration filtration tests on
systems consisting of a nonwoven geotextile filter underneath rubbleized concrete aggregate
agglomerated with asphalt emulsion and polymer modified prime chemicals exhumed from an
old concrete pavement. Odabasi ef al. (2022) also found satisfactory performance of geotextile-
recycled materials combinations in long-term filtration tests. In this case, woven and nonwoven
geotextiles were tested in contact with RCA, recycled asphalt pavement, foundry sand and
recycled asphalt shingle. In 82% of the tests the performance of the geotextile filter was satis-
factory. The authors discuss the limitations of current filter criteria to recycled material-
geotextile systems. Thus, despite the still limited amount of data, the results so far seem to
indicate satisfactory performance of geotextile filters in contact with construction wastes
commonly used in geotechnical works.

The formation of ochre is a biochemical clogging process and can severely compromise
the performance of filters, being common in lateritic soils of tropical regions. In Brazil, the
first observation of this type of clogging mechanism in granular drainage systems occurred in
the Rio Grande Dam, built between 1926 and 1937, close to the city of Sao Paulo (Kanji
et al. 1981). Results of variable head permeability tests, 1.5-year duration, showed the for-
mation of ochre and a 28-fold reduction in the permeability coefficient of the granular filter
material over a period of 550 days. Other cases of clogging of granular filters caused by
ochre formation can be found elsewhere (Terzaghi and Leps 1958, Spencer et al. 1963,
Petersen 1966, Grass 1969, Infanti and Kanji 1974, Xu et al. 1976, Ferreira 1978, Guerra
1980, Lindquist and Bosegno 1981, Nogueira Junior 1988). Obviously, ochre formation can
also clog geotextile filters, as shown in Figure 25 (Palmeira & Fannin 2002) and will occur
only under suitable electrochemical conditions found at nonaerated-aerated soil-filter inter-
faces (Mendonca and Ehrlich 2006).

Figure 24. Microscopic image of tufa precipitates on geotextile fibres (Abbaspour & Tanyu 2021).
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The presence of a noticeable ochre-brown deposit on the geotextile as well as on the
enclosed stone aggregate of the underdrainage system of two tailings dams in South Africa is
reported by Scheurenberg (1982). The clogging mechanism was attributed to the precipita-
tion of ferric hydroxides, such as goethite, and oxidation of ferrous compounds in solution at
pH smaller than about 5. The author states that similar clogging mechanism would have
occurred had graded sand drains, without a geotextile filter, been used.

Figure 25. Clogging of a geotextile filter caused by ochre formation.

Puig et al. (1986) highlight the importance of the identification of the parent rock, pre-
sence and type of vegetation, pedologic analysis and chemical analysis of the water to assess
the potential of ferric clogging of geotextile filters. Based on the case-histories analysed, the
authors state that ferric clogging risk is extremely low (but not eliminated, depending on the
influence of organic matter) in calcareous areas where water is free from any ferrous iron. On
the other hand, non-calcarecous areas rich in ferrous iron and organic matter favour the
development of heterotrophic bacteria Sphaerotilus which may cause ferric clogging.

The influence of ochre formation on the performance of a geotextile filter will depend on
the clogging intensity. Ochre formation in a geotextile filter envelope of a drainage layer had
no influence on the hydraulic conductivity of the drainage system of Torcy-Vieux dam, in
France (Testemale e al. 1999). In this case, it was observed that the partial clogging was
caused by clay particles associated to some level of ochre formation, particularly up to a
depth of 1.2 mm in the geotextile layer.

Fibre roughness, specific surface, distance between fibres, geotextile thickness and flow
rate are important factors in iron ochre biofilm formation (Mendonca 2000, Mendonca
et al. 2003). Mendonca et al. (2003) comment that more severe clogging of woven geo-
textiles than of nonwoven geotextiles should be expected due to the discrete localised
openings of the former. Metcalf et al. (1995) observed more severe reductions in geotextile
permeability caused by iron staining in woven slit-film (up to 95% reduction) and heat-
bonded nonwoven (up to 85.5%) than in needle-punched nonwoven geotextiles (up to 76%
reduction) separator geotextiles in permanent highways. Iron-oxide precipitates were also
observed in exhumed geotextile (nonwoven, heat bonded and slit-film geotextiles)
separators after 5 years in service in highways with a long history of poor pavement per-
formance (Black and Holtz 1999). The observations suggested that precipitation was
probably higher in slit-film geotextiles (14.5% to 95% permeability coefficient reduction)
and that heat-bonded nonwovens were more susceptible to clogging (=2 85% permeability
reduction) than needle-punched nonwoven geotextiles (33.7% to 76% permeability
reduction). Iron-oxide precipitates on the woven geotextiles seemed to be deposited on the
tapes, whereas they tended to be distributed throughout the structure of the nonwoven
geotextiles. According to Koerner and Koerner (2015), a woven slit-film geotextile should
not be used for critical filtration applications because of poor control over its opening sizes
due to nonbonding of its intersecting fibres.
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Mlynarek et al. (1990) observed ochre formation on only 5% of the geotextile surface of the
upstream side of a geotextile filter in specimens exhumed from a small dam in Poland after 8
years in service. Roots of plants crossing the full thickness of the geotextile in four points were
also observed. Permeability tests on the exhumed specimens revealed reductions of geotextile
permeability between 11% (drainage system downstream face) and 50% (upstream face), but
still with a geotextile permeability coefficient 10 times higher than that of the base soil.

Significant clogging (7.5 to 45.3-fold reductions in geotextile permeability) due to ochre
formation (Figure 26) was observed in sand and geotextile filters by Mendonca and Ehrlich
(2006) in long-term (up to 1,573 hours) column tests on soil-geotextile (or sand) filter-gravel
systems. The significant clogging mechanisms observed (more intense in a light nonwoven
tested) did not cause relevant reductions in the hydraulic conductivity of the soil-filter sys-
tem. Reductions of up to 95.5% in the coefficient of permeability of nonwoven geotextile
filters due to ochre formation have also been observed in bank protection works in canals,
rivers and coast structures (van Zanten and Thabet 1982, Abromeit 2002). According to van
Zanten and Thabet (1982), clogging was observed in most of the sites investigated in a
research study in Dutch canals, river and coast structures, but the geotextile permeability
remained larger than that of the subsoil.

