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a b s t r a c t

A full-scale geotextile-reinforced soil wall was built in order to assess the characteristics of water
infiltration and its effect on the structure performance. Nonwoven geotextiles were selected as inclusions
in order to provide not only reinforcement, but also internal drainage to the fine-grained soil used as
backfill material. The structure was built in a laboratory setting, which facilitated implementation of a
thorough instrumentation plan to measure volumetric water content changes of soil, suction, facing
displacements and reinforcement strains. An irrigation system was used to simulate controlled rainfall
events. The monitoring program allowed the evaluation of the advancement of infiltration and internal
geosynthetic drainage. Evaluation of the effect of the hydraulic response on the overall performance of
the structure included assessment of the development of capillary breaks at soil-geotextiles interfaces.
Capillary breaks resulted in water storage above the geotextile reinforcements and led to retardation of
the infiltration front in comparison to the infiltration that would occur without the presence of
permeable reinforcements. After breakthrough, water was also found to migrate along the geotextiles,
suggesting that the reinforcement layers ultimately provided in-plane drainage capacity. While gener-
ation of positive pore water pressures was not evidenced during the tests, the advancing infiltration front
was found to affect the performance of the wall. Specifically, infiltration led to increasing reinforcement
strains and facing displacements, as well as to the progressive loss of suction. While the accumulation of
water due to the temporary capillary break also resulted in an increased backfill unit weight, its effect on
deformation of the wall was not possible to be captured but it is intrinsic on the overall behavior
observed in this study. Correlations between reinforcement strains/face displacement and the average of
suction in the backfill soil, as measured by tensiometers in different locations within the backfill mass,
point to the relevance of the suction as a representative indicator of the deformability of the geotextile-
reinforced wall subjected to water infiltration. Reinforcement strains and face displacements were found
to reduce more significantly with reduction of suction until a certain value of suction fromwhich the rate
of decreasing declines.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Nonwoven geotextiles have often been reported to successfully
reinforce fine-grained soils in earth retaining walls and embank-
ments (Tatsuoka and Yamauchi, 1986; Gourc and Matichard, 1992;
Mitchell and Zornberg,1995;Wayne et al., 1996; Ehrlich et al., 1997;
Benjamin et al., 2007; Portelinha et al., 2013, 2014). In particular,
Portelinha), zornberg@mail.
the use of nonwoven geotextiles has been reported to facilitate the
use of on-site fine-grained backfill materials, resulting in important
cost savings. This is because the use of nonwoven geotextiles as
reinforcement layers is expected to allow internal drainage that, in
turn, leads to improved stability by dissipating pore water pres-
sures during construction or precipitation events.

In fact, a number of the reported studies have indicated an
adequate performance of geotextile-structures constructed using
poorly draining backfill, evenwhen subjected to significant periods
of rainfall events (Carvalho et al., 1986; Tatsuoka and Yamauchi,
1986; Mitchell and Zornberg, 1995; Wayne et al., 1996; Portelinha
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et al., 2013, 2014).
The effectiveness of in-plane drainage provided by permeable

geosynthetic reinforcements (e.g., nonwoven geotextiles, geo-
composites) has been previously evaluated and quantified using
different approaches (e.g. pullout tests, full-scale models, small-
scale models). The benefits of minimizing the generation of posi-
tive pore water pressures has been a common finding in these
studies (Perrier et al., 1986; Ling et al., 1993; Mitchell and Zornberg,
1995; Kempton et al., 2000; Tan et al., 2001; Zornberg and Kang,
2005; Ghionna et al., 2010; Portelinha et al., 2013; Bhattacherjee
and Viswanadham, 2015; Thuo et al., 2015). Some of these studies
have concluded that internal drainage enhances internal stability
by facilitating the development of conditions corresponding to a
drained soil behavior (Yamanouchi et al., 1982; Tatsuoka and
Yamauchi, 1986; Yunoki and Nagao, 1988; Zornberg and Mitchell,
1994; Bhattacherjee and Viswanadham, 2015).

Since the water pressures within an unsaturated soil mass are
negative, their understanding requires evaluation of the unsatu-
rated hydraulic and mechanical characteristics of geosynthetics,
backfill, and interfaces (Iryo and Rowe, 2005; Bouazza et al., 2013;
Thuo et al., 2015; Vahedifard et al., 2016). Zornberg et al. (2010)
reports the development of capillary breaks when nonwoven
geotextiles underlay unsaturated soils. This is because under un-
saturated conditions the hydraulic conductivity of nonwoven geo-
textiles is typically lower than that of the overlying 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
(Stormont et al., 1997; Khire et al., 2000; McCartney and Zornberg,
2010).

Iryo and Rowe (2005) conducted finite element simulations of
the hydraulic behavior of permeable geosynthetics within unsat-
urated embankments subjected to infiltration. The study showed
that nonwoven geotextiles would delay water infiltration in situa-
tions where the soil pore water pressures are negative, whereas
they would enhance drainage in situations where the pore water
pressures are positive. The authors also found that nonwoven
geotextiles would only act as internal drains after a moisture
threshold has been reached and that drainage could be improved
by installing the reinforcement on an inclined grade. This study also
reported that the contribution of nonwoven geotextiles to the
stability of embankments constructed with fine-grained soils is less
relevant as a drainage material than as a reinforcement material. In
a similar finite element study, Bhattacherjee and Viswanadham
(2015) reported that the use of a hybrid-geosynthetic layers (i.e.,
dual function material providing drainage and reinforcement) is
effective for reduction in excess pore water pressure. Further, the
global stability of a hybrid-geosynthetic-reinforced slope was
found to increase considerably, while the deformation values were
significantly lower for the reinforced slope as compared with that
of the unreinforced slope.

