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ABSTRACT

The aim of this study is to evaluate whether the Guelph permeameter can be effec-
tively used as a quick and reliable instrument to measure the hydraulic conductivity
of compacted mineral liners. The investigation was carried out on two distinct areas
of the final capping of a municipal solid waste landfill in Italy. On the first test site,
hydraulic conductivity tests were performed using the Guelph permeameter, assess-
ing reliability and repeatability of test results. On the second one, many undisturbed
soil samples were taken and tested in the laboratory using a modified oedometric
apparatus as a falling-head permeameter. Further hydraulic conductivity tests with
Guelph permeameter were also performed in the holes made by soil sampling. The
campaign was integrated with in situ density tests using the calibrated sand method,
to check the uniformity of the compaction degree of liners. A final comparison be-
tween hydraulic conductivity obtained in situ and in the laboratory was proposed and
critically analysed. The experiments performed on the two test sites with the Guelph
permeameter and their statistical processing demonstrate that the instrument is not
only economical and easy to use, but also reliable if used with appropriate precau-

tions.

1. INTRODUCTION

The main environmental problems of a municipal solid
waste (MSW) landfill are associated with the control of lea-
chate and biogas emissions into the surrounding environ-
ment. Mineral liners are compacted at the bottom and top
of landfills to achieve suitable hydraulic conductivities. Na-
tional regulations generally establish the minimum thick-
ness of liners and their maximum hydraulic conductivity k,
according to the nature of waste stocked inside the landfill
(European Council, 1999, 2018). No further details are gen-
erally provided on the experimental procedure to determine
the coefficient k, which can be obtained, directly or indi-
rectly, using either laboratory or field tests. The choice of
a specific procedure depends on many variables, such as
nature, water content and degree of saturation of soil, fluid
permeant, required accuracy of instruments, available time
and economical budget.

Many studies have shown that hydraulic conductivity
can vary considerably depending on the applied experimen-
tal procedure (Fallico et al., 2006). Moreover, field meas-
urements often provided values of k smaller than those
obtained through laboratory procedures. This could be due
to the presence of air trapped during wetting, which caus-

es partial saturation of the soil, hence a lower permeability
(Fodor et al., 2011; Jacka et al., 2014; Rezaei et al., 2016).

The Guelph, auger-hole, and falling-head permeameter
methods in clay to sandy loam soils were compared by Gal-
lichand (Gallichand et al., 1990). The results showed that
the geometric mean of K from the Guelph was less than
that obtained by the falling-head method. It was also found
that Guelph permeameter measurements underestimated
the K value compared to the laboratory falling-head meth-
od, with differences even exceeding an order of magnitude
(Feki et al., 2020).

Similar results were also found in studies carried out in
the agricultural sector. Soto & Kiang (Soto & Kiang, 2018)
found that the hydraulic conductivities resulting from tests
with a double ring infiltrometer are, on average, 2.2 times
greater than those obtained with the Guelph permeameter.
However, agricultural soils are characterized by hydraulic
conductivities 2-3 orders of magnitude greater than those
investigated in this paper.

In this paper hydraulic conductivity obtained with labo-
ratory falling-head tests and with Guelph permeameter on
two test sites are compared.
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2. PERMEABILITY TESTS

2.1 Field permeability test with Guelph permeame-
ter

The Guelph permeameter allows the on-site determi-
nation of the hydraulic conductivity of soils. It is easy to
transport, place and use, cheaper than other permeability
tests, and can provide reliable data if properly used. Fur-
thermore, it can measure the three-dimensional flow of the
permeating liquid, resulting from the horizontal and verti-
cal components. The Guelph (2800K1 model) permeam-
eter was used in this study. To interpret the experimental
results, the following equations were used (Elrick et al.,
1989; Elrick & Reynolds, 1992; Reynolds et al., 1983, 1985;
Reynolds, 1986; Reynolds & Elrick, 1985, 1987; Zhang et al.,
1998). The lowering rate R of the reservoir water level is
considered equal to:

_Hi—Hj, m
fi= G —tig [S] M
where (Figure 1):
H are the initial and final hydraulic heads in a specific time
interval (m);

t is the cumulative reading time (s);
i is the number of measurements,
and its mean (R) is:

R=7- YR [3] @

where | is the total number of measurements.

