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Abstract. Geosynthetic-reinforced soil walls are structures typically constructed with compacted and thus
unsaturated soils. The use of local fine-grained soils as backfill material has been a common practice in view
of the significant cost reduction in comparison to granular backfills. This is especially applicable in tropical
areas where lateritic soils are found as these material scan exhibit outstanding geotechnical properties mainly
under unsaturated conditions. Thus, it is possible to optimize the design and construction of geosyntheticreinforced soil walls considering soil unsaturation, however it is not known to what extent infiltration can
reduce soil suction impairing the safety of the structure. To address the influence of suction on the behavior
of geosynthetic structures, a full-scale geotextile-reinforced wall was subjected to infiltration and
instrumented to capture the distribution of moisture and soil suction along the reinforced zone, as well as
reinforcements strains. This paper presents and discuss the influence of geotextile reinforcement acting as
capillary barrier coupled with the wall performance. Results demonstrate that the advancement of infiltration
front has a more pronounced effect on deformation as the changes on water contents. Capillary barriers were
found to occur retarding infiltration, but not affecting the overall performance of the structure. The average
of monitored suction values along the wall height, herein called as “global suction”, was found to be strictly
related to maximum reinforcement strains behavior.

1 Introduction
Many standards recommend the use of granular soils as
backfill of mechanically stabilized earth; however, the use
of local fine-grained soils can significantly reduce costs
when granular materials are difficult to access. In tropical
areas, geotechnical engineers account with the advantage
of using lateritic fine-grained soils. It is also known that
the unsaturated condition can improve their properties,
reducing the permeability and compressibility, and
increasing the shear strength. Thus, it is possible to
optimize the design and construction of geosyntheticreinforced soil walls considering soil unsaturation,
however it is unknown to what extent infiltration can
reduce soil suction impairing the safety of the structure.

2006 [3]; Portelinha and Zornberg 2017 [4]), a number of
studies have controversially reported adequate
performance of these structures, even when subjected to
significant periods of rainfall events (Carvalho et al. 1986
[5]; Mitchell and Zornberg 1995 [6]; Portelinha et al. 2013
[7], 2014 [8]).

In general, the unsaturated condition of the backfill
soil can persist for a long time, depending on the local
precipitation regime and evaporation rates of the region.
When geotechnical structures are built in unsaturated soil
conditions, design analyses based on unsaturated soil
mechanics provide accurate predictions of performances.

Since the water pressures within an unsaturated soil
mass are negative, their understanding requires evaluation
of the unsaturated hydraulic characteristics of
geosynthetic reinforcement, backfill, and interfaces.
Zornberg et al. (2010) [1] reports the development of
capillary barriers when nonwoven geotextiles underlay
unsaturated fine-grained soils. This is because under
unsaturated conditions the hydraulic conductivity of
nonwoven geotextiles is typically lower than that of the
soil. This phenomenon results in additional storage of
moisture at the soil-geosynthetic interface until the
suction decreases below a value identified as the
“breakthrough” suction. The capillary break effect has
been observed to increase the water storage capacity of
soils (Khire et al. 2000 [10]).

Although many studies have reported serviceability
problems of reinforced soil structures using local finegrained soils, especially considering their susceptibility to
pore water pressure development (Zornberg and Mitchell
1994 [1]; Koerner and Soong 2001 [2]; Yoo and Jung

Other relevant aspect to be assessed in unsaturated
reinforced soil structures is the fact that suction might
change when subject to infiltration resulting in reduction
on shear strength and shear modulus of soil. In the last
decades, many studies have been dedicated to describing
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the effect of suction on the shear strength of soils
(Fredlund and Morgersten 1977 [11], Fredlund et al. 1978
[12], Vanapalli et al. 1996 [13], Khalali and Khabazz
1998 [14]). Studies have also been conducted to describe
the relationship between suction and shear modulus of soil
(Marinho et al. 1995 [15], Mancuso et al. 2002 [16], Ng
and Yung 2008 [17], Ng and Xu 2012 [18], Georgetti et
al. 2013 [19]). Generally, authors have reported that the
shear modulus increases until a certain value of suction
from which no significant increases in modulus is
reached. The rate of increasing declines when the suction
is higher than the air-entry value of the soil.

are of relevance in this study, are summarized in Table 2.
The geotextile water retention curve was obtained by
desorption techniques following the procedures reported
in ASTM D6836. Fig. 2 shows the geotextile water
retention curve along with that of the backfill soil. The
water retention curve of the nonwoven geotextile shows a
highly nonlinear response, with a significant decrease in
volumetric water content (or degree of saturation) within
a comparatively narrow range of suction. The air entry
value and overall shape of this geosynthetic material is
consistent with that reported in other studies (e.g.
Zornberg et al. 2010 [9]).