Garcia et al. (2007) tested small-scale reinforced embankment
models built using permeable geosynthetics (nonwoven geo-
textiles, woven/nonwoven geocomposites and strips of nonwoven
geotextiles). The embankments were subjected to cycles of wetting
and drying. Pore water pressures (negative and positive) and
volumetric water content values were monitored. The results
showed that geosynthetics embedded within the soil showed
drainage capabilities only when the pore water pressures of the
overlying soil reached values close to zero or became positive. Local
failure during the wetting process was reported when positive pore
water pressures were observed to develop above the soil-
geosynthetic interface. In models where strips of nonwoven geo-
textiles were used, water did not accumulate over the soil-
geotextile interface. Strips of geotextile were reported to prevent
the development of capillary break and to allow drainage of water
within the embankment.

Krisdani et al. (2010) built a small-scale slope model to simulate
a sloping capillary break. The model involved a 0.20 m thick fine
sand layer (as the fine-grained layer) and a nonwoven geotextile (as
the coarse-grained layer). The objective was to investigate the
development of capillary breaks and the efficiency of internal
drainage layers. Rainfall events of different intensities and dura-
tions were applied over the model. The test results indicated that
presence of the geosynthetic led to the development of a capillary
break and prevented water infiltration into the underlying soil
layer. Lateral diversion flow was found to develop along the fine-
grained layer (fine sand), which was interpreted as an indication
of the development of a capillary break during rainfall events.

Other relevant aspect to be assessed in unsaturated reinforced
soil structures is the fact that suctionmight changewhen subject to
infitration resulting in reduction on shear strength and shear
modulus of soil. In the last decades, many studies have been
dedicated to describe the effect of suction on the shear strength of
soils (Bishop et al., 1960; Fredlund and Morgernstern, 1977;
Fredlund et al., 1978; Karube, 1988; Toll, 1990; Wheeler and
Sivakumar, 1992, Vanapalli et al., 1996; Khalali and Khabazz,
1998). Recently, studies have been conducted in order to describe
the relationship between suction and shear modulus of soil
(Cabarkapa et al., 1999; Mancuso et al., 2002; Ng and Yung, 2008;
Ng and Xu, 2012). 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.

In summary, while previous studies on the infiltration into un-
saturated geotextile-reinforced soil systems have used small-scale
models or numerical simulations, no full-scale study has been re-
ported so far on this relevant issue. In particular, only limited in-
formation is currently available on the effect of water infiltration on
the overall performance of geosynthetic-reinforced walls. This in-
cludes the lack of the quantification of wall deformations that could
be induced by wetting and development of capillaty breaks during
infiltration. Accordingly, an important objective of this study is to
evaluate the infiltration process into the unsaturated fill in a
geotextile-reinforced wall and its effect on the structure mechani-
cal 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 into the backfill of a wall
reinforced with nonwoven geotextiles. Reinforcement strains and
face displacements are used as key aspects to quantify the wall
performance.

2. Experimental program

The experimental program in this study involved monitoring
the hydraulic and mechanical responses of a full-scale geotextile-
reinforced wall subjected to infiltration. The model reported in this
paper is part of a series of full-scale walls constructed in the Geo-
synthetics Laboratory of the Sao Carlos School of Engineering at the
University of Sao Paulo, Brazil. The characteristics of the wall re-
ported in this paper are discussed next.

2.1. Reinforced steel frame

A reinforced steel frame was used to house the series of full-
scale reinforced soil wall structures, which were 1.8 m high and
1.55 mwide, with backfill soil extending to a distance of 1.8 m from
the front edge of the box. The structure was founded on a rigid
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Fig. 1. Water retention curves: (a) Backfill soil by wetting and drying processes; (b)
Geotextile (drying process).
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concrete foundation. The soil was laterally confined by two parallel
metallic counterfort walls bolted to a structural floor. The box in-
cludes a metallic lid that was bolted to the lateral walls in order to
provide reaction during application of vertical loads. Specifically,
the lid provided confinement to an air bag used to apply a uniform
surcharge over the soil surface (up to 200 kPa). The back of the
reinforced fill was also restrained by a metallic counterfort wall.
The inside surfaces of the metallic box were lubricated with
Vaseline® and covered with polyethylene sheeting in order to
minimize side friction and to facilitate the development of plane-
strain conditions. Lateral stresses and restrictions might have
occurred during tests, but are negligible and not invalidate trends
and parameters relations obtained in the experimental program.

2.2. Materials

A fine-grained soil was used to construct the full-scale geo-
textile-reinforced wall. Specifically, the soil is a clayey sand with a
saturated hydraulic conductivity of 4.9 � 10�7 m/s. Physical char-
acteristics of the soil are shown in Table 1. The soil particle size
distribution (ASTM D422-63) indicates that the soil includes
approximately 44% of fines. Accordingly, this backfill would not
meet the AASHTO (2002) specifications for reinforced soil walls.
The shear strength of the soil, evaluated using consolidated drained
(CD) triaxial compression tests (ASTM D7181), resulted in a friction
angle of 35� and zero cohesion. The soil water retention curve of the
soil was obtained using the filter paper technique (ASTM D5298)
and hanging column tests (ASTM D6836), considering both drying
andwetting processes. The soil water retention curves are shown in
Fig. 1a. The shape of curves was found to present a bimodal trend,
which has been in the focus of several recent studies (Durner, 1994;
Coppola, 2000; Peters and Durner, 2008; Schelle et al., 2010;
Chamindu Deepagoda et al., 2012). The heterogeneous pore size
distribution of the type of soil used in this study were observed to
be similar to many others found in literature of which bimodal
behavior of water retention curves were also reported. The bimodal
curve was fitted in the experimental data by the use of Durner's
model (Durner, 1994) applied to both drying and wetting process.
The Durner's model is described as:

Se ¼ w1

�
1

1þ ða1jÞn1

�m1

þ ð1�w2Þ
�

1
1þ ða2jÞn2

�m2

(1)

q ¼ qr þ ðqs � qrÞSe (2)

where w1 e w2 are initial gravimetric water contents of each
segment of the bimodal curve, j is the suction, S is the degree of
saturation, qr is the residual volumetric water content and qs is the
saturation volumetric water content. The parameters n1, m1, a1 are
fitting parameters of the first segment of the curve, while n2, m2, a2
Table 1
Characteristics of the backfill soil.

Characteristics Standard Values

Clay fraction ASTM D422-63 32%
Silt fraction 12%
Sand fraction 56%
Gs ASTM D7263-09 2.75
Liquid limit ASTM D4318-10e1 40%
Plastic limit ASTM D4318-10e1 19%
Maximum dry unit weight ASTM D1557 17.9 kN/m3

Optimum water content ASTM D1557 14.6%
Cohesion ASTM D7181 0 kPa
Friction angle ASTM D7181 35�

Saturated hydraulic conductivity ASTM D5856-15 4.9 � 10�7 m/s
are fitting parameters for the second segment. The fitting data is
presented in Table 2.

A polyester needle-punched nonwoven geotextile was used as
reinforcement. Table 3 summarizes the geotextile properties.
Wide-width tensile tests were carried out in the longitudinal di-
rection (i.e, the direction used for wall construction) following
ASTM D4595 procedures. The hydraulic properties of the
nonwoven geotextile, which are of particular relevance in this
study, are also presented in Table 3. The geotextile water retention
curve was obtained using desorption techniques following the
procedures reported in ASTM D6836. Fig. 1b 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
Table 2
Properties of the nonwoven geotextile.

Parameter Drying Wetting

qs 0.36694 m3/m3 0.39531 m3/m3

qr 8.1447E-06 m3/m3 6.5114E-07 m3/m3

w1 0.30842% 0.56463%
a1 0.10855 1.7732
n1 5.7777 1.2988
a2 0.00014205 9.9828E-05
n2 2.3648 3.8428
m1 0.5 0.22
m2 0.55 0.75



Table 3.
Properties of the nonwoven geotextile

Properties Standard Values

Weight per unit area ASTM D5261 293 g/m2

Thickness ASTM D5199 2.96 mm
Permittivity ASTM D4491 1.96 s�1

Transmissivity ASTM D4716 6 � 10�6 m2/s
Apparent opening size AFNOR G38-017 93 mm
Tensile strength ASTM D4595 12 kN/m
Elongation at failure ASTM D4595 83%
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range of suction. The air entry value and overall shape of this
geosynthetic material is consistent with that reported in others
studies (e.g. Stormont et al., 1997; Zornberg et al., 2010).

2.3. Characteristics of the full-scale reinforced soil wall

The geotextile-reinforced soil wall evaluated in this paper was
constructed using backfill soil compacted to a 98% relative to the
maximum dry unit weight using the standard Proctor effort. The
target water content was reached by moisture conditioning the
backfill soil before its placement and compacting it within the
reinforced steel frame.

In order to achieve the target soil density, 50 mm-high soil
layers were successively placed and compacted. Compaction con-
trol was achieved using the drive-cylinder method (ASTM D2937)
in each compacted layer. A geotextile vertical spacing of 300 mm
was adopted in this study. The soil and geotextiles layers were
placed using a 1% inclination towards the facing to facilitate in-
plane drainage. Each reinforcement layer was 1.60 m long,
measured from the wall facing. After completed the layer
compaction, the interfaces between soil and lateral metallic walls
were filled with parafin in order to restrict the flow of water
through interfaces. The cross section of the completed structure is
Fig. 2. Cross section of the full-scale wall, showing details
presented in Fig. 2, which shows the five reinforced layers (RL1, RL2,
RL3, RL4 and RL5) of the structure. Thewall was constructed using a
wraparound facing, which involved no facing batter. A protective
shotcrete facing, ranging in thickness from 50 to 80 mm was
applied over the wrap-around facing of the reinforced soil wall. The
shotcrete facing made of cement and sand (1:2) was adopted to
simulate a typical protection system. Results of compressive
strength tests of cylindrical specimens (ASTM C39/C39M) indicated
19 MPa of ultimate strength and 20 GPa of initial stiffness. Drainage
geocomposites were used to facilitate drainage through the shot-
crete facing panel, specifically located at the levels corresponding to
the second and forth reinforced layers (see Fig. 2). A view of the full-
scale model after construction is presented in Fig. 3a.