The first R values are generally neglected as water flow
has not yet stabilized. Flow rate (Q) can be expressed by
the following equation:

3
Q=AK [mT] ©)
where A is the cross-sectional area of the tank, equal to
216 mm?, when only the internal tank is used, and to 3522
mm?, when both tanks are used. Finally, hydraulic conduc-
tivity (K, ) is calculated as follows:
- . ()

2'1T'H2+T['az'c+2'ﬂ'?
where:
C: dimensionless shape factor,
Q: water flow rate (m®/s),
H: water height in well (m),
a: well radius (m),
a*: macroscopic capillary length (m™).
a* and C are calculated using Table 1.

Kgs =

—

FIGURE 1: Working section of the Guelph permeameter.

The Guelph permeameter is essentially a Mariotte
bottle and allows you to maintain a constant head within
a small cylindrical well dug into the ground with special
tools. Water seeps into the soil through the wet bottom
and sidewalls and is replaced by new water flowing from
the Guelph permeameter to maintain the level in the sump.
By measuring the water level in the Guelph permeameter
tank in two successive instants, measurement of the water
infiltrated in a specific time can be obtained. From these
measurements it is possible to obtain an estimate of the
hydraulic conductivity at field saturation (K, ), which is a
fundamental parameter for modelling the water seepage
through soils (Bagarello & lovino, 2010).

Particular attention should be paid to the following as-
pects:

Field saturated hydraulic conductivity (K, ) - Compacted
mineral liners always have a degree of saturation less

TABLE 1: Soil categories with respective a* and C (Reynolds et al., 2008).

Soil category a* (m") c
Compacted, structureless, clayey, or silty materials such as landfill caps and liners, lacustrine, or 1 ( H/a )“"’72
marine sediments, etc. 2.081 + 0.121 (H/a)
Porous materials that are both fine textured and massive. Unstructured clayey and silty soils, as 4 ( H/a )0‘683
well as fine structureless sandy materials may be included 1.992 + 0.091 (H/a)
Most structured and medium textured materials. Structured clayey and loamy soils, as well as
unstructured medium sands may be included. This category is generally the most appropriate for 12 rsa
agricultural soils ( H/a ) )

: e 2.074 + 0.093 (H/a)
Coarse and gravelly sands. Highly structured soils with large and numerous cracks and macropo- 36
res may also be included
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than 100% and this strongly influences the infiltration
process (Reynolds et al., 1983). For this reason, K,_ is
used in equation (4) in substitution of fully saturated hy-
draulic conductivity (K ), used only in laboratory tests.
Macroscopic capillary length (a*) - This parameter, tab-
ulated and dependent only on soil nature, is more reli-
able in partially saturated soils. However, K. does not
strongly depend on a*, particularly for high H/a ratio
(Elrick et al., 1989).

+ Shape factor (C) - This factor which is also tabulated,
derives from numerical analysis and depends mainly
on the H/a ratio and soil structure (a*). Estimation of C
factor becomes less reliable if the soil is close to sat-
uration. However, for most applications, the tabulated
values may be considered reliable (Reynolds & Elrick,
1987).

To obtain valid experimental results, some practical
precautions must be taken as follows:

Point measurements - The test aims to evaluate the
punctual hydraulic conductivity of a compacted min-
eral liner. Cracks or preferential paths may be present
in sampled soil, where hydraulic conductivity is much
higher. Therefore, a statistically significant number of
measurements must be made to correctly assess hy-
draulic conductivity.

Soil homogeneity - All formulas assume a homogene-
ous, isotropic and uniformly wetted soil. If the test is
carried out on heterogeneous soils, the estimation of a*
is difficult and hydraulic conductivity could give unlikely
results (Reynolds, 1986). Therefore, when analysing a
stratified soil with different permeabilities, it is recom-
mended to carry out many tests at different depths cor-
responding to the soil stratification (Xiang et al., 1997).

+ Achievement of steady state condition - In very perme-
able soils the steady state condition is achieved quite
quickly (order of minutes), while a longer period (order
of hours) could be required in poorly permeable soils.
Therefore, the test duration should be adapted to the
nature of the investigated soil.