Figure 26. Examples of ochre formation in geotextile filters in column tests (Mendonca 2000): (a)
Light nonwoven geotextile (200X magnification), (b) Woven geotextile (80X magnification).

Submersion of the filter has been commonly adopted to avoid conditions favouring ochre
formation, for both granular and synthetic filters. The effect of submersion on ochre for-
mation in a woven geotextile was investigated by Correia et al. (2017). The authors point out
that despite submersion, dissolved oxygen can cause ochre formation due to diffusion, but
even a small depth of submersion can reduce significantly ochre biofilm formation. In gen-
eral, ochre was found deposited on the surface of the geotextile filaments (Figure 27, Correia
2014) and that the geotextile pores were not completely blocked. Results of tests performed
by Correia et al. (2017) suggest that there is a maximum submersion depth threshold of the
geotextile beyond which the influence of submersion becomes negligible, since the results of
tests with geotextile submersion depths of 20 mm and 45 mm were equivalent.

Figure 27. Image of ochre formation on the woven geotextile surface (Correia 2014).
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Correia et al. (2022) performed column tests on a woven geotextile under three different
submersion conditions and observed a marked reduction in Fe(II) and Fe(III) retention in
the geotextile after percolation with D-glucose. The flow of D-glucose stimulated a pre-
existing population of iron-reducing bacteria, which reduced Fe(III) to Fe(Il) in anoxic
pockets within the ochre biofilm, causing some loss of the ochre structural integrity.

The use of water jet to remove ochre formation in deep horizontal drains has been com-
monly used in periodical maintenance works. Ehrlich et al. (2021) report the influence of
clogging of geotextile filters of deep horizontal drains on the movement of a talus-colluvium
deposit in the state of Rio de Janeiro, Brazil. Maintenance works of the drains consisted of
applying water jet to the drains once a year, before the raining season (Ehrlich 2023).
However, for three years in a row maintenance was not done, causing dehydration of the
ochre, making it impossible to remove by water jetting. This caused the movements of the
slope to increase, requiring the installation of new deep horizontal drains.

3.4 Mining tailings-geotextile filter interaction

Geotextile filters have been extensively used in mining applications. The good performance
of the filter in such applications is of utmost importance for the stability of mining structures
such as tailings dams. This section discusses some aspects of applications and performance of
geotextile filters in such works.

One of the complicating factors for filter performance in tailings dams is how the tailings
are disposed. If the tailings or base soil adjacent to the filter is placed hydraulically, the
mobility of its fine fraction may cause impregnation or blinding of the geotextile, which may
compromise its performance (Legge 2004, Palmeira et al. 2010). In case of tailings disposed
far from the filter, only fine particles and particles in suspension will reach the filter (larger
particles will sediment along the way). Microscopic images of geotextile specimens exhumed
from two tailings dams support this statement, as shown in Figure 28, where values of
impregnation level (1) ranging from 2 to 10 were obtained for geotextile specimens exhumed
from tailings dams, as reported by Palmeira et al. (2010). These authors suggest that a testing
technique simulating more accurately the type of deposition of the tailings in the field, such
as the use of flumes, may provide more accurate information on filter performance than
conventional filtration tests.

Figure 28. Intense impregnation of geotextile filters by fine tailings (Beirigo 2005).

Wind blow of the fine fraction of tailings can also cause impregnation of filters and drains.
In such instances, Legge (2004) recommends the use of a sacrificial layer of geotextile
(typically a light nonwoven product) as cover to the drain during construction to be removed
immediately before the placement of tailings adjacent to the permanent filter. As commented
earlier in this paper, the presence of the entrapped soil particles in the geotextile voids will
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reduce its compressibility (Palmeira et al. 1996, Palmeira & Gardoni 2000). However, the
partially clogged geotextile can still undergo significant compression, depending on
the degree of impregnation and stress level. In addition, the presence of the particles in the
geotextile voids reduces pore dimensions through which additional base soil particles may
pipe (Palmeira & Trejos-Galvis, 2017), changing the conditions for filter clogging.

Despite the severe conditions of utilization, numerous examples of good performance of
geotextile filters in tailings dams have been reported in the literature. The performance of
different drainage systems incorporating geotextiles in some mine tailings dams in South
Africa is presented by Bentel et al. (1982), who reported cost savings of up to 33% with
solutions incorporating geotextiles and equally good performance as granular filters over 6
years of monitoring. The possibility of filter clogging due to ochre formation is considered of
particular relevance by those authors. Similar good performance of geotextile (woven and
nonwoven) filters in a tailings dam was observed by Haas (1982), as well as of a nonwoven
geotextile in drainage blankets, chimney drain and foundation relief wells in tailings dams up
to 74 m high in Brazil (Montez 1987). Similar good performance was observed by Mansen
and Balbin (2008) with the use of a light geotextile filter and of a geocomposite for drainage
in a 30 m high tailings dam in Peru.

Palmeira et al. (2010) report values of GR 457, (as per ASTM D5101) close to 1 in gradient
ratio tests on a tailings-geotextile system for which clogging was observed in the filter of a
vertical drainage system of a tailings dam (same tailings and geotextile as tested in the
laboratory) after 6 years in service. These authors point out that the value of GR Agtnp alone
may not be sufficient for the prediction of a good performance of the filter of vertical drainage
systems similar to those employed in one of the dams studied and the values of gradient ratio
obtained from ports closer to the geotextile specimen may be useful for a sounder decision on
the filter to be used. This is particularly relevant in the case of internally unstable materials.
Besides, tailings specimen preparation in the laboratory may not be realistic regarding the
influence of tailings disposal in the field, as commented earlier. Values of GR between 0.7 and
1.2 were obtained in gradient ratio tests on tailings-nonwoven geotextile systems using cyclic
flow by Fannin and Pishe (2001). In tests on a woven geotextile, values of GR between 0.1 and
2.0 were obtained, with intense piping through the more open woven geotextile tested.