2.4. Irrigation system

An irrigation systemwas installed over the geotextile-reinforced
wall after its construction. The system includes a series of supply
pipes and a drainage blanket placed on the top of thewall structure.
The drainage blanket involved a 15 cm-thick sand layer overlain by
a geocomposite drainage layer. The drainage blanket facilitated a
uniform distribution of water over the wall surface. Water flowwas
supplied by a reservoir with a float switch used to maintain a
constant hydraulic head. The magnitude of the irrigation rate was
controlled by measuring the output volumetric flow in a water tap
installed in the water reservoir. The interfaces soil-lateral walls at
the top of the reinforced wall were filled with parafin in order to
avoid the water flow and assure the infiltration of water through
the soil. Fig. 3b and c provide details of the irrigation system and
the drainage blanket.

2.5. Instrumentation

A comprehensive instrumentation program was conceived to
of the irrigation system and instrumentation layout.



Fig. 3. View of the full-scale geotextile-reinforced wall: (a) Front view; (b) View of irrigation system; (c) Water distribution layer.
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monitor pore water pressures (positive and negative) of soil,
volumetric water content, reinforcement internal displacements
and facing lateral displacements. The instrumentation layout is
presented in Fig. 2.

The progress of water infiltration into the backfill soil was ob-
tained using Frequency domain reflection (FDR) sensors installed to
monitor the volumetric water content within each soil layer (placed
100 mm over each reinforcement layer). In addition, four vertical
arrays of moisture sensors were installed on layer 5 (upper layer), in
order to evaluate the development of a capillary break (Fig. 2). Pi-
ezometers that also allowed measurement of negative pore water
pressures were also used to monitor changes in soil suction and
development of pore water pressure during infiltration. The pie-
zometers were placed 50 mm over each reinforcement layer and
had a measurement range of �100 to 100 kPa.

The displacements at specific locations of the reinforcement
layers were measured using mechanical extensometers (tell-tales).
These devices consisted of stainless steel wires attached at different
locations along the reinforcement. One end of each tell-tale was
fixed to the geotextile and the opposite end was connected to a
small weight used to tension the wires, facilitating the measure-
ments of relative displacements. The steel wires were placed inside
PVC tubes, which were used to minimize friction and to protect the
wires. Displacements were monitored using linear variable
differential transformers (LVDTs) placed at the base of each weight.
Fig. 2 shows the five points distributed along the length of each
reinforcement layer. The points odmeasurements are located at the
face and at 300, 600, 900, 1200 and 1500 mm from the face. Hor-
izontal facing displacements were also measured using LVDTs
located externally to the wall in the middle of each reinforced soil
layer (Fig. 2).
2.6. Loading, irrigation and monitoring of the geotextile-reinforced
wall

A surcharge loading of 100 kPa was applied before initiating
irrigation using the airbag placed over the water distribution sys-
tem. The metallic lid attached to the testing box lateral walls pro-
vided the necessary reaction. An irrigation rate of 1.8 � 10�7 m/s
was applied uniformly over the full-scale model while maintaining
the uniform surcharge of 100 kPa. Water ponding was not observed
to occur on top of the wall, as the imposed impinging water flow
was approximately 2.5 times smaller than the saturated hydraulic
conductivity of the backfill soil. Data from the multiple instruments
installed within the full-scale wall were simultaneously collected
during loading and subsequent irrigation processes.
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3. Monitoring results and analysis

3.1. Suction, moisture and capillary break

Fig. 4 shows the time history of the data obtained from the
moisture sensors and piezometers located within the different
reinforced soil layers (See Fig. 2). The volumetric water content
corresponding to the saturation of soil was only observed in the
moisture sensor located at 25 cm from the top of the wall (Layer
RL5). As will be subsequently discussed, this sensor was able to
capture the development of capillary break at this location. In the
other layers (RL1 to RL4), where the moisture sensors were located
at mid height of the reinforced soil layer, the increased water
storage due to the development of a capillary break could not be
detected at the sensor location. Fig. 4a also illustrates transient
nature of the infiltration processes. Fig. 4b shows that the initial
suction was reasonably uniform, ranging from 45 to 60 kPa. The
water pressure readings show a sudden increase (i.e. a reduction of
suction) as the infiltration front reached the location of the sensors.
The maximum measured water pressure value reached in the
sensors was approximately 0 kPa. The only exception was the
reading of the piezometer installed 15 cm below the soil surface,
which indicated positive pore water pressure values of up to
1.5 kPa. However, piezometers readings provided evidence that
positive pore water pressures did not develop along the interface
with the geotextile layers. As seen in Fig. 4b, the infiltration front
reached the moisture sensors before reaching the tensiometers in
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Fig. 4. Responses collected during infiltration for each reinforced layer (RL): (a)
Volumetric water content and (b) Water pressure.
each of the soil layers. The tensiometers have been reported to
require longer time to stabilize than the moisture sensors used in
this research. Additionally, the moisture sensors are located above
the tensiometers, which contributes to this behavior.

Fig. 4 demonstrates that tensiometers registered different
values of water pressures at the beginning of the test, while the
volumetric water content were registered as the same for all layers.
It should be noted that VWC sensors used in the test are of FDR
types, while the soil suction and pore water pressures were
measured using tensiometers. Both dispositives of measurements
are succeptible to some differences of measurement and inaccu-
racy. Additonally, the variability of compaction might be some
source of inaccuracy. However, these inaccuracies do not affect the
trends and correlations observed in this study.

Multiple vertical arrays of moisture sensors (four FDR arrays)
were installed within the upper reinforced soil layer (RL5), as
shown in Fig. 2, to evaluate the possible development of a capillary
break. In each vertical array, four sensors were placed above the
geotextile (L1, L2, L3 and L4) and one sensor was placed below the
geotextile (L5). This configuration was adopted in order to observe
the capillary break development and breakthrough. The time his-
tory of volumetric water content along each vertical array (C1, C2,
C3 and C4) is shown in Fig. 5. The position of the various sensors is
detailed in Fig. 2.