+  Gravity influence - Gravity can affect the experimental

results. However, the amount of flow that can be at-
tributed to gravity decreases rapidly as the H/a ratio
increases; for H/a = 5 the gravitational flow can be ne-
glected, having an influence less than <5% (Reynolds et
al., 1983).
Hole smearing - During the excavation a thin smeared
layer can be generated along the lateral surface of
the hole, especially with fine-grained soil having high-
er water content. An underestimation of permeability,
due to the pore closure around the test hole, could be
obtained (Reynolds, 1986). To limit smearing, a sharp
auger should be used, making a gentle downward pres-
sure, and the hole surface can be scrubbed with a brush
or small sprocket (Reynolds, 1986). The infiltration rate
values in smeared wells could be less than half of those
not smeared (Koppi & Geering, 1986).

+ Well collapse - Test wells could collapse during the ex-
cavation or during the test in granular soils. This prob-

lem can be overcome by using a pointed casing (Reyn-
olds & Lewis, 2012).

+ Temperature changes - Heating of water inside the tank,
due to direct solar radiation, can prevent air from rising
due to its thermal expansion. Furthermore, hydraulic
conductivity is inversely proportional to water viscos-
ity, which is inversely proportional to its temperature.
Therefore, K., will increase with the water temperature:
an increase of 15°C can lead to an increase in meas-
ured permeability up to 45% (Reynolds & Topp, 2008).

2.2 Falling head permeability test in a modified oe-
dometric cell

Falling-head permeability test in an oedometric cell is
suitable for low permeability soils, since the test duration
is short and even small flow rates can be easily measured
using a graduated burette. The test follows the ISO 17892-
11 procedure and is carried out using an oedometric appa-
ratus, modified for permeability tests (ISO 17892-11:2019,
2019). Each sample is previously saturated and consolidat-
ed with a set of increasing vertical pressures. The hydraulic
conductivity of a saturated soil sample (K can be calcu-
lated as follows:

a-L h, m
KS:A'(tz_H).nh_z [ ]
where:

A: burette area (m?);

L: sample height (m);

A: cross-sectional area of sample (m?)
h, and h,: initial and final water level (m);
t, and t,: initial and final testing time (s).

(5)

2.3 Planning of the tests

The on-site experimentation was carried out in a mu-
nicipal solid waste (MSW) landfill, located at Grumolo delle
Abbadesse in the north-eastern part of Italy. The landfill
area covers approximately 160,000 m? and has a total ca-
pacity of 1,125,000 tons of MSW. Compacted mineral bar-
rier and rainwater drainage of the landfill cover were made
using silty clay and silty sand respectively, coming from
local excavations. Furthermore, the biogas drainage layer
was made with selected inert waste, able to perform the
required function of a gravelly layer. The liquid limit (w, ) and
the plasticity index (PI) of the silty clay used in the compact-
ed barrier were between 44-46% and 19-22%, respectively.

Two different areas were selected on the temporary
cover of the landfill (Figure 2) to test the Guelph permeam-
eter. Clayey soil was spread over the test area in layers 0.40
m thick, and compacted with four passes of a dumper load-
ed with 45 tons of sand, obtaining a degree of compaction
around 95 % of standard Proctor dry density (correspond-
ing to a compaction energy of 593 kJ/m?). Although the
dumper is not a vehicle specifically designed for compac-
tion, it was demonstrated that it is suitable for this purpose
(Moraci et al., 2018).

2.3.1 First test field

The first test field aimed to evaluate reliability and re-
peatability of the experimental results. A rectangular area
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FIGURE 2: Section of the final cover in the Grumolo delle Ab-
badesse landfill.

of 9.0 m x 4.0 m of mineral liner was selected (Figure 3).
Clayey soils were spread and compacted obtaining a final
layer 2 m thick. Before test execution, the shallowest layer,
0.3 m thick, was removed. Twenty-four hydraulic conduc-
tivity tests were performed using the Guelph permeameter.
In most tests, an interval t of 2 minutes between readings
was enough to achieve a constant lowering rate. However,
in case of clay lenses, the interval was increased to 5 min-
utes to achieve a higher difference between consecutive
readings. In most tests, both tanks (total area A = 3522
mm?) of the permeameter were used. When clay lenses
were met, only the internal tank was used (A = 216 mm?)
to get adequate resolution when taking a reading. Three

400

900

different test pit depths were chosen: 0.2 m (A), 0.3 m (B)
and 0.5 m (C). It was thus possible to obtain results that
were more representative of the entire layer, characterizing
possible soil inhomogeneity. A tripod was used to mini-
mize the permeameter settlement, sometimes digging to
position the legs correctly. The well was dug with the au-
gers supplied in the kit, so its radius was always equal to
30 mm.