Palmeira et al. (2005) obtained values of gradient ratios (GR 4s73s) varying between 1.1
and 1.3 in gradient ratio tests on tailings-nonwoven geotextile systems subjected to vertical
stresses of up to 2000 kPa. Entrapped tailings particles in the geotextile reduced its com-
pressibility. Despite partial clogging having been observed the geotextiles remained 5.5 to
420 times more permeable than the tailings. It was noted that considerably large particles
(Figure 2b) were capable of intruding the geotextile voids due to vibration during specimen
preparation, confinement and greater particle density in the case of ore tailings, which can
facilitate the displacement of fibres and the intrusion of particles in the geotextile. Large
particles in the geotextile voids were also observed by Niec et al (2019) in specimens of a
nonwoven geotextile filter exhumed from a small dam drainage system in Poland and by
Palmeira et al. (2010) in a geotextile filter of a tailings dam. In similar gradient ratio tests on
internally unstable tailings-geotextile systems, Palmeira et al. (2010) observed piping through
two nonwoven geotextiles with values of GR close to 0.5, but rather constant with increasing
vertical stress throughout the test. Even smaller GR values were obtained using the hydraulic
heads measured at ports closer (3mm and 8 mm above the filter) to the geotextile layer. For
the heavier geotextile tested (M = 627 g/m?2), the authors argue that the presence of needle
holes left after the needle-punching manufacturing process may be a reason for the low
values of GR. Haliburton and Wood (1982) observed that for one of the needle-punched
geotextiles subjected to GR tests flow occurred through the needle holes even when the other
portions of the geotextiles were clogged with silt particles. However, under field conditions,
such holes may not play an important role with respect to piping due to possible geotextile
distortion during its installation and placement and compaction (when executed) of the cover
material (Palmeira et al. 1996).
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The use of nonwoven geotextiles in association with thin granular filter layers may be
effective in reducing clogging of geotextile filters in mining applications, besides additional
benefits (Legge 2004). The use of thin sand layers between the tailings and the geotextile
filter in gradient ratio tests was investigated by Liu et al. (2021b). Values of GR between 0.38
and 0.53 were obtained even with the sand layer above the geotextile. However, much less
quantities of tailings particles piped through the filters than the commonly used limit of
2500 g/m? proposed by Lafleur er al. (1989). The presence of the sand layer prevented the
formation of a mass of fine particles at the soil-geotextile boundary, lowering the clogging
potential of the geotextile and increasing the drainage capability of the system, especially
under high hydraulic gradients. Nevertheless, it should be pointed out that too thin sand
layers with uniform thicknesses are difficult to execute in the field.

4 MODELLING FILTER PERFORMANCE

Because of the complex nature of geotextile filter behaviour, different approaches for mod-
elling geotextile filter performance have been proposed by several authors using simple or
sophisticated solutions. Early proposals for the investigation of geotextile retention capacity
employed geometrical models for nonwoven geotextile filters simulated as an array of
cylinders (Laflaive & Puig 1974, Fayoux & Evon 1982, Giroud 1996, for instance). Methods
based on probabilistic analyses have also been developed to estimate the nonwoven geo-
textile pore size distribution (Gourc 1982, Faure 1988, Lombardi 1989, Faure et al. 1990,
Soria & Viviani 1993, Elsharief & Lovell 1996, Urashima & Vidal 1998, Simmonds et al.
2007, Rawal 2010 and 2012, for instance). More recent research has employed more
sophisticated approaches such as the use of the discrete element method (DEM), fractal
geometry theory and elementary cellular automata neural networks (Liu et al. 2011, Ozelim
et al. 2016, Chen et al. 2019, Ibrahim & Meguid 2022, Ryoo et al. 2022b).

To some extent, both geometrical and probabilistic models may predict satisfactorily the
geotextile pore size if appropriate parameters intrinsic to these methods are properly chosen
or backanalysed. For instance, Giroud (1996) proposed the following equation to estimate
geotextile filtration opening size based on a geometrical model

Or 8 4, &
A 1—n 1+(1 — n)tgr/ds ©)

Where Oy is the geotextile filtration opening size, dyis the geotextile fibre diameter, 7 is the
geotextile porosity, ¢g7 is the geotextile thickness and 6 and & are empirical parameters.
Palmeira & Trejos-Galvis (2018) extended the application of equation 5 to different values
of the geotextile pore sizes (O,) corresponding to a given percentage (x), where x is the
percentage of remaining pores that are smaller than O,.. With appropriate values of ¢ and &,
a satisfactory comparison between O,/d, predicted by equation 5 and measured values using
bubble point tests was obtained, as shown in Figure 29a, in tests on five nonwoven geo-
textiles under different vertical confining stresses (up to 1000 kPa). However, the values of 6
and & in this case are likely to be product specific. The method proposed by Faure et al
(1990) was also calibrated to predict O, for the same geotextiles in Figure 29a. This method
is based on the probability of a soil particle passing through a nonwoven geotextile assumed
as a random stacking of elementary films with a given thickness. The calibration of the
elementary film thickness yielded the comparison between predicted and measured O,/d,
values shown in Figure 29b, where a satisfactory level of agreement can also be noted. The
calibrated Faure et al. (1990) method was also capable of predicting well the geotextile pore
size distribution curve, as shown in Figure 30. However, the predictions of the pore size
distribution curves using the geometrical approach (equation 5) were not as accurate as those
of the probabilistic method (Palmeira & Trejos-Galvis 2018). Thus, probability seems a
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powerful tool for the prediction of nonwoven geotextile pore dimensions, although some
improvements are necessary for a broader application to any nonwoven product.
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Figure 29. Comparisons between predicted and measured pore sizes: (a) Predictions by equation 5, (b)
Predictions by Faure et al. (1990) (modified from Palmeira & Trejos-Galvis 2018).
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Figure 30. Measured and predicted pore sizes distribution curves by Faure et al. (1990): (a) For zero
vertical confining stress, (b) For a vertical stress of 100 kPa. (Palmeira & Trejos-Galvis 2018).

