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Abstract. The water retention curves (WRC) presented in this study were determined for materials
constituting prototypes of evapotranspirative capillary barrier coverage, which used gneissic residual soil
and non-woven geotextile. The determination of the WRC was made possible by the hanging column test
for the two distinct non-woven geotextiles and the hanging column and filter paper tests for the residual
soil. Both tests were executed with both the drying and wetting trajectories. The curves were adjusted and
the hydraulic conductivity functions were estimated, thus enabling a greater understanding of the hydraulic
behavior  of  the  materials  involved.  The  non-woven geotextiles  and  residual  soil  presented  WRC,  as
expected, similar to the WRC presented in the literature for similar materials.

1 Introduction

Capillary  barrier,  a  type  of  evapotranspiration  cover
(ETC), is a technology that has been successfully used in
climates where  evapotranspiration  overcomes
precipitation, Zhang et al. (2016) [1]. It can be used as a
final  cover  for  solid  wastes,  including  mining  tailings
and wastes, with the function of flow control, both in the
basal percolation of water and in the control of gas flow
from waste decomposition. These barriers are designed
with  the  permeability  contrast  of  its  constituents,
basically  the  fine  soil  overlapping  the  thick  soil.  The
replacement of the thick soil by a non-woven geotextile
(NGT)  has  improved  the  performance  of  the  capillary
barrier system, Pickles & Zornberg (2012) [2}; Zornberg
et al. (2016) [3]; De Lima  et al. (2017) [4]. Therefore,
the  study  of  the  capillary  barrier  requires  the
understanding  of  soil  and  geosynthetics,  and  the
hydraulic characteristics and flow behavior at the soil-
geosynthetic interface, McCartney et al. (2008) [5].

Adapted hanging column tests and filter paper tests
were  carried  out  on a  wetting-drying  path  in  order  to
obtain  the  responses  of  the  capillary  barrier  behavior
associated with different NGT soil samples in order to
determine their WRC.

2 Contextualization

In  the  process  of  wetting and drying  it  is  common to
have a distinct response to water retention in the soil, a
phenomenon known as hysteresis, De Lima et al. (2015)
[6]. Hysteresis is mainly attributed to non-uniformity of
pore size distribution, known as the “ink bottle effect”,
the distinct spatial connectivity of the pores according to
the  path  taken  and  whether  the  solid-liquid  interface
advances or recedes, in other words the variation of the
liquid-solid contact angle, Hillel (1998) [7]; Marinho et
al. (2015) [8].

The  WRC assists  in  the  estimation  of  unsaturated
hydraulic  conductivity  from  the  known  saturated
hydraulic conductivity, ASTM D 6836 (2002) [9].  For
most practical problems, the approximation of the values
of soil properties is adequate for the analysis to be done,
which  gives  importance  to  empirical  methods  for
estimation of unsaturated soil parameters. The empirical
relationship  between  the  saturated  soil  hydraulic
conductivity  coefficient  and  WRC is  used  in  order  to
predict the hydraulic conductivity of an unsaturated soil,
Fredlund & Xing (1994) [10].

The water retention curve is related to water retention
energy (suction) and water content, Barreto et al. (2012)
[11], in other words, is the quantifier of water storage in
the soil or other porous material, illustrating how water
behaves within a porous material and the energy required
for water removal. For geotextiles, the WRC reports the
storage capacity or variation of the volume of water in its
pores  influenced  by  capillary  pressure  variation,  De
Lima  et  al. (2014) [12].  In the prediction of the NGT
behavior  the  determination  of  the  WRC  through  the
wetting path is preferable, since the water entry value for
the NGT is lower than the air entry value and therefore,
governs  the  breakdown  of  the  soil-NGT  capillary
system. 

In soil  science,  the volumetric water  content  is  the
most  usual  parameter  to  represent  the  WRC,  whereas
gravimetric water content is more often used in practical
geotechnical  engineering.  The  degree  of  saturation  is
also  used  to  represent  the  WRC.  The  water  content
reaches the residual condition when the additional water
removal is only possible for large changes in the value of
the matric suction. The residual water content is obtained
from the ordinate of the point  intercepting the tangent
extension  to  the  inflection  point  of  the  WRC at  high
suction levels with the straight extension of the residual
condition. The value of slightly less than106 kPa of the
total suction for the zero water content was determined
by  assays  for  a  variety  of  soils,  Croney  &  Coleman
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(1961)  [13],  and  verified  by  thermodynamic
considerations, Richards (1965) [14]  apud Fredlund &
Xing  (1994)  [10].  Croney  &  Coleman  (1961)  [13],
through experimental  data,  verified  that  after  reaching
the  residual  water  content,  the  value  of  water  content
decreased linearly up to the maximum suction value.