Considering the limited information currently
available on the effect of water infiltration on the overall
performance of geotextile reinforced walls, this study
includes quantification of wall deformations that are
induced during infiltration. Accordingly, an important
objective of this paper is to evaluate the infiltration
processes into the unsaturated fill in a geotextilereinforced wall and their effect on the structure
mechanical response. This is achieved by monitoring the
performance of a large-scale reinforced soil wall. The
experimental program focuses specifically on the impact
of infiltration in a wall reinforced with nonwoven
geotextiles and uses reinforcement strains as key aspects
to quantify the wall performance.

Figure 1. Water retention curve of the backfill soil.

2 Experimental program

Table 2. Properties of the nonwoven geotextile

0.4

 (m3/m3)

0.3

0.2

Drying

0.1

Wetting
van Genutchen (Drying)
Van Genutchen (Wetting)

0.0
0.1

1

10

100

1000

10000

100000

Matric suction,  (kPa)

Properties
Weight per unit area
Thickness
Permittivity
Transmissivity
Apparent opening size
Tensile strength
Elongation at failure

The experimental program in this study involved
monitoring the hydraulic and deformation responses of a
full-scale geotextile-reinforced wall subjected to
infiltration. The characteristics of the wall reported in this
paper are discussed below.
2.1 Materials

Standard
ASTM D5261
ASTM D5199
ASTM D4491
ASTM D4716
AFNOR G38-017

Values
293 g/m2
2.96 mm
1.96 s-1
6x10-6 m2/s
93 µm
12 kN/m
83%

0.9
0.8

A Full-scale model was constructed using a lateritic soil.
Physical properties of the soil are reported in Table 1. The
soil includes approximately 40% of fine particles. As this
study focus in an unsaturated behavior of soil-geotextile
interface, the soil water retention curve is provided in
Figure 1.
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Table 1. Characteristics of the backfill soil
Properties
Sand fraction
Silt fraction
Clay fractiont
Gs
Liquid Limit
Plasticity index
Maximum dry unit weight
Optimum water content
Cohesion
Friction angle
Hydraulic conductivity

Standard
ASTM D422-63
NBR6508
NBR6459
NBR 7180
ASTM D1557
ASTM D1557
ASTM D7181
ASTM D7181
NBR14545

0.0
1

Values
56%
12%
32%
2.75
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19
17.88 kN/m3
14.6%
15 kPa
32º
4.9x10-7 m/s
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Fig. 2 – Water retention curve of the backfill soil and the
geotextile.
According to Zornberg et al. (2010) [9], the
breakthrough suction corresponds to the value for which
both the backfill soil and the geotextile have the same
unsaturated hydraulic conductivity value. Fig. 3 illustrates
the hydraulic conductivity functions (k-functions) of the
geotextile and the backfill soil used in the full-scale walls.
These curves were obtained using the data from water
retention curves for both materials (Fig. 2) to develop
fitting parameters for the van Genuchten model (van
Genuchten 1980 [20], Mualem 1976 [21]).

The reinforcement is a polyester needle-punched
nonwoven geotextile. Physical, mechanical, and
hydraulic properties of the nonwoven geotextile, which

2

MATEC Web of Conferences 337, 03018 (2021)
PanAm-UNSAT 2021

https://doi.org/10.1051/matecconf/202133703018

displacements. The instruments layout is presented in Fig.
6. Geotextile strains were calculated using the relative
displacements
between
consecutive
mechanical
extensometers (tell-tales) and dividing them by the initial
distance between points of measurement.
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The advancement of water infiltration into the model
was monitored using tensiometers with a measurement
range of -100 to 100 kPa placed in each reinforced layer
5 cm over the reinforcements. Frequency domain
reflection sensors (FDR) were installed to measure the
water content in each reinforced layer (located 15 cm over
the reinforcement). Four columns and five lines of sensors
were specifically concentrated on layer 5 (upper layer) to
evaluate capillary barriers effects (Fig 6b).
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Fig. 3. K-functions of backfill soil and nonwoven
geotextile.