Rawal (2010) developed a model for the prediction of nonwoven geotextile pore size dis-
tribution combining stochastic and stereological or geometrical probability approaches, which
incorporates the influence of geotextile fibre orientation. The model predicted variations in Ogs
of a light (75 g/m?) nonwoven geotextile of up to 26% for the range of values of the fibre
directional parameter used in the method. An approach to model the compression induced
morphological behaviour of nonwoven geotextiles was introduced by Rawall (2012). A
mechanistic model of pore size distribution was proposed for geotextiles under compression
also considering the out-of-plane orientation of the geotextile fibres. Predicted and measured
pore diameters of a thermally bonded nonwoven product were compared, but under much
lower vertical stresses (< 2.1 kPa) than those expected in geotechnical works. The trend of the
predictions was satisfactory, but deviations between predicted and measured Ogs ranging from
20% to 48% were observed. Regarding geotextile fibre orientation, using X-ray computed
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tomography, Ishikawa (2018) observed that most of the fibres tend to be oriented parallel to
the plane of a nonwoven web in the case of parallel-laid webs. The needle-punching manu-
facturing process can locally orient some fibres perpendicular to the web plane. Compression
will further increase the percentage of fibres parallel to the plane of the geotextile.

The discrete element method was employed by Chen et al. (2019) to evaluate the variation
of the apparent opening size of a heat bonded nonwoven geotextile with tensile strain under
uniaxial and biaxial tensile loadings. The results obtained suggest that the change in the
orientation angle of the fibres was smaller during biaxial tensile tests than during uniaxial
tensile tests. The authors also observed that the deformation pattern of the modelled geo-
textile during the biaxial tensile test was almost axisymmetric. The rates of opening size
increase with tensile strain under uniaxial and biaxial loading were similar to those obtained
by Palmeira er al. (2019) in bubble point tests on nonwoven, needle-punched, geotextiles
subjected to tension, but significantly smaller than those obtained by Wu ez al. (2008) in tests
on a heat bonded geotextile.

5 INNOVATION AND ADVANCES IN GEOTEXTILE FILTERS

The need for better performance of geotextile filters facing severe conditions as those
described in this paper has led to the development of new geotextile products. Combinations
of existing products with alternative drainage materials have also been the subject of
research and applications by several authors (Palmeira 2016, Palmeira et al. 2021a, b, Touze
2021). For instance, Narejo et al. (2013) report the good performance of a hybrid layered
monolithic filter consisting of a nonwoven needle-punched and a woven monofilament for
the filtration of fine particles of coal combustion residuals. A better performance of a filter
consisting of the combination of a thin layer of one nonwoven needle-punched geotextile and
a thicker layer of a second nonwoven needle-punched geotextile in comparison with a con-
ventional monolayer geotextile is reported by Sabiri et al (2017). Ryoo et al. (2022b)
describe and analyse the use of woven and nonwoven conical filters by means of laboratory
and computational modelling (DEM simulations), where higher simulated system perme-
abilities with the new product were obtained in comparison with conventional geotextile
counterparts. The use of alternative geocomposites for drainage and the potential use of
biodegradable geotextiles in temporary filter applications are discussed in Junqueira et al.
(20006), Silva & Palmeira (2013) and Prambauer et al. (2019). In addition, the development of
new and advanced geotextile filters has also increased.

In addition to the ingenious combinations of existing geotextile products with alternative
materials, materials science and advances in manufacturing processes have produced inno-
vations in geotextiles with repercussions on their applications in geotechnical and geoen-
vironmental engineering. One example of such developments is the use of wicking
geotextiles, which are products capable of draining water out from unsaturated soils. Wang
et al. (2017) describe the development and application of a type of wicking woven geotextile
made of special hydrophilic and hygroscopic fibres with multi-channel cross sections
(Figure 31). The geotextiles contain micro-channels with diameters varying between 5.7 and
47.8 microns, high shape factor and hight wicking fibre specific surface area. In an experi-
ment with this geotextile in a base course on a fine-grained subgrade, the authors observed
that the geotextile did remove water out of the cross section of the model road, especially
after a simulated rainfall of 38 mm/h intensity for 40 min. The wicking geotextile effectively
wicked water out from the base soil even when this layer was prepared at a moisture content
close to the optimum moisture content. Guo et al. (2019) observed that in average the
wicking geotextile reduced the water content of the overlying soil in a region approximately
200 mm thick above the geotextile layer in column tests. Guo et al. (2022) tested a modified
wicking geotextile with additional wicking fibre yarns artificially knitted into the geotextile.
The results obtained in laboratory tests showed that the wicking geotextile drained both free
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and capillary water, reducing the average gravimetric water content of the soil. The wicking
geotextiles were also able to wick water from both the overlying and the underlying soils, and
the results suggest that the influence range of reducing the moisture content of the underlying
soil due to a siphon effect was of at least 100 mm. Other successful applications of wicking
geotextiles under unsaturated conditions are reported by Azevedo & Zornberg (2013), Zhang
et al. (2014), Guo et al. (2017), Lin et al. (2017) and Zornberg et al. (2017), Lin et al. (2021).
Zaman et al. (2022) observed greater wettability of a wicking woven geotextile in compar-
ison with a non-wicking one and to a nonwoven geotextile, indicating that water penetrates
faster in wicking geotextiles. Wettability of nonwoven geotextiles can be increased during
manufacturing with the addition of a surfactant solution to the geotextile fibres surface to
make them hydrophilic. Bouazza (2014) shows significant increases in the wettability of two
nonwoven geotextiles along their in-plane direction after this type of treatment.

Figure 31. Shape of a wicking geotextile fibre.

Guo et al. (2021) carried out an experimental study on the performance of pavement bases
under three conditions: without geotextile on the subgrade, with a non-wicking geotextile on
the subgrade and with a wicking geotextile on the subgrade. The pavement consisted of a
granular layer (0.3 m thick) on a subgrade (0.9 m thick, CBR of 4% or 5%) which was
constructed in a large testing box and subjected to cyclic loading by a circular rigid plate.
The pavement was subjected to series of simulated rain fall and surface loading. Overall, the
authors observed that the water content in the wicking geotextile section decreased at a
significantly faster rate than in the control and non-wicking geotextile sections. The per-
manent surface deformation of the section with the wicking geotextile was considerably
smaller than those of the other sections, as shown in Figure 32.
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Figure 32. Permanent deformation at the pavement surface at 7 days after the first rainfall simulation
(modified from Guo et al. 2021).