A hydraulic head in the well H = 0.15 m was chosen,
suitable for moderately permeable soils, from silty sands
to silty clays (Elrick et al., 1989). The macroscopic capillary
length a* = 1 m™ and the shape factor C were defined using
Table 1. In general, the volume tested roughly corresponds
to the size of the wetted zone around the test well. In mod-
erately permeable soil, this corresponds to a spheroid ex-
tending from 0.1 m to 0.2 m outward from the submerged
surface of the test hole (Elrick et al., 1989). Therefore, a
spacing of T m among the holes was chosen (Figure 3). A
hydraulic head of 0.15 m was assumed (Figure 4).

2.3.2 Second test field

The second test field was designed to evaluate the dif-
ference between the results of the two types of permeabil-
ity tests, after having characterized the investigated soil.
A rectangular area of 9.5m x 4m was prepared using the
same soil of the previous testing area (Figure 5). In this
case soil was selected before laying, to isolate the most
homogeneous fraction possible. The final thickness was
greater than 1 m, also considering the effects of com-
pression and swelling. Again, the first 0.3 m of soil was
removed just before starting each test. For the laboratory
analyses, twelve cylindrical samples of 80 mm in diameter
and 300 mm in length were taken. For comparing in situ
and in laboratory permeability, twelve hydraulic conductiv-

: Ufzo 1
- | Ulao ” Iso ‘

FIGURE 3: Plan and section of the first test site (measurements expressed in cm).
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FIGURE 4: Wet zone and tripod foot around the test hole (measurements expressed in cm).
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FIGURE 5: Plan and section of the second test site (measurements expressed in cm).

ity tests with Guelph permeameter were performed in the
holes where sampling was made. In almost all tests, only
the internal reservoir (A = 216 mm?) was used, with a time
interval between readings of five minutes. Only in the case
of sand lenses was it necessary to use both tanks (A =
3522 mm?) and a time interval of two minutes, to obtain a

clear difference between consecutive measurements. Well
sizes were determined by the envelope for the laboratory
sampling (80 mm in diameter and 300 mm in height), then
the radius a of the well equal to 40 mm. To maintain the ra-
tio H/a = 5 and to avoid the influence of gravity, a hydraulic
head H = 0.23 m was chosen. As for the first test field, the
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macroscopic capillary length a* = 1 m™ and the form factor
C were defined by means of Table 1.

Tests were preceded by two in situ density tests with
a sand volumenometer. Laboratory analyses included, for
each sample, the soil classification by particle size distri-
bution and sedimentation: twelve sieves with descending
diameters from 100 to 0.063 mm were used and then the
remaining soil was suspended in an ASTM 152H hydrom-
eter with distilled water and sodium hexametaphosphate
(Na,P,0,,) ata controlled temperature of 20°C. Then twelve
falling head hydraulic conductivity tests were performed in
a modified oedometric cell: from the lowest part of each
cylindrical sample a disk of 4000 mm? in area and 20 mm
in height was obtained. Each sample was consolidated at
25 kPa and several falling head hydraulic conductivity test
cycles were carried out until the system stabilized. The
area a of the burette was equal to 19.6 mm?. The test was
performed at 20°C. The initial water level in the burette was
h, =1 m. To minimize the inevitable heterogeneity of the in-
vestigated soil, the area of both test fields was reduced to
the minimum possible size, considering the radius of influ-
ence of the wet ground around the holes and the minimum
space required for the deployment of the tripod.

2.4 Test results

The processing is based on the following statistical in-
dicators:

arithmetic mean (6)
median 7)
standard deviation (8)
variance ©9)
coefficient of variation C, C, = % (10)
where

n is number of data.

In addition, the Bland-Altman plot was used to statisti-
cally assess the agreement between Guelph permeameter
results and laboratory data (Brazdzionyté & Macas, 2006;
Ghosh et al., 2019). In the Bland-Altman plot, the mean of
two groups of data is plotted on the x axis and the differ-
ence between them on the y axis. The mean of the differ-
ence between the two methods is defined as bias. The 95
% upper and lower limits of agreement are equal to +1.96
times the standard deviation of the difference.