Data from the multiple instruments installed in the
full-scale model were collected during wetting
simultaneously. An infiltration rate of 1.8x10-7 m/s was
applied over the full-scale model, while sustaining a
uniform loading of 100 kPa during the test. Loading was
applied using air bags on the top of wall and a reaction
structure. No pounding occurred on the top of the wall,
because the water flow imposed was lower than the
hydraulic conductivity of soil (approximately 2.5 times
smaller than the saturated hydraulic conductivity of the
soil).

2.2 Full scale model
A Full-scale wall was constructed inside a steel frame
with 1.8 m height by 1.55 m width, with backfill soil
extending to 1.8 m from the front edge of the metallic box.
The soil was compacted to 98% of relative density and
optimum water content in relation to standard Proctor
(Table 1). To obtain the required relative density,
compaction was performed manually in 5 cm high layers.
Compaction control was achieved using the drivecylinder method (ASTM D2937), spiked every
compacted layer reaching 30 cm height. The backfill soil
was placed over a rigid concrete foundation.

3 Results

Geotextile reinforcements were placed at 30 cm
vertical spacing with a declivity of 1% towards the face.
Each layer of reinforcement had a total length of 1.60 m
measured from the face. The wall was constructed with no
facing batter and using the wrap-around technique.
Protective shotcrete coating ranging in thickness from 5
to 8 cm was used. Drainage geocomposites were used as
face drainage elements into the second and forth
reinforced layers, extending to 30 cm from the face
forward into the wall. Figure 4a presents the cross-section
view of the model, while Figure 4b shows a photograph
during test.

Fig. 5 shows the data obtained from the moisture sensors
and tensiometers over time located at the elevations of the
different reinforced layers (See Fig.4a). Soil saturation
was only observed in the sensor located at 25 cm from the
top of the wall. As will be subsequently discussed, this
sensor was able to capture the development of capillary
break in this location. In the other layers (RL1 to RL4),
where the moisture sensors were located at mid height of
the reinforced layer, the increased water storage of
capillary barriers could not be detected at the sensor
location. Fig. 5 also illustrates transient nature of the
infiltration processes.

After construction of the wall, a wetting system was
installed on the top of the wall surface. The wetting
system includes supplying pipes and a water distribution
layer placed over the structure. The water distribution
layer involves a 15 cm high sand layer and a drainage
geocomposite installed over the sand layer. The
configuration of the drainage geocomposite and the sand
layer provided a uniform water distribution over the top
surface. Water was supplied by a reservoir with a float
switch enabling constant hydraulic head to induce a
uniform rainfall intensity. The intensities of precipitation
were controlled by defining of volumetric flow rate in the
output water tap installed in the water reservoir.

Fig. 5b shows that the initial suction was reasonably
uniform, ranging from 45 to 60 kPa. The suction readings
show a drastic reduction as the infiltration front reached
the location of the sensors. Minimum suction values for
each sensor reached approximately 0 kPa. The exception
was the reading of the tensiometer installed at 15 cm
below the soil surface, which indicated pore water
pressure values of up to 1.5 kPa. However, tensiometer
readings provided evidence that positive pore water
pressures did not develop along the geotextile layers. It
should be noted in Fig. 5b, the infiltration front reached
the moisture sensors before reaching the tensiometers in
each of the soil layers as consequence of longer time
required by tensiometers to stabilize than the moisture
sensors. In addition, the moisture sensors are located
above the tensiometers which might be a reason for this
observation.

2.3 Instrumentation and test procedure
Instrumentation was installed to monitor matric suction of
the soil pore water pressures, water content, internal
horizontal displacements, and horizontal face
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Figure 4. Full-scale model: (a) Cross section of the full-scale reinforced wall model, instrumentation layout and wetting
system; (b) photograph during test.
(a)

(RL1)