The  Capillary  Barriers  associated  with  NGT  were
studied by Pickles & Zornberg (2012) [2]; Zornberg  et
al. (2016) [3]; De Lima et al. (2017) [4]. The NGT have
larger  pores  than  most  soils  and  their  hydraulic
conductivity is high when saturated and reduced or non-
existent in almost any unsaturated condition, Stormont et
al. (2001) [15]. Capillary barriers with geotextile usually
perform better than capillary barriers composed of only
soil, Zornberg et al. (2010) [16]; Zornberg et al. (2016)
[3].

Heibaum (2010) [17], apud De Lima et al. (2015) [6]
defined “capillary layer” as the thin layer of soil which
holds  the  water  and  “capillary  block”  as  the  layer  of
thick  granular  material  which  blocks  water.  Low
plasticity  silts  and  clays  are  the  main  soils  used  as
capillary  layers,  Zornberg  et  al. (2010)  [16].  For  the
detailing of a capillary barrier,  it  is important to know
the critical suction associated with the capillary rupture
and the behavioral change in the hydraulic conductivity
versus the water content, between the capillary block and
the capillary layer, De Lima et al. (2015) [6]. The critical
suction is defined as the suction at which the value of the
hydraulic  conductivity of  the capillary  block equals  to
the hydraulic conductivity of the capillary layer. When
this occurs, any decrease in suction confers the rupture
of the capillary barrier and the fluid of the fine material
is able to flow into the thick material, McCartney et al.
(2008) [5]; Zornberg  et al. (2010) [16]; De Lima  et al.
(2017)  [4].  In  the  capillary  breaking  effect,  suction
continuity  is  assumed,  even  at  the  interface  of  two
different materials, Zornberg & McCartney (2007) [18].

Soil suction measurement methods are divided into
direct  methods   which  measure  matric  suction  and
indirect  methods  which  measure  matric,  osmotic  and
total suction and use sensors to measure parameters that
can be related  to suction through calibration, Agus &
Schanz  (2005)  [19].  The  techniques  to  determine  the
water  retention  curve  can  be  divided  into  two  main
groups:  physical  techniques  (low  suctions)  and
thermodynamic  techniques  (high  suctions).  The  most
commonly  used  tests,  due  their  relative  laboratory
simplicity, to determine the retention curve, are: hanging
column,  pressure  plate,  filter  paper  and  vapor
equilibrium, Marinho et al. (2015) [8].

The WRC in the NGT were stated by Stormont et al.
(1997)  [20]  through  the  adapted  hanging  column test.
They are influenced by the conditions of use of the NGT,
that  is,  whether  or  not  the surface  coverings  from the
manufacturing process have been removed and whether
soil particles have gotten into the fibers of the geotextile,
Henry & Holtz (1997) [21]; Stormont & Morris (2000)
[22],  apud Stormont  et al. (2001) [15]. De Lima  et al.

(2014)  [12]  also  used  the  same  methodology  to
determine WRC for NGT. The methods for determining
WRC  for  geotextiles  have  not  yet  been  standardized,
Pickles & Zornberg (2012) [2].

The filter paper technique is simple and inexpensive.
It can be summarized as the transfer of water from the
soil to the paper, until both are in equilibrium. In direct
soil-paper contact the capillary flow overcomes capillary
forces and the matric suction is measured. The flow of
steam overcoming osmotic and capillary  forces  occurs
when  there  is  no  soil-paper  contact  providing  total
suction, Marinho et al. (2015) [8].