Fig. 5 provides the time history volumetric water content
measured in the vertical arrays located at distances of 600, 700, 800
and 900 mm from the face, along reinforcement soil layer 5 (RL5).
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reinforced soil layer: (a) until 35,000 min and (b) until 10,000 min of test.
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Fig. 7. Cumulative water volumes into the reinforced soil wall.
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As previously mentioned, the geotextile was sloped at 1% toward
the facing, which may have facilitated moisture migration towards
the sensors located close to the face. As recorded by the volumetric
water content sensors shown in Fig. 5a, three distinct phases of
moisture response can be identified after applying a constant
infiltration rate of 1.8 � 10�7 m/s. Initially, the entire profile was
relatively dry, with an as-compacted volumetric volumetric water
content of 0.262 that corresponds to the initial volumetric volu-
metric water content (qi). The advancing wetting front is a transient
infiltration process that results from applying a constant impinging
flow rate. As the wetting front reaches the location of each sensor,
the volumetric water content is observed to increase from qi to a
value of approximately 0.310 that corresponds to the equilibrium
volumetric water content for this condition (qeq.). After the wetting
front reached the top of geotextile (around 3000 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 compar-
atively low value, when breakthrough occurred (approximately
15,000 min after test initiation). Due to the development of a
capillary break, the volumetric water content reached a value of
approximately 0.34, which corresponds to soil saturation (qsat). The
results obtained in Fig. 5 were found to have similar experimental
trends to those observed in McCartney et al. (2005) and McCartney
and Zornberg (2010). The capillary break development along the
vertical arrays C2, C3 and C4 showed similar volumetric water
content responses to those observed for vertical array C1, although
with slight changes in the periods of capillary break development
and breakthrough. This is the motivation of not presenting results
for C2, C3 and C4 arrays.

As a result of the development of the capillary break in RL5,
observed in all vertical arrays (Fig. 5), infiltration into RL4 (the
second layer from the top) was delayed. Specifically, the develop-
ment of the capillary break led to a 4 days (6000min) retardation of
the infiltration per reinforcement layer, until the suction decreased
to the breakthrough value. At this point, the geotextile became
more permeable than the soil and downward flow occurred. Ac-
cording to the moisture data presented in Fig. 5, the breakthrough
suction corresponds to a volumetric water content value of 0.33m3/
m3. In this study, the breakthrough suction could not be measured
directly, as the tensiometers were not positioned immediately
above the geotextile. However, the breakthrough suctionwas found
to range from 6 to 10 kPa, which corresponds to suction value ob-
tained from the SWRC (Fig. 1) using the breakthrough water con-
tent. After breakthrough, water advanced into the underlying layer
and the volumetric water content in the RL5 was observed to
reduce to that corresponding to the equilibrium water content
(qeq.).

According to Zornberg et al. (2010), the breakthrough suction
corresponds to the value for which both the backfill soil and the
geotextile have the same unsaturated hydraulic conductivity value.
Fig. 6 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. 1) to develop fitting parameters for
the van Genuchten model in the first segment of the SWRC (van
Genuchten, 1980; Mualem, 1976). As indicated in Fig. 6, the
breakthrough suction defined by the intersection of the hydraulic
conductivity functions is approximately 20 kPa. The hydraulic
functions observed in this study were observed to be similar to
those observed in Bouazza et al. (2013). Comparison of the break-
through suction values obtained from the monitored volumetric
water content data (Fig. 5) and from the k-functions of both ma-
terials (Fig. 6) result in comparatively similar values.
A comparison between the total water volumes imposed and
measured during infiltration is presented in Fig. 7. The imposed
water volume 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 ultimately 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 sensors. The results show
that there is practically no change in the measured infiltration
during the period ranging from 1500 to 11,000 min, which can be
attributed to a restricted infiltration due to the development of a
capillary break. After this period, the breakthrough of water is
reached and the infiltration is retaken. The difference between
imposed and infiltrated flow rates observed in Fig. 7 provide an
estimate of the amount of water drained through the geotextile
during the test (approximately 0.25 m3). Additionally, the results
indicate that water drained primarily within through the top geo-
textile layer, inwhich imposed and measured flow rate values were
found to be similar after 10,000 min of the test. It should be noted
divergencies between the imposed flow and measured infiltration
in the beginning of the curve in Fig. 7, which was not expected.
These divergencies can be atributted to the innacurracy of FDR
sensors used to capture the volumetric water content, since these
types of sensors are sensible to the variability of compaction.

Fig. 8 shows a view of the facing of the full-scale geotextile
reinforced wall after 20,000min of irrigation. The picture illustrates
that moisture stained the facing at the elevation of the reinforce-
ment layers, with concentrated moisture stains in the elevations of
layers RL4 and RL5 (uppers layers). This may be attributed to the in-



Fig. 8. Front view of the reinforced soil wall model after 10,000 min of test initiation.
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plane drainage capacity of the nonwoven geotextile reinforcements
after capillary breakthrough. The fact that there are moisture stains
at all of the layers implies that there is breakthrough of the upper
layers into the lower layers. These observation corrobate the large
quantity of water drained by the upper layer obtained in Fig. 7.