2.4.1 Results of hydraulic conductivity tests with Guelph
permeameter on the first test field

On the first test field soil was quite heterogeneous, with
frequent sand and clay lenses (Figure 6). For this reason,
the measured hydraulic conductivity varied in the area,
also in samples located at the same depth (Figure 7). The
maximum permeability (k = 1-10® m/s), required by many
national regulations, was exceeded in most cases. Two
of the twenty-four tests were invalidated by the sinking of
the permeameter in the well. The average permeability on

TABLE 2: Statistical parameter of Guelph tests on the first test site.

k, (m/s)
% (m/s) 3.8E-07
median (m/s) 2.2E-07
o (m/s) 6.4E-07
02 (m/s)? 4.0E-13
C, 1.68

site k, was 3.8-107 m/s and the median was 2.2:107 m/s,
compatible with a loamy soil, while standard deviation and
coefficient of variation showed high values (Table 2).

In conclusion, despite the high soil heterogeneity, the
preliminary study was successfully completed, since the
results are reliable and reproducible, with consistency
across the data.

2.4.2 Results of hydraulic conductivity tests with Guelph
permeameter on the second test field

The grain size distribution curves of soils are reported
in Figure 8. They are quite homogeneous and can be classi-

Kfs (m/s)
1.0E-5

1.0E-6

1.0E-7

1.0E-8

1.0E-9

FIGURE 6: Distribution of the hydraulic conductivity determined
with Guelph tests on the first test site.
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FIGURE 7: Hydraulic conductivity determined with the Guelph tests on the first test site.
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FIGURE 8: Grain size distribution of the investigated soil samples.

fied as silt (65.2%) with a small percentage of sand (22.7%)
and clay (11.8%) (Table 3). Values of density obtained on
site were very similar to those determined in the laboratory.

On the second test field, the results of the permeability
tests both in the laboratory and on site were less dispersed
(Figure 9 and Figure 10). The maximum coefficient of per-
meability, required by most European regulations, was re-
spected in most samples. Two of the twelve tests were ne-
glected due to instrument errors. The mean and the median

on-site hydraulic conductivity were lower than those on the
previous test site (1.1x10°8 m/s and 5.3x10° m/s) by one
order of magnitude. The corresponding laboratory samples
reported a slightly higher mean value (1.2x10° 8 m/s and
9.1x10%) (Table 4).

Figure 11 shows the hydraulic conductivity values vs
the clay percentage: the higher the clay content, the lower
the permeability. No noticeable trend in permeability was
detected with depth (Figure 12).

72

G. Cortellazzo et al. / DETRITUS / Volume 27 - 2024 / pages 66-77



TABLE 3: Properties of the different soil samples.

laboratory onsite
w (%) 19,4 19,0
p (Mg/m°) 1,96 1,94
p, (Mg/m?) 1,64 1,63
gravel (%) 0,3
sand (%) 22,7
silt (%) 652
clay (%) 11,8
Soil description Sandy clayey silt

TABLE 4: Results of the permeability test on the second test site.

Guelph Laboratory

ki, k, ki /k,
% (M/s) 1.1E-08 1.2E-08 2.06
median (m/s) 5.3E-9 4.4E-9 0.58
90t percentile 3.0E-8 3.0E-9 7.10
o (m/s) 1.3E-08 1.3E-08
0% (m/s)? 1.6E-16 1.6E-16
C, 1.19 1.05

Kfs (m/s)
1.0E-7
1.0E-8

. . ; 1.0E-9
00 05 10 15 20
X

FIGURE 9: Distribution of the hydraulic conductivity determined
with Guelph tests on the second test site.

As before, for both laboratory and in-situ permeability
tests, the values of the standard deviation and of the coef-
ficient of variation were high but very similar between the
two types of tests (Table 4). As expected, the laboratory
samples reported different hydraulic conductivity than the
on-site tests. Indeed, the two types of tests adopt distinct
tools and test conditions to determine the hydraulic con-
ductivity. In particular:

- Difference between sample sizes: the laboratory sam-
ples were discs of 4000 mm? in area and 20 mm in
height, while the volume sampled on site was a cylinder

w= Guelph

1.0E-08

of 5000 mm? in area and 230 m in height.

+  The laboratory tests were carried out at a controlled
temperature of 20°C, while it was not possible to con-
trol the external temperature on site (ranging from 10°C
to 23°C).

+ The flow direction in the laboratory tests was vertical,
while the on-site test measured the combination of
both vertical and horizontal permeabilities.