Filtration tests on nonwoven geotextiles treated by negative ions were carried out by Lee

and Jeon (2008) aiming at evaluating the influence of the treatment on the reduction of
clogging. The principle was that the negatively charged fine clay particles would be repelled
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by the negatively charged geotextile fibres. The level of geotextile clogging calculated based
on the mass of soil particles entrapped in the geotextile was reduced by 33.8% and the
discharge rate increased 16% for the geotextile with higher electric charge in comparison
with the control one (no electric charge). The highest clogging level was observed in the
control geotextile.

Significant improvements in the performance of geotextiles are expected in the coming
years due to the promising results of recent research on the use of geotextiles with fibres
coated with graphene and nanoparticles (Kelsey 2015, 2016, Kim et al. 2020, Senadheera
et al. 2022), as well as due to other forms of incorporating advanced materials in the manu-
facture of geotextiles. Regarding the filtration function, the incorporation of graphene is
expected to improve filter performance and endurance by increasing mechanical strength,
antimicrobial performance (filter biological clogging prevention) and hydrophilic behaviour,
for instance (Kelsey 2015). Strength increase will reduce or avoid the possibility of mechanical
damages in geotextile filters. Antimicrobial action may reduce biological clogging of geo-
textile filters in landfills, for instance. Graphene enhanced geotextiles are already being
manufactured in Australia and in the United States (Kelsey 2016). It is also likely that in the
future geotextile filters may benefit from the advances in the research on smart textiles, par-
ticularly as a response to the COVID-19 pandemics. For example, the use of new anti-
microbial agents to be incorporated into advanced masks used as personal protective
equipment for healthcare professionals has been investigated (Ivanoska-Dacikj & Stachewicz
2020), whose application in the manufacture of geotextile filters could be considered.

6 CONCLUSIONS

This paper discussed factors that may influence the actual behaviour of geotextile filters. By
being cost-effective and easy to install, some important issues are frequently overlooked in
geotextile filter applications. Based on the experience gained and lessons learned over the
years, the main conclusions regarding the behaviour of geotextile filters are as follows.

Most (if not all) problematic situations for geotextile filters are also problematic for nat-
ural filters. These are the cases where biological and/or chemical clogging can take place as
well as for filters in contact with internally unstable soils. Under complex field conditions
such as those of filters in tailings dams, filters in contact with internally unstable base soils or
subjected to the flow of liquids with solids in suspension, it is very difficult, if possible, to
specify a problem-free filter material, be it natural or synthetic. Despite such uncertainties,
some general recommendations can reduce or avoid poor filter performance.

Partial clogging of the filter before its operation can take place due to spreading and
compaction of the base soil on the geotextile layer. Impregnation of the filter will reduce its
permeability, increase its retention capacity and change the condition for further clogging
during filter operation. Thus, appropriate reduction factors should be used to account for
nonwoven geotextile impregnation by soil particles. Investigations on the behaviour of
internally unstable soil-geotextile systems have shown that significantly greater reductions
factors than the usual value of 10 may be necessary to account for the flow rate reduction
caused by geotextile impregnation and/or blinding. Some contributions in the literature
discussed in this paper may provide useful tools to predict geotextile performance under such
conditions.

In case of drainage systems of landfills, waste management and selection may reduce the
risk of drainage system malfunction. Practices such as leachate recirculation, disposal of
construction debris, large amounts of organic matter, dewatered sludge and incinerated ash
should be avoided. In addition, drainage pipes wrapped (or socked) with nonwoven geo-
textiles should not be used in leachate collection systems. More open geotextile filters (say
FOS > 0.13 mm for nonwoven geotextiles and FOS > 0.5 mm and POA > 15% for woven
geotextiles) and coarser (d > 15 mm) granular drainage materials have performed best. It is
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recommended that leachate collection and removal systems should be kept under anaerobic
conditions or under unsaturated conditions as long as possible to extend their service lives.
Under similar severe conditions, nonwoven needle punched geotextiles seem less prone to
clogging than heat bonded ones and woven geotextiles.

Due care should be taken with filters in arid and semi-arid regions due to the possible
clogging action of silicon dioxide and calcium carbonate. The same applies to possible salt
precipitation in engineering works in marine environment. Submersion of the drainage sys-
tem can avoid or reduce the risk of filter clogging due to ochre formation.

In mining applications, tailings deposition may influence filter performance, particularly
for vertical drainage systems. The possibility of ochre formation in the filter should also be
foreseen depending on the composition of the tailings. The combination of a thin sand layer
and a geotextile filter may be an appropriate solution when geotextile blinding is a
possibility.

Laboratory testing should try to simulate as accurately as possible the hydraulic and
physical conditions expected in the field. This includes the use of appropriate surcharges to
simulate the overburden stresses on the buried geotextile filter as well as the deposition and
compaction of the base soil on the geotextile filter. The simulation of the tailings deposition
process is highly recommended in tests on tailings-geotextile systems. In tests with internally
unstable soils, the measurement of the variation of soil permeability coefficient at different
positions along the specimen heigh may provide useful information on system behaviour.
Soil specimens in these tests should be high enough (say 100 mm or more) to accurately
reproduce the internal instability mechanism taking place along the specimen height during
testing. Measurements of hydraulic heads close to the geotextile filter may also provide
useful information on geotextile clogging mechanism in gradient ratio tests.

Besides some conventional and simpler solutions to predict geotextile filter behaviour,
recent more sophisticated theoretical solutions have been employed such and the use of
discrete element modelling, neural networks, complex probabilistic analyses etc. that will
certainly contribute to a better understanding and prediction of the behaviour of geotextile
filters.