3 Material and methodology

The characteristic  lithotypes  of  the  source  area  of  the
residual soil used in this research were the rocks of the
Belo Horizonte complex. The characteristics of a soil are
determined by its genesis and the boundary conditions to
which it is exposed.  So two residual soils of the Belo
Horizonte  Complex  may behave  differently  depending
upon their spatial location.  (Paula Neto, 2019) [23]. The
area is near where the basement contact (Belo Horizonte
complex) meets the Sabará Group, overlapping the Belo
Horizonte complex in the region of the confluence of the
rivers Córrego dos Britos and Ribeirão Arrudas,  where
the  soils  are  predominately  gneissic  residual  soils.
Removal  of  the  deformed  sample  was  limited  to  the
horizon of the range of 1 to 2 meters deep.Table 1 shows
the  results  of  the  characterization  tests  of  the  residual
soil of the border region between the municipalities of
Belo Horizonte and Sabará.

Table 1 – Characterization of the residual soil

Natural gravimetric/hygroscopic
gravimetric water contents (%)

12.7/1.0 – 2.0

Particle density (g/cm3) 2.59

Liquid/Plastic limits/Plasticity index
(%)

31.8/ 22.0/
9.8

Maximum dry density (g/cm3) 
(standard Proctor compaction effort)

1.8

Optimum water content (%)
(standard Proctor compaction effort)

15

Permeability (cm/s) (saturated) 4.4 x 10-7

The particle size distribution analysis of the residual
soil was carried out by sieving and sedimentation with a
deflocculant (sodium hexametaphosphate 45.7 g / water
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1000 cm³) and resulted in the particle size distribution of
seen in Fig.1. The material was well graded with a slight
predominance  of  the  fraction  greater  than  or  equal  to
sand on the fine material, according to the Unified Soil
Classification System - USCS -, It is sand with silt and
subordinately clay (SM).

Two types of non-woven geotextiles of mass per unit
area,  composition  and  different  manufacturers  were
selected,  one  of  wich  was  GTB,  a  black  polyester
geotextil  with  mass  per  unit  area  of  137  g/m2 and
thickness  of  1.27 mm and the other  is  called  GTA,  a
white polypropylene geotextil with mass per unit area of
259  g/m2 and  thickness  2.07  mm.  These  values  were
obtained  in  the  laboratory  according  to  thickness  and
mass  tests  per  unit  area  for  geotextiles  set  by  ABNT
NBR ISO 9863 (2013) [24] and ABNT NBR ISO 9864
(2013) [25].
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Fig. 1 – Particle size distribution curve of the residual soil “use
of  deflocculant  sodium hexametaphosphate  45.7  g  (NaPO3)6

/1000 cm³ (H2O)”.

The  NGT  was  new,  that  is,  with  the  same
characteristics  as  when  it  left  the  factory.  For  the
permissivities and apparent  opening sizes  of the NGT,
the characteristic values provided by the manufacturers’
were considered, Table 2.

Table 2 – Properties of GTA and GTB according to the
manufacturers’ characteristic values

Hydraulic Properties GTA GTB

Apparent Opening Size
(95%) (mm) – ASTM 4751

0.23 0.23

Water Permeability
(cm/s) – ASTM 4491 /

ABNT NBR 15223
0.23 0.44

Permittivity*
(s-1) – ASTM 4491 /
ABNT NBR 15223

1.11 3.46

* Ratio between normal permeability (manufacturer) and 
thickness determined in LabGeo

In Table 3 the characteristic values of mass per unit
area  and  thicknesses  provided  by  manufacturing
companies and  those  measured  in  the  laboratory.  The
samplings,  in  addition  to  adhering  to  the  national
Brazilian  standards,  were  verified  according  to  the
Student’s  t  distribution,  two-sided  95%  confidence
interval. 

 Table 3 – Mass values per unit area and thickness of GTA and
GTB

GTB
(g/m2)

GTB 
(mm)

GTA 
(g/m2)

GTA 
(mm)

Average 137 1,27 258,77 2,07

Coefficient
of variation

(%)
10,82 11,35 4,70 4,29

Standard
deviation

16,56 0,32 15,22 0,09

H0
= 130

No
reject

= 1,1
No

reject

= 250*
No

reject

=2,1
No

reject

H1
> ou <

130
> ou <

1,1
> ou <

250
> ou <

2,1

p – value
(5%)