3.2. Analysis of moisture profiles

Considering the three distinctive volumetric water content
values defined at the different stages during infiltration (qi, qeq,
qsat), moisture profiles could be defined for different periods
throughout the infiltration test. Three distinctive values of water
contents were also observed in the infiltration columns evaluated
by McCartney and Zornberg (2010). Determination of these
distinctive volumetric water content values allows defining the
moisture profile along the entire height of the wall using the
volumetric water content measurements that have only been
collected in a limited number of locations across the structure
height. Fig. 9 illustrates the moisture profiles corresponding to
times 2000 min, 10,000 min and 30,000 min. Volumetric water
content data allowed the definition of an infiltration front (solid
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Fig. 9. Moisture profiles after: (a) 2000 min, (b) 10
lines) for each monitored stage in this study.
Suction profiles could also be defined using the piezometer/

tensiometer readings and the water retention curve of the soil.
Fig. 10 shows the suction profiles for the same three different pe-
riods of the test evaluated in Fig. 9. Three distinctive suction values
can be identified: Initial (ji), equilibrium (jeq), and saturation
(jsat), corresponding to 45, 8 and 0 kPa, respectively.

Fig. 11 presents the time history of the depth of the infiltration
front into the reinforced soil mass obtained using the moisture and
suction profiles shown in Figs. 9 and 10. The expected progress of
infiltration front if capillary breaks would not develop are
compared in Fig. 11 against the actual infiltration time histories as
affected by the presence of reinforcements. As the upper soil layer
was more extensively instrumented with moisture sensors, the
infiltration rate could be more precisely captured and the phe-
nomena occurring at the interface could be better described. The
infiltration front expected in the unreinforced soil was obtained by
extrapolating the hydraulic behavior captured in the upper soil
layer (RL5), before reaching the elevation of the reinforcement
layer. The infiltration front in the reinforced soil (with geotextiles
layers) was obtained by extrapolating the hydraulic behavior
occurring in the upper layer considering the presence of the rein-
forcement, i.e. the time-depth of infiltration front curve between
immediately above 300 mm to immediately above 600 mm were
repeated for further depth. It was made in order to account for the
development of capillary break in all reinforced layers. In other
words, the interface phenomenon captured in the upper soil layer
was also assumed to occur in the other reinforcement layers. In
Fig. 11, the infiltration front of the unreinforced soil was expected to
reach the base of the wall in 10 days (approximately 10,000 min
into the test). However, the actual infiltration to the base of the
reinforced soil structure was completed in approximately 30 days.
The difference evidences the effect that the presence of nonwoven
geotextile reinforcements has on retarding infiltration.
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Fig. 10. Suction profiles after: (a) 2000 min, (b) 10,000 min and (c) 30,000 of test initiation.
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4. Effect of water infiltration on the wall performance

4.1. Behavior of the reinforced soil wall

The effect of infiltration on wall performance was assessed by
evaluating the monitored displacements along geotextiles as well
as the external facing displacements. The reinforcement strains
were defined using the displacements measurements. As indicated
in Fig. 2, displacements were monitored at 5 different locations
along the geotextiles. Specifically, displacements were measured at
points located 300, 600, 900, 1200 and 1500 mm from the wall
facing. Results of internal displacements (di) measured in layers
RL5, RL4, RL3 and RL2, as a function of time, are shown in Fig. 12.
Fig. 12a correspond to the upper layer (RL5) and illustrate the
development of high level of internal displacements in comparison
to the layers below. The time history of internal displacements also
show a significant increase after 30,000 min. This period corre-
sponds to the time when the infiltration front advanced past the
RL2 (1200mm from the top), whichmeans the infiltration front had
advanced past half of the structure. As expected, the internal dis-
placements along the reinforcements are higher in locations closed
to the facing (300 and 600 mm), with decreasing displacements
towards the back of the wall.

Fig. 13 provides an example of reinforcement strains obtained
using a sigmoidal fitting of the relative displacements (for layer
RL3). The distribution of relative displacements along the RL3 is
presented in Fig. 13a. In this figure, sigmoid curves were defined to
fit the raw displacement data in order to obtain a smooth repre-
sentation of the distribution of displacements along the rein-
forcement length (Fig. 13a). The displacement function can then be
used to obtain the distribution of strains along the reinforcement
length, using the procedure discussed by Zornberg and Arriaga
(2003). Geotextile strains have often been reported by calculating
the relative displacements between consecutive mechanical ex-
tensometers (tell-tales) and dividing them by the initial distance
between points of measurement. However, this technique often
leads to significant scatter, particularly if the distance between
measurement points is comparatively large. Consequently, the raw
data from extensometer displacements was initially smoothed by
fitting the data to a sigmoidal function. Then, the distribution of
strains along the geotextile length was obtained as the derivative of
the displacement function. Fig. 13b shows an example of the strain
distribution (for layer RL3). This same approach was used in this
study to assess the geotextile strains in all reinforcement layers. In
order to analyze the impact of infiltration onwall performance, the
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peak reinforcement strains (εpeak) were obtained at relevant time
throughout the test.

Fig. 14 shows the time history of the reinforcement peak strains
(εpeak) and of the volumetric water content (q) 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. 2) was adopted for this evaluation.
For the remaining layers, only one sensor per layer was installed,
which was used in this evaluation. The times corresponding to the
initial development of the capillary break and to the subsequent
breakthrough are also indicate in Fig. 14 in order to evaluate the
possible impact of water storage on the wall performance. In gen-
eral, the strain results show that increases in volumetric water
content tend to lead to increases in the maximum reinforcement
strain (εmax). However, the increases in εpeak seems to be more
strongly related to the advancement of the infiltration front into the
unsaturated soil mass. For example, the results in Fig. 14a indicate
that times with significant moisture changes in RL5 do not neces-
sarily correspond to the times with significant increases in rein-
forcement strains. Instead, the significant increases in
reinforcement strains are more evident when the infiltration front
has advanced into the underlying reinforcement layer. The mois-
ture 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 reinforce-
ment layers show multiple periods of strain increases.