Despite the filter performance issues raised in this paper, geotextile filters are undoubtfully
a great success. Failures often receive great exposition (and they should be exposed!).
However, one should bear in mind that they have represented a tiny fraction of geotextile
filter applications, many of them occurring due to the lack of appropriate design con-
siderations and construction practices. A great advantage of a synthetic filter over a natural
one is that the technological developments that may be incorporated into the former and the
development of new products based on material science studies can reduce the possibility of
failures and improve design. The future will certainly bring new products that will be more
efficient, less expensive and will provide more environmentally friendly engineering
solutions.
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Research and practice on geosynthetic MSE walls: Past, present
and future
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National Defense Academy, Yokosuka, Japan

ABSTRACT: Although technology on geosynthetic mechanically stabilized earth (MSE)
walls can help solve classical geotechnical earth retaining wall problems, it also contributes to
achieving new required performance for these infrastructures. To further develop this tech-
nology, it is essential to analyze the history of its progress. This study summarizes the state-of-
the-art on the mechanical and soil interaction properties of geosynthetics, physical modeling
and in-situ measurements, analytical and numerical modeling, and reliability analyses by
reviewing approximately 700 papers published in well-known international journals in this
field and some notable conference paper contributions. The latest analytical methods, such as
risk-based life cycle cost and CO, emission assessments and damage/failure predictions, are
introduced to evaluate the resilience and sustainability performance of geosynthetic MSE
walls. Finally, prospects of a seismic isolation technique with new types of geosynthetics and
life cycle management with a long-life sensor for geosynthetic MSE walls are discussed.

1 INTRODUCTION

Traditionally, classical infrastructure design only considered basic performance aspects, such
as structural safety and economic efficiency. In modern design, more advanced performance
aspects such as resilience and sustainability are also considered (Lounis & Mcallister 2016).
New infrastructure technologies are needed to meet these advanced performance requirements.

Geosynthetic mechanically stabilized earth (MSE) walls mainly consist of geomaterials,
geosynthetics, and facing materials. The performance of these structures can be controlled by
varying the reinforcement conditions. Research on geosynthetic MSE walls began in the
1970s (Holtz 2017). The good performance of these wall systems has been demonstrated in
both research and practice. For example, seismic damage investigation of actual structures
has reported the high performance of geosynthetic MSE walls (Koseki 2012; Kuwano et al.
2017; Ling et al. 2001; Tatsuoka et al. 1996; White & Holtz 1997). Nevertheless, classical
geosynthetic MSE wall design methods have much room for improvement (ex. Bathurst
et al. 2005b, 2014). If a design method able to reasonably determine the reinforcement
conditions by considering the required performances can be developed, technology on geo-
synthetic MSE walls will be able to contribute to the success of various civil engineering
projects more than ever before. The keywords considered in this study are the “past,”
“present,” and “future” of research and practice on geosynthetic MSE walls. For the “past,”
research trends in geosynthetic MSE walls over the past 40 years are reported based on a
review of approximately 700 technical papers. Changing research topics and approaches
over time are visualized. For the “present,” the latest analytical methods, such as risk-based
life cycle cost and CO, emission assessments and damage/failure predictions, are presented
to evaluate the performances of geosynthetic MSE walls. Finally, for the “future,” prospects
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of a seismic isolation technique with new types of geosynthetics and information and com-
munication technology (ICT)-based life cycle management with fiber optics for geosyn-
thetics are discussed.

2 REVIEW OF RESEARCH ON GEOSYNTHETIC MSE WALLS OVER THE LAST
40 YEARS

2.1 Aim of the review

Research on geosynthetic MSE walls can be divided into four categories: research on the
mechanical and soil interaction properties of geosynthetics, research to clarify their
mechanical behavior through physical model tests and in-situ measurements, research on
analytical and numerical modeling to predict the mechanical behavior of geosynthetic MSE
walls and research on reliability analyses for evaluating their performance. The relationships
among these four research areas are shown in Figure 1. They can be connected by correla-
tions, understandings, suggestions, and/or validation processes. It is important to clarify the
detailed progress in these research areas and their interrelationships for the future develop-
ment of technology on geosynthetic MSE walls.

The information required to identify research trends in geosynthetic MSE walls includes
journal articles, technical reports, test standards, and design specifications. Journal articles
can be obtained even if time has passed since their publication, and their contents can be
easily verified. More importantly, they are peer-reviewed and, therefore, judged to be reli-
able for information. For these reasons, the author focused on journal papers in this study.
Nevertheless, there are a number of valuable conference papers cited in this review.

Physical modeling
and in-situ measurement

e"‘jboo & ’?C"
) ‘ ¥R %
& & | %. %,
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Figure 1. Research areas in technology on geosynthetic MSE walls and relationships.

In many state-of-the-art papers on geosynthetic MSE walls, technological progress was
explained by relating to important papers with significant contributions to progress in research
and practice (ex. Bathurst & Alfaro 1997; Otani et al. 1997; Palmeira 2009; Rowe & Ho 1993;
Rowe & Li 2003; Bathurst & Kaliakin 2005). Giroud (1994) published a two-volume book of
article lists on geosynthetic engineering such as books, journals, conference papers, theses, and
reports and publications from selected authors. Many of these studies have made significant
contributions not only to solving practical problems but also to setting research directions in
the early stages of research on geosynthetic MSE walls. Insofar as the present study, the author
believes that the degree of progress is closely related to the number of published papers; thus,
progress is demonstrated using statistical data on the number of papers on geosynthetic MSE
walls. The advantage of this research method is that it allows us to visualize the research
direction with objective indicators. It is a survey approach that can only be implemented once
research results have been sufficiently accumulated. This section discusses the overall research
trends in geosynthetic MSE walls and chronological changes in research topics and methods.
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2.2 Review methodology

Technology on geosynthetic MSE walls is an interdisciplinary field, with relevant papers
published in various fields. This study only considered journal papers published in the field
of geotechnical engineering. Based on this policy, three categories of journals were exam-
ined: 1) journals covering all areas of geotechnical engineering, 2) journals specializing in
geomaterials testing, and 3) journals specializing in geosynthetic engineering. Specifically,
for Category 1, the following journals were reviewed: Geotechnique (GT, Institution of Civil
Engineers (ICE)), Journal of Geotechnical and Geoenvironmental Engineering (JGE,
American Society of Civil Engineers), Soils and Foundations (S&F, Japanese Geotechnical
Society), and Canadian Geotechnical Journal (CGJ, Canadian Geotechnical Society). These
journals were first published in the 1960s and are well-suited for examining long-term
research trends in geosynthetics. Category 2 included the Geotechnical Testing Journal
(GTJ, American Society for Testing and Materials (ASTM) International). This journal
publishes papers that include testing and experimental methods for geosynthetics. Two
journals were included in Category 3: Geotextiles and Geomembranes (G&G, Elsevier) and
Geosynthetics International (GI, ICE). These are the official journals of the International
Geosynthetics Society (IGS) and were first published in 1983 and 1994, respectively. They
contain many papers on geosynthetic MSE walls.