±2,262 ±2,262 ±2,179 ±2,179

Student’s t
distribution

1,34 2,071 2,08 -1,07

* Characteristic value inferred since it was not supplied by the 
manufacturer

Determination of WRC for NGT was accomplished
by  the  ASTM  D  6836  (2002)  [9]  adapted  hanging
column  test.  The  test  apparatus  consisted  of  a  Wille
Geotechnik panel with a rod-mounted reservoir,  which
made it possible to vary its height and a 125 ml Büchner
Prolab funnel with a porous plate, an upper mouth with a
56 mm internal  diameter and another mouth with an 8
mm external diameter, coupled to a rod that allowed the
height  variation  of  the latter.  The funnel  rods and the
reservoir rods are parallel to each other. Sheets of graph
paper comprised the screen of the panel serving as a to
gauge of the gap between the funnel and the reservoir,
Fig.2.  Distilled,  ultrafiltered  and  sterilized  water  was
used in this assay. Both drying and wetting paths were
considered.  The  initial  portion  of  the  water  retention
curve of the residual soil was also defined by this test.

The filter paper test was carried out to determine the
water retention curve of the residual soil. This assay was
based  on  ASTM  D  5298  (2010)  [26]  with  some
adaptations. Twenty-two soil test specimens were made,
11 of which were tested in the wetting path and 11 of
which  were  tested  in  the  drying  path.  Whatman  #  42

 

MATEC Web of Conferences 337 , 01015 (2021)
PanAm-UNSAT 2021

https://doi.org/10.1051/matecconf/202133701015

3



filter  paper  was  selected  and  the  suction  of  interest,
determined in the test was the matric suction.

The calibration equations of the Whatman # 42 filter
paper chosen in this research were the equations adopted
by Chandler et al. (1992) [27].

Fig. 2 – Hanging column test.

The WRC were adjusted according to the Fredlund &
Xing (1994) [10] model and the hydraulic conductivity
function was provided as proposed by Van Genuchten
(1980) [28] and Mualem (1976) [29].

4 Results

The  water  retention  curves  of  GTA  and  GTB  were
determined by the adapted hanging column test, as well
as the initial portion of the water retention curve of the
residual  soil.  The  NGT presented  similar  responses  in
the  assay  and  unimodal  WRC.  The  time  of  suction
imposition to the test specimens was approximately 24
hours.  The  NGT  test  specimens  and  the  residual  soil
specimen were always weighed at the end of that time
and then saturated and again available to the imposition
of the suction of interest,  which was generated by the
level  difference  between  the  funnel  and  the  reservoir.
The ambient temperature during the measurements at the
time of the measurements ranged between 22 and 25 °C
for GTB, 24 and 26 °C for GTA and 24 and 26 ° C for
the residual  soil.  At the end of the tests in the drying
path, the specimens were placed in a stove at 105 ° C for
48 hours, and then weighed on a 0.01 g resolution scale.

After the tests, NGT test specimens maintained the same
dry weights as before the start of the test, indicating the
high porosity of NGT and hydrophobic behavior of the
textile fiber. The specimen of the residual soil before the
beginning  of  the  test  was  with  its  hygroscopic  water
content,  after the test, the soil was placed in the stove
and when removed from it  had a lower  water  content
than  the  hygroscopic  one.  The  air  entry  value  of  the
GTA was close to 0.9 kPa and the air entry value of the
GTB was determined to be close to 0.8 kPa. The residual
water conditions of these NGT presented a water content
of  0.05  (S  =  5.6%)  at  2.0  kPa for  GTA and a  water
content of 0.03 (S = 3.5%) a 2.5 kPa for the GTB. In the
wetting path, the water entry values (ψag) for the NGT
were 0.05 kPa for the GTA and 0.1 kPa for the GTB. De
Lima (2014) [30],  in his NGT tests, recorded values of
air entry and water entry and residual condition close to
those  determined  for  GTA  and  GTB.  In  zero  suction
values,  in the same path, the NGT test bodies reached
values  of  water  content  close  to  saturation.  The
calibration parameters of the NGT WRC were obtained
graphically according to Fredlund and Xing (1994) [10],
Fig. 3.

Fig. 3 – NGT WRC fitted. Above – GTA. Below – GTB.
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The determinations of the WRC of the residual soil
were made using two different tests, hanging column and
filter  paper,  in  the  wetting  and  drying  paths.  The
adjustment parameters of the WRC of the residual soil
were  obtained  graphically  as  proposed  by Fredlund &
Xing (1994) [10],  Fig. 4.  The adjustment parameters of
WRC  of  the  residual  soil  and  values  of  suction  and
volumetric water content are listed in Table 4.