Despite these disparities in test conditions, the differ-
ence between the results of the field and laboratory perme-
ability tests was surprisingly minimal. The mean and medi-

wes Laboratory ——Law limit

K (m/s)

1.0E-09

A2 A3

AS A6 B1 B2 B3 B4 BS B6

Sample name

FIGURE 10: Hydraulic conductivity measured on the second test site (ordered by name).
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FIGURE 11: Hydraulic conductivity measured on the second test site (ordered by clay fraction).
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FIGURE 12: Hydraulic conductivity measured on the second test site (ordered by depth).

an k. /k, ratios are 2.06 and 0.58, respectively, values that
point to the existence of some outliers (Table 4).

A reference bold line, representing the equality be-
tween the hydraulic conductivity obtained in the labora-
tory and in situ, was inserted diagonally in the Figure 13.
Other dashed lines, drawn in the same figure, represent
the percentual deviation of the Guelph hydraulic con-
ductivity from the above-mentioned reference line. The
comparison between laboratory and Guelph hydraulic
conductivity data shows a good agreement with some
outliers.

Hydraulic conductivity data used in Bland-Altman plot
were log-transformed since the hydraulic conductivity
generally follows lognormal distribution (Loaiciga, 2015).
Figure 14 shows a negative close to zero bias, the width
of the 95% upper and lower limits and the absence of an
evident trend between the difference and the mean.

Finally, in Figure 15 the k._/k_ ratio is shown as a func-
tion of the clay percentage and is mostly less than unity.
In conclusion, considering the significant differences in
procedures and conditions between laboratory and in situ
permeability tests, the results are remarkably similar, and
the Guelph permeameter provided very reliable results.

3. CONCLUSIONS

In the present study, the Guelph permeameter was tested
on two testing areas, located on the provisional cover of the
Grumolo delle Abbadesse MSW landfill. The mineral liner of
the capping system was composed of clayey soils excavat-
ed in the landfill site. On the first testing area, 24 hydraulic
conductivity tests were performed with a Guelph permeam-
eter. On the second testing area 12 cylindrical samples were
collected for laboratory analysis and hydraulic conductivity
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FIGURE 13: Hydraulic conductivity measured on the second test site and in laboratory.
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FIGURE 14: Bland-Altman plot between data measured on the second test site and in laboratory.

tests with the Guelph permeameter were performed in the
holes made for the sample collection. Two in-situ density
tests were also carried out. In the laboratory, sieve analy-
ses and falling head permeability tests were performed.

The main purpose of the first test field was to evaluate
reliability and reproducibility of the results obtained with the
Guelph permeameter. The experimental results confirm this
attitude; if the investigated soil is homogeneous enough,
the hydraulic conductivity remains in a range comparable
to that of laboratory tests. A greater dispersion of the val-
ues was found in the presence of sandy and clayey lenses,
detected visually in some points of the investigated area
(figure 6) which made the tested soil non-homogeneous.

The purpose of the second testing area was to evalu-
ate the difference between hydraulic conductivities deter-
mined with the Guelph permeameter tests and those ob-
tained from laboratory permeability tests.

On this second site, the soil was more homogeneous
than on the first one and was classified as a sandy clayey
silt. In situ density tests were found to be consistent with
laboratory values. In this second test, given the greater ac-
curacy in the selection of soils so that their homogeneity
was granted, hydraulic conductivities were more than an
order of magnitude lower than in the first test. Although the
in situ and laboratory permeability tests differed in terms of
test conditions and type of instrumentation, the difference
in hydraulic conductivity values determined between corre-
sponding samples was minimal.

In conclusion, the experiments performed with the
Guelph permeameter and their statistical processing show
its reliability, making it an instrument not only cheap and
easy to use, but also reliable if used with the appropriate
precautions. In particular, the Guelph permeameter be-
comes a valid alternative to laboratory permeability tests to
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FIGURE 15: Ratio of on-site and laboratory hydraulic conductivities vs clay fraction.

define the permeability of compacted mineral layers quick-
ly and precisely in landfills. The Guelph permeameter can
be used with the aim of intervening during the construction
of the barrier without slowing down the construction pro-
cesses. Based on the values of the hydraulic conductivity
detected on-site and according to the limits imposed by the
regulation, the soil properties can be quickly corrected by
adding or removing water or by soil mixing.
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