Fig. 15 presents the time history of the monitored facing dis-
placements (dface) and of the volumetric water contents monitored
throughout the test. A maximum facing displacement of 1.5 mm
was recorded in RL2 (Fig. 15d) towards the end of the test. In
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general, increases in face displacements are related to increases in
volumetric water content. Fig. 15a indicates that significant in-
creases in displacements only occurred when infiltration advances
to the lower soil layers of the reinforced soil wall. This is consistent
with the previously discussed strain time history. In RL4 (Fig. 15b),
increases in displacements due to moisture increases are observed
to be slightly higher than those in the RL5 (Fig. 15a). Similarly, the
increases in displacements in RL3 and RL2 were higher than those
observed in the upper layers with facemovements occurring before
the arrival of the wetting front (Fig. 15c and d). This indicates that
advancement of the moisture front and corresponding progressive
loss in suction, can result in lateral movements in layers below the
moisture front location due to the global reduction of soil mass
stiffness. This is better illustrated in Fig. 16a, which allows assess-
ment of the effect of the infiltration front on the maximum facing
displacement (dmax), recorded at any given time during the test.
Also, Fig. 16b shows the effect of infiltration on maximum peak
reinforcement strain (εmax) obtained at any given time among all
reinforced layers. The results show that the depth of the wetting
front correlates well with the maximum peak reinforcement strain
(εmax), as well as maximum facing displacement. That is, increases
in facing displacements and in reinforcement strains were found to
be correlated more strongly to the depth of the moisture front than
to increases in soil moisture values.

4.2. Stability analysis of the reinforced soil wall

The effect of infiltration on the calculated factor of safety (FOS)
was also evaluated in this research. The factors of safety were ob-
tained using Spencer's method of limit equilibrium analysis, ac-
counting for both reinforcement contribution and the negative and/
or positive pore water pressures within the reinforced soil mass.
Additionally, the weigth of the shotcrete facing was considered in
the stability analysis. The shear strength of the shotcrete facing was
not considered in the stability analysis, since surface failures
passing at the toe of the reinforced soil model was assumed.
Therefore, no significant contribution of the shear strength of the
shotcrete facing is expected in the stability analysis. The calculated
factors of safety (FOS) also accounted for changes in backfill soil
unit weight due to changes in soil volumetric water contents during
infiltration. The measured suction values were used as input for
these analyses. The effect of suction reduction on the drained
cohesion of the soil was also considered as proposed by Fredlund
et al. (1978). Circular critical failure surfaces were adopted for the
analyses (Fig. 17). Soil strength from CD triaxial tests (Table 1) and
geotextile tensile strength from wide-width tensile tests (Table 2)
were used in these analyses. Fig.17 shows the location of the critical
failure surfaces, obtained using limit equilibrium analyses, as well
as the location where peak strains (εpeak) occurred in each rein-
forced layer at different times. As shown in the figure, the predicted
critical slip surfaces are consistent with the location where peak
strains occurred. Also, the shape of slip surfaces was not signifi-
cantly affected by infiltration.

The calculated factors of safety and maximum reinforcement
peak strains (εmax) from displacement measurements are plotted in
Fig. 18 as function of the cumulative water volume imposed during
the test. The results indicate that increasing cumulative water
volumes lead to a clearly decreasing trend in the FOS and to an
increasing trend in the maximum geotextile strain. Although the
cumulative water infiltration correlates to the FOS, the cumulative
volume of infiltration appears not to be a good index to characterize
the effect of infiltration on deformability (e.g. εmax) and face dis-
placements in view of the scattering of points in the linear fitting.
Additionally, the relation between FOS and cumulative water



Fig. 14. Geotextile peak strains (εm�ax) during the infiltration on reinforcement layers: (a) RL5, (b) RL4, (c) RL3 and (d) RL2.
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infiltration seems not to be linear since the two first points of the
curve have shown no alteration in FOS with increasing of water
infiltration.

Fig. 19 shows the calculated FOS as a function of the average of
suctions measured by the tensiometers installed at different loca-
tions within the geotextile-reinforced soil wall (See Fig. 2). Also, the
maximum facing displacements (dmax) (Fig. 19a) and the maximum
peak reinforcement strains (εmax) (Fig. 19b) are related to the
average of suction. The trends indicate that εmax decreases while
FOS increases with increasing average suction, while εmax increases
and FOS decreases with decreasing average suction. The trends also
indicate that dmax increases with decreasing average suction.
Interestingly, the trends were found to be bilinear. Clearly, rein-
forcement strains and face displacements were found to reduce
more significantly with reduction of suction until a certain value of
suction (45 kPa) fromwhich the rate of decreasing declines. Similar
behavior was observed when FOS is related to the average of suc-
tion, the FOS starts to decreasewith suction reduction fromwhich a
certain value of suction. Before this value, the FOS was found not to
change. Similarly, Marinho et al. (1995) have reported that the
shear modulus of compacted sample of soil increases until a certain
value of suction from which no significant increases in modulus is
reached. These observations suggest that average of suctions is a
relevant parameter to characterize the effect of infiltration on both
the stability and deformability of unsaturated geotextile-reinforced
soil walls subjected to infiltration. The results shown in Fig. 19
indicate that a saturated condition (zero suction) for the backfill
soil corresponds to a factor of safety of 1.6, a maximum peak strain
of 1.6% and a maximum facing displacements of 2.6 mm.