The papers were collected from each journal’s website. Keywords were entered into the
search engine of each journal’s website to generate a list of candidate papers. After down-
loading the papers, their contents were reviewed, and those meeting the objectives of this
review were included in the database. Table 1 shows statistics of journal papers collected. A
total of 701 papers were collected. The largest contributor was G&G, followed by GI.

2.3 Considerations

The number of papers on the mechanical and soil interaction properties of geosynthetics,
analytical and numerical modeling, physical modeling and in-situ measurements, and relia-

Table 1. Statistics of journal papers collected on the technology of geosynthetic MSE walls.

Journal GT JGE S&F CGJ GTJ G&G GI Total

Total 24 100 56 33 20 285 183 701

GT: Geotechnique, JGE: Journal of Geotechnical and Geoenvironmental Engineering, S&F: Soils and
Foundations, CGJ: Canadian Geotechnical Journal, GTJ: Geotechnical Testing Journal, G&G: Geotextiles
and Geomembranes and GI: Geosynthetics International.

bility analyses of geosynthetic MSE walls are shown in Figures 2-5. The vertical axis
represents the cumulative number of publications, and the slope of the curve represents the
number of publications per year. Changes in the number of publications over time should be
understood in the context of academic, practical, and social trends. Table 2 provides a
chronological table of events that can be considered relevant to geosynthetic MSE walls. All
the curves in the four research areas can be approximated by a group of straight lines whose
slopes change twice from small to large, regardless of the type of research. It can be assumed
that a period with a small slope represents the accumulation phase, and one with a large
slope represents the development phase. In this case, it can be understood that these phases
have repeated themselves twice, and MSE wall technology is now in the second development
phase. Interestingly, the timing of the first accumulation and development phases is almost
the same in the three research areas of mechanical and soil interaction properties, physical
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Figure 2. Total number of papers on the mechanical and soil interaction properties of geosynthetics as
published in selected leading journals.
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Figure 3. Total number of papers on physical modeling and in-situ measurement of geosynthetic MSE
walls as published in selected leading journals.

modeling and in-situ measurements, and analytical and numerical modeling. As shown in
Table 2, during the first accumulation period, the IGS was established, and technical com-
mittees on geosynthetics were formed in the ASTM and International Society for Soil
Mechanics and Geotechnical Engineering (ISSMGE). In addition to establishing academic
societies and technical committees, an international conference on geosynthetics and the
international symposium on soil reinforcement were regularly organized (Ochiai 2007).
Thus, a development phase was achieved owing to the dissemination of technical informa-
tion and the exchange of research ideas.

During this first development phase, several earthquakes caused significant societal losses.
The high reliability of technology on geosynthetic MSE walls was demonstrated in damage
investigations of these earthquakes (Koseki 2012; Kuwano et al. 2014; Tatsuoka et al. 1996;
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Figure 4. Total number of papers on analytical and numerical modeling of geosynthetic MSE walls as
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White & Holtz 1997). These works have contributed to the widespread use of MSE wall
technology. In research on mechanical and soil interactions, physical modeling and in-situ
observations, and analytical and numerical modeling, the earliest transition from the second
accumulation phase to the development phase was in research on analytical and numerical
modeling. During this period, computers began to be used in all aspects of practice. This
trend probably stimulated further research on analytical and numerical modeling. Research

on reliability analyses began in the 2000s.

The third edition of the International Organization for Standardization (ISO) 2394 on the
general principles for the reliability of structures was published in 1998. It stated that the target
performance of a structure should be expressed in terms of probabilities. This trend is
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Table 2. Events relevant to technology on geosynthetic MSE walls.

Major earth-

Int. Symposium quake (Eco-
Society and (IS) or Work- nomic loss®,
technical com- shop (WS) on year;

mittee establish- Journal Int. Conf. on soil Comprehensive Daniell ef al.
Year ment launch  Geosynthetics reinforcement design code 2012)
1980 IGS (1983) Ist (1977) Irpinia, IT
($58.0B, 1980)
ASTM/D35 GG 2nd (1982)
(1984) (1984)
ISSMGE/TC9 3rd (1986) IS-Kyushu ISO (1986) 2394
(1986) (1988) 2nd ed.
1990 4th (1990) IS-Kyushu
(1992)
GI 5th (1994) IS-Kyushu AASHTO Northridge,
(1994) (1996) (1994) LRFD  US (§79.1B,
Ist ed. 1994)
2000 ISO/TC221 6th (1998) IS-Kyushu ISO (1998) 2394 Kobe, JP
(2000) (2001) 3rd ed. ($187.6B,
1995)
7th (2002) CEN (2002) Niigata, JP
Eurocode Basis ($35.5B, 2004)
8th (2006) IS-Kyushu CEN (2004, Sichuan, CN
(2007) 2007) ($189.8B,
Eurocode 7 2008)
2010 9th (2010) Tohoku, JP
($324.0B,
2011)
IGS/TC-R 10th (2014) ISO (2015) 2394
(2011) 4th ed.
2020 11th (2018)  IGS WS TC-R
(2018)
12th (2023) IGS WS TC-R  AASHTO
(2020) (2020) LRFD
9th ed.

IGS International Geosynthetics Society, ASTM: American Society for Testing and Materials, ISSMGE:
International Society for Soil Mechanics and Geotechnical Engineering, ISO: International Organization for
Standardization, AASHTO: American Association of State Highway and Transportation Officials.