Fig. 6 provides the moisture content results obtained
in the vertical arrays located at the distance of 800 mm
from the face, along reinforcement layer 5 (RL5). Three
distinct phases of water flow can be identified after
applying a constant infiltration rate of 1.8x10-7 m/s.
Initially, the entire profile was relatively dry, with an ascompacted volumetric water content of 0.262 m3/m3 that
              i).
The advancing wetting front involves a transient
infiltration process under a constant impinging flow rate.
As the wetting front reaches the location of each sensor,
the volumetric water content is observed to increase from
i to a value of approximately 0.310 m3/m3 that
corresponds to the equilibrium water content for this
   eq.). After the wetting front reached the top of
geotextile (around 3,000 min. after testing initiation), the
water did not immediately flow into the geotextile.
Instead, a capillary break developed, and water
accumulated within the soil immediately above the
geotextile reinforcement. Such accumulation continued
until the suction decreased to a comparatively low value,
when breakthrough occurred (approximately 10,000 min.
after test initiation). Due to the water storage due to
development of a capillary break, the volumetric water
content reached a value of approximately 0.34 m3/m3,
         sat).

(RL2)

(b)

Fig 5. Responses collected during infiltration for each
reinforced layer (RL): (a) Moisture content and (b) Water
pressure.
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)

sensors. The infiltrated water volume was expected to
account for the lateral flow due to the in-plane drainage
capability of the geotextile reinforcements. The results
show that there is practically no change in the measured
infiltration during the period ranging from 1,500 to 11,000
minutes. This observation is attributed to a restricted
infiltration due to the development of a capillary break.”
The difference between imposed and infiltrated flow rates
observed in Fig. 7 may correspond to the amount of water
drained through the geotextile during test (approximately
0.25 m3). Additionally, the results indicate that water
drained within primarily through the top geotextile layer,
as evidenced in Fig. 7 by the similar imposed and
measured flow rate values after 10,000 minutes of test.

Breakthough of water

0.32
0.30
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0.24
0

5000

-350
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10000 15000 20000 25000 30000 35000

Time (min)

Fig 6. Moisture content measured in the upper reinforced
soil layer (RL5) at 800 mm from the wall face (Column
C3).

Fig. 8 shows the magnitude of the reinforcement peak
   peak) and of the v      
monitored throughout the test. In the case of the RL5
(upper layer), which included a denser array of moisture
sensors, the sensor located at 12.5 cm from the geotextile
(Fig. 4a) was adopted for this evaluation. For the
remaining layers, only one sensor per layer was installed,
which was used in this evaluation.

As a result of the development of the capillary break
in RL5, infiltration into RL4 (the second layer from top
layer) was delayed. Specifically, the development of
capillary break led to a retardation of the infiltration by 4
days (6,000 min.) per reinforcement layer, until the
suction decreased to allow breakthrough. At this point, the
geotextiles became more permeable than the soil and
downward flow occurred. According to the moisture data
presented in Fig. 8, the breakthrough suction corresponds
to a moisture content value of 0.33 m3/m3. In this study,
the breakthrough suction was found to range from 6 to 10
kPa, which corresponds to suction value obtained from
the SWRC (Fig. 1) using the referred breakthrough
moisture content. After breakthrough, water advanced
into the underlying layer and the moisture content in the
RL5 was observed to reduce to that corresponding to the
       eq.). The breakthrough
suction could not be measured directly, as the
tensiometers were not positioned immediately above the
geotextile.
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The breakthrough suction corresponds to the value for
which both the backfill soil and the geotextile have the
same unsaturated hydraulic conductivity value. Fig. 3
illustrates the hydraulic conductivity functions (kfunctions) of the geotextile and the backfill soil used in
the full-scale walls. These curves were obtained using the
data from water retention curves for both materials (Fig.
2) to develop fitting parameters for the van Genuchten
model (van Genuchten 1980 [20], Mualem 1976 [21]). As
indicated in Fig. 3, the breakthrough suction defined by
the intersection of the hydraulic conductivity functions is
approximately 20 kPa. Comparison of the breakthrough
suction values obtained from the monitored moisture
content data (Fig. 6) and from the k-functions of both
materials (Fig. 3) result in comparatively similar values.
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A comparison between the total volumes of water
imposed and measured during infiltration is presented in
Fig. 7. The imposed volume of water was defined
considering the actual flow rate applied as irrigation
during the test. That is, it was assumed that the entire
volume of water imposed as irrigation infiltrated into the
backfill soil. The volume of water infiltrated during the
test was also predicted considering the changes in water
storage within the backfill soil, as measured by moisture

max

max

Time (min)
Capillary break


Breakthrough

0.36
0.34
0.32
0.30
0.28
0.26

 (m3/m3)