Fig. 20 relates the FOS, εmax and dmax to the average of degree of
saturation during infiltration. In this evaluation, the average of
degree of saturation was calculated using the response of moisture
sensors installed at different locations along the structure (See
Fig. 2) over all measured values at a time. Average values of degree
of saturation and suction are subjected to the locations of the
moisture sensors (See Fig. 2). The parameters εmax and dmax show a
linear increasing trend with increasing average of degree of satu-
ration. However, the FOS was found to increase with increasing
value of average degree of saturation (as observed for εmax and
dmax) with different rates of increasing, resulting in a bilinear trend.
Accordingly, the average degree of saturation appears not to be a
better choice than the average soil suction for use as an index
parameter to capture both stability and deformability.
5. Conclusions

A full-scale geotextile-reinforced soil wall was built in a labo-
ratory setting in order to assess the effect of water infiltration on



Fig. 15. Facing displacements (dface) during the infiltration on reinforcement layers: (a) RL5, (b) RL4, (c) RL3 and (d) RL2.
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the overall performance of the structure. Nonwoven geotextiles
were selected as inclusions in order to provide not only
reinforcement, but also internal drainage to the fine-grained soil
used as backfill material. An irrigation system was used in order to
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simulate rainfall events. The test was conducted under a constant
irrigation rate and surcharge of 100 kPa. The instrumentation
program allowed evaluation of advancement of the infiltration
front, internal geosynthetic drainage and the development of a
capillary break. In addition, the wall deformability was also moni-
tored during infiltration. The following conclusions can be drawn
from analysis of the experimental results obtained in this study:

� Capillary breaks were found to develop during infiltration at the
interface between the backfill soil and the nonwoven geo-
textiles. The development of capillary breaks was found to
retard the infiltration process for the conditions in this study,
retardation was 4 days per reinforced layer. Specifically, the
infiltration front was observed to reach the bottom of the
geotextile-reinforced soil wall after approximately 30 days of
irrigation, On the other hand, the infiltration front was expected
to reach the base of the wall in approximately 10 days without
the development of capillary breaks.

� Nonwoven geotextiles were found not to provide internal
drainage to the reinforced wall during the initial development of
the capillary break. However, after breakthrough, nonwoven
geotextiles were found to provide the internal drainage, which
diverted approximately 25% of the water volume. Moisture
stains in the wall facing at the locations of the geotextiles layers
indicated that the most of internal drainage occurred through
the upper reinforcement layers.

� The set of moisture sensors allowed identifying three distinctive
values of volumetric water content during infiltration processes:
the initial (as compacted volumetric water content); second, an
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equilibrium volumetric water content; and the saturation
volumetric water content. The determination of these distinc-
tive volumetric water content values facilitated defining the
moisture profile along the entire height of the wall.

� While generation of positive pore water pressure was not evi-
denced during the test, the advancing infiltration front was
found to affect the performance of the wall. Specifically, infil-
tration led to significant increases on reinforcement strains and
face displacements. In, particular, the moisture increase due to
capillary break and subsequent breakthrough were observed to
lead to increases in reinforcement strains. The moisture accu-
mulation 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. Additionally, the time his-
tory of geotextile strains, particularly in the lower reinforcement
layers, showed multiple periods of strain increases.

� The depth of the infiltration front was found to correlate well
with the maximum peak reinforcement strains, as well as with
the maximum facing displacements. That is, increases in facing
displacements and 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.

� Reinforcement strains and face displacements were found to
reduce more significantly with reduction of suction until a
certain value of suction (45 kPa) from which the rate of
decreasing declines. Similar behavior was observed when FOS is
related to the average of suction, the FOS starts to decrease with
suction reduction from which a certain value of suction. Before
this value, the FOS was found not to change. Accordingly,
average suction was found to be a suitable parameter to assess
the effect of infiltration on the stability and deformability of
unsaturated geotextile-reinforced soil walls subjected to
infiltration.
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Notations
Basic SI units given in parentheses
Gs Soil specific gravity (dimensionless)
q Volumetric water content (m3/m3)
qi Initial volumetric water content (m3/m3)
qeq Volumetric water content at equilibrium (m3/m3)
qsat Volumetric water content of saturated soil (m3/m3)
u Pore water pressures (kPa)
j Suction (kPa)
ε Reinforcement strains (%)
εpeak Reinforcement peak strains (%)
εmax Maximum reinforcement peak strains (%)
d Displacement (in mm)
dmax Maximum displacement (in mm)
di Internal reinforcement displacements (mm)
dface Wall facing displacements (mm)
i Inclination (degree)
S Degree of saturation (degree)
k Hydraulic conductivity (m/s)

Abbreviations

GRS Geosynthetic-reinforced soil
CD Consolidated Drained
FDR Frequency Domain Reflectometer
FOS Factor of Safety
CU Consolidated Undrained triaxial compression test
RL Reinforced soil layer
LVDT Linear variable differential transformer
VWC Volumetric water content
WC Water content
V Volume
C1 Sensor column (vertical array) 1
C2 Sensor column (vertical array) 2
C3 Sensor column (vertical array) 3
C4 Sensor column (vertical array) 4
L1 Sensor line 1
L2 Sensor line 2
L3 Sensor line 3
L4 Sensor line 4
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