#2012 HNDECI (Hybrid. Natural Disaster Economic Conversion Index) Adjusted US Dollar direct economic
loss value

considered to have strongly influenced the research field of geosynthetic MSE walls, especially
research on reliability analyses. To identify the area with the largest number of publications in
each period, i.e., the most-active research area in geosynthetic MSE walls, the ratios of the
number of papers in the four areas mentioned above to the total number of papers for each
year were calculated. The chronological changes were visualized as shown in Figure 6. In the
early 1980s, research on physical modeling and in-situ measurements represented the largest
proportion of publications. Approximately five years later, the proportion of papers on the
mechanical and soil interaction properties of geosynthetics took the lead.

After that, the proportions of papers on mechanical modeling and interactions shifted to
favor papers concerning analytical and numerical modeling. Currently, the proportion of
papers in these three areas is approximately 30%, and the proportion concerning reliability
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Figure 6. Changes in four research areas on geosynthetic MSE walls over time.

analyses is 10%; this has remained constant for the last 10 years. These changes indicate that
research on geosynthetic MSE walls has progressed in the following order: understanding of
the macroscopic behavior of the walls, elucidation of the elemental properties, development
of analysis methods, and evaluations of reliability.

Changes have also occurred in research topics related to the mechanical and soil inter-
action properties of geosynthetics. This area of research can be divided into four categories:
tensile, creep, pullout resistance, and interface shear resistance. Figure 7 depicts the time-
series changes in the proportions of papers as classified by year of publication. In the early
1980s, even if the total number of papers was small, most papers focused on pullout tests.

In the mid-1980s, the proportion of papers on mechanical properties, such as tensile and
creep, increased. Subsequently, the proportion of papers on mechanical properties shifted to
papers on soil interactions. Presently, the ratio of papers on mechanical properties to those
on soil interactions is reversed from the ratio in the mid-1980s.
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Figure 7. Changes in research topics on mechanical and soil interactions of geosynthetics over time.
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The changes in the research topics in physical modeling, in-situ measurements, and ana-
lytical and numerical modeling can also be discussed. Studies in these areas can be cate-
gorized into those on static deformation properties, static stability, and behaviors under
extreme loads, such as earthquakes and rainfall, and others, which include case histories and
environmental performance.

The proportions of papers are classified by year of publication, and the time-series
changes are visualized in Figure 8. In the mid-1990s, the good performance of geosynthetic
MSE walls was revealed through post-disaster investigations of large earthquakes occurring
during this period. Since then, the proportion of studies on the dynamic behavior of geo-
synthetic MSE walls through physical modeling and numerical analysis has increased. More
recently, the number of papers on hydraulic effects has increased in consideration of the
effects of climate change. Notably, the percentage of papers on static deformation has
remained almost unchanged over the past 40 years. It can be considered that the basic
reinforcement mechanism, in which the soil deformation is constrained by reinforcing
materials, has already been elucidated. Nevertheless, this trend indicates that unresolved
issues remain, such as those concerning long-term behavior.
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Figure 8. Changes in research topics on the mechanical behavior of geosynthetic MSE walls over
time.

3 ADVANCED ANALYSIS METHODS FOR RESILIENCE AND
SUSTAINABILITY OF GEOSYNTHETIC MSE WALLS

3.1 Background

In classical structural design, emphasis has traditionally been placed on indicators related to
structural safety and economic efficiency. Structural safety has been evaluated based on a
factor of safety, and economic efficiency has been evaluated based on the initial cost, i.e., the
construction cost. In recent years, structural designs have required advanced performance
with respect to resilience and sustainability (Lounis & Mcallister 2016). Resilience generally
refers to the ability to respond to changes. In the design of a structure, it is often assessed as
the ability of a structure to maintain a minimum level of functionality and recover quickly
after damage from natural disasters or external events. In contrast, sustainability is more
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holistic and generally refers to a system or process being able to continue to function without
losing its functionality in environmental, social, economic, etc., terms. In the design of a
structure, sustainability is often evaluated in terms of the degree of global environmental
impact. It has been suggested that both performances need to be evaluated throughout the
life cycle of a structure (Bocchini et al. 2014). Damians et al. (2018) demonstrated a meth-
odology to evaluate the sustainability of earth retaining wall structures considering the three
pillars that contribute to sustainability (economics, societal/functional/resilience and envir-
onmental) and showed that MSE walls were more sustainable than candidate conventional
gravity and cantilever wall types performing the same function.

When evaluating the resilience and sustainability of a structure over its lifetime, it is
necessary to assume potential scenarios of events occurring to the structures during their
service lives. As these events include damage caused by natural disasters, the evaluation
includes a high degree of uncertainty. Therefore, the assessment should be risk-based, i.e.,
the uncertainties in the events should be assessed probabilistically (Lounis & Mcallister
2016). As the chair of the technical committee of the IGS Japan Chapter, the author has
been working on this task from the beginning and has been advocating the advantages of
geosynthetic MSE walls in the Japanese social infrastructure development community
(Miyata et al. 2010, 2013). This section presents the extended analysis results of this activity
as an advanced analysis method in current practice.

Another important perspective when evaluating the life cycle resilience and sustainability
of structures is the prediction of the damage or failure modes of structures. The latest
Japanese design standard on geostructures requires consideration of the effects of the
damage or failure of geostructures on adjacent roads and houses (MLIT 2015).

Numerical analyses are expected to be introduced to predict the damage to or failure
modes of such structures. Figure 9 shows the applicable ranges of the finite element method
(FEM) finite difference method (FDM) and particle method as continuum analyses, and the
discrete element method (DEM) to assess the limit state of a structure. Although this clas-
sification is tentative, because research on each method is currently being conducted to
expand their range of applications, it is understood that the discrete element method and
particle method can be applied to reproduce structural behavior up to and after collapse.
However, these analysis methods have not been sufficiently developed for geosynthetic MSE
walls. To overcome this problem, the authors® group has been developing a particle method
for geosynthetic MSE walls (Nonoyama et al. 2022). The main contents of this latest analysis
method in current practice are introduced in section 3.4.
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Figure 9. Applicability of numerical analysis to limit state estimations of structure<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>