0.26

0,0 C3
-100
-150
-200
-275

0.36
0.34
0.32
0.30
0.28
0.26

 (m3/m3)

L1
L2
L3
L4
L5

0.28

0.36
0.34
0.32
0.30
0.28
0.26

 (m3/m3)

 (m3/m3)

0.34

0.36
0.34
0.32
0.30
0.28
0.26
0.24

 (m3/m3)

(
0.36

https://doi.org/10.1051/matecconf/202133703018

Time (min)

Fig 8        peak) during the infiltration
on reinforcement layers: (a) RL5, (b) RL4, (c) RL3 and
(d) RL2.
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In Fig. 8, the times corresponding to the initial
development of the capillary break and to the subsequent
breakthrough are also indicate in Fig. 8 to evaluate the
possible impact of water storage on the wall performance.
In general, the strain results show that increases in soil
moisture content tend to lead to increases in the maximum
    peak !"     peak
seems to be more strongly related to the advancement of
the infiltration front into the unsaturated soil mass. For
example, the results in Fig. 8a indicate that times with
significant moisture changes do not necessarily
correspond to the times with significant increases in
reinforcement strains for the RL5. Instead, the significant
increases in reinforcement strains are more evident when
the infiltration front has advanced into the underlying
reinforcement layer. The moisture increase (capillary
break) and subsequent breakthrough of the lower layers
are also observed to lead to increases in reinforcement
strains. However, the moisture accumulation in top layers
is observed to result in increases in geotextile strains in
the multiple lower layers. Accordingly, the time history of
the lower reinforcement layers shows multiple periods of
strain increases.

unsaturated soil stiffness, these analyses were conducted
to observe the effect of the global stiffness of the soil on
t       #      max
decreases with the global suction with a similar trend in
which the FOS increases. Interestingly, the trends were
found to be linear. These observations suggest the use of
average of suction (global suction) as a representative of
the infiltration effect in design analysis of unsaturated
geotextile-reinforced soil walls subjected to infiltration.
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4 Conclusions
The following conclusions can be drawn from analysis of
the experimental results obtained in this study:
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This is an evidence that moisture advancement and
consequent progressive loss of suction, can result in
additional lateral movements in layers below due to the
global reduction of soil mass stiffness. This phenomenon
is better illustrated in Fig. 9, which allows assessment of
the effect of the infiltration front on maximum peak
     max) of all reinforced layers are
presented. Results show that the depth of the wetting front
correlates well with the maximum peak reinforcement
strains (Fig. 9). That is, increases in reinforcement strains
of the geotextile reinforced soil wall were found to be
more strongly related to the depth of moisture front than
to increases in soil moisture values.
0

0.6

x

1.2

1.6

Fig 9. Effect of advancement of infiltration front on
Maximum geotextile peak strains.
In Fig. 10, measured maximum reinforcement peak
   peak) are plotted as function of cumulative volume
of water imposed during the test. Similarly, maximum
      max) (Fig. 11) are also related
to the average of suction. Since suction is related to

x

6

Capillary breaks developed during infiltration, which
retarded the infiltration in 4 days (per reinforced
layer) until the breakthrough suction is achieved and
geotextiles become more permeable than soil
(suction value of 20 kPa). Nonwoven geotextiles did
not provide internal drainage of the reinforced wall
while the capillary effect is acting. However, after
breakthrough, nonwoven geotextiles were found to
improve the internal drainage in approximately 25%.
Infiltration showed a significant increasing on
reinforcement strains. The moisture increase
(capillary break) and subsequent breakthrough of the
lower layers were observed to lead to increases in
reinforcement strains. However, the moisture

MATEC Web of Conferences 337, 03018 (2021)
PanAm-UNSAT 2021

x

x

https://doi.org/10.1051/matecconf/202133703018

accumulation in top layers, which resulted in an
increase in unit weight of the soil, is observed to
result in increases in geotextile strains in the multiple
lower layers.
Increases in reinforcement strains of the geotextilereinforced soil wall were found to be more strongly
related to the depth of moisture front than to increases
in soil moisture values. This finding is related to the
reduction of global stiffness of backfill soil, which is
attributed to the progressive loss of overall backfill
suction due to infiltration.
As the global suction was found to better represent
infiltration, designers should insight for the use of
SWRC for analyses of these type of structures when
considering unsaturated backfill soil.
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