Fig. 4 – Residual soil’s WRC.

Table 4 – Parameters and data obtained from the WRC traced
by the hanging column test and filter paper test for the residual

soil.

Parameter Wetting Drying

ψag (kPa)  2000≅ -

ψb (kPa) -  20≅

ψr (kPa) -  20000≅

Ɵs  0.33≅  0.36≅

In  most  engineering  works,  including  capillary
barriers, wetting paths are the most representative of the
critical  field  situation.  Therefore,  in  addition  to  the
drying  paths,  the  wetting  paths  were  analyzed.
Furthermore, the  hydraulic  conductivity  function  was
estimated according to these paths. The parameters may
have  variations  depending  on  the  chosen  path.  The
critical  suctions  were  determined  by  the  intersection
between the conductivity functions of the NGT and the
conductivity function of the residual soil by the method
of Van Genuchten (1980) [28] and Mualem (1976) [29].
The  critical  suction  and  volumetric  water  contents
critical  to  the  breakdown of  the  capillary  barrier  with
GTA and GTB by drying WRC were  respectively 3.0

kPa, 0.28 (S = 78%) and 4.0 kPa, 0.27 (S = 75%). The
critical suction and volumetric water contents critical to
the  breakdown of  the  capillary  barrier  with  GTA and
GTB by WRC wetting path were respectively 0.11 kPa,
0.31  (S  =  86%)  and  0.40  kPa,  0.30  (S  =  83%).  The
values  of  the  degree  of  saturation  of  the  residual  soil
associated with the breakage of the barrier increased by
0.8%  when comparing  the  wetting  path  to the  drying
path, Fig. 5 and Fig. 6.

Fig. 5 – Hydraulic conductivity for the residual soil, GTA and 
GTB. Drying path.

Fig. 6 – Hydraulic conductivity for the residual soil, GTA and 
GTB. Wetting path.

5 Discussions

Some criteria and caveats in the execution of the tests of
this research and in the data generated:

•  The  NGT  WRC  were  obtained  by  the  hanging
column  test,  as  it  was  the  most  appropriate  test  for
determination of water retention in a medium with high
porosity, 0.895 for GTA and 0.858 for GTB.

• Due to the adjustment of the water retention curve
in  the  geotextile  to  be  carried  out  by  the  Fredlund &
Xing  method,  suction  106 kPa  for  volumetric  water
content equal to zero was assumed, although the NGT
have  interconnectable  macropores  and  hydrophobic
fibers, it is very probable that for suction well below 106

kPa,  the  NGT  were  already  completely  dry,  a  fact
reinforced by the same measured dry weight of the NGT.

• In the wetting path under zero suction conditions,
the  NGT test  specimens  reached  the  same  volumetric
water content measured when saturated at the beginning
of the drying path,  despite the hydrophobic fibers  that
compose them. The capillary rise in the geotextile may
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be due to contributions from the adherence of the test
water  to  the  glass  of  the  Büchner  funnel  and  to  the
arrangement of the fibers of the geotextile.

•  Water  entry  corresponds  to  the  conductivity
function presenting lower values than the critical suction.
In other words, no water enters the NGT before reaching
the critical suction.

•  The  low  critical  suctions  corresponding  to  the
wetting path indicated the rupture of the capillary barrier
in conditions very close to the saturation of the capillary
layer, which is reinforced by the graphical proof of the
similarity of the unsaturated hydraulic conductivities of
the  NGT  to  an  approximate  value  of  1.0  x  10 -8 cm/s
which  is  very  close  to  the  unsaturated  hydraulic
conductivity of 4.4 x 10-7 cm/s for the residual soil.

6 Conclusions

The NGT used had similar hydraulic properties, despite
having  different  compositions,  and  different
manufacturing  methods,  which  can  cause  different
performances to the capillary barrier. 

The  estimation  of  the  unsaturated  hydraulic
conductivities was made possible by the water retention
curves  of  the  residual  soil  and  the  non-woven
geotextiles.  In  this  article,  laboratory  tests  of  hanging
column and filter paper, for the determination of WRC
and  their  adjustments,  were  practical  and  expedient
allowing for support in the design of capillary barriers. 
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