Downloaded from ascelibrary.org by University of Texas at Austin on 01/25/20. Copyright ASCE. For personal use only; al rights reserved.

l')

Check for
updates

Soil-Reinforcement Interaction: Effect of
Reinforcement Spacing and Normal Stress

Amr M. Morsy'; Jorge G. Zornberg, F.ASCE?; Dov Leshchinsky, M.ASCE?; and Jie Han, F.ASCE*

Abstract: This paper presents, evaluates, and discusses experimental results of soil-reinforcement interaction tests conducted using a new
device developed to assess the mechanical interaction between soil and reinforcement considering varying reinforcement vertical spacings.
The experiments involved testing a geosynthetic-reinforced soil mass with three reinforcement layers: one was actively tensioned and the two
neighboring layers were passive. Shear stresses from the actively tensioned reinforcement were conveyed to the passive reinforcement layers
through the intermediate soil medium. Soil-reinforcement interaction tests were conducted with varying reinforcement vertical spacings and
normal stresses. The load conveyed to the neighboring reinforcement layers was found to increase with increasing load in the actively ten-
sioned reinforcement layer. The magnitude of load transfer was found to increase with decreasing vertical spacing, while the normal stress
was determined to have a negligible effect on the magnitude of load transfer for the case of active loads representative of working stress
conditions. However, since the soil-reinforcement interface strength decreases with decreasing normal stress, the magnitude of load transfer
was observed to decrease with decreasing normal stresses for comparatively large active loads. DOI: 10.1061/(ASCE)GT.1943-

5606.0002180. © 2019 American Society of Civil Engineers.
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Introduction

The interaction between soil and reinforcement plays a vital role
in the load transfer between these two dissimilar materials, which
could be considered to form a composite material that is able to
resist externally applied loads (Palmeira 2009). The spacing be-
tween reinforcement layers governs the degree of interaction not
only between the reinforcement and surrounding soil, but also be-
tween the soil-reinforcement interfaces of adjacent reinforcement
layers. This complex interaction governs the overall mechanical
response of the reinforced soil mass. Reinforcement spacing has
been reported to have a comparatively greater effect on reinforced
soil mass behavior than on the reinforcement tensile properties.
This observation was reported for cases where the reinforcement
vertical spacing was comparatively small (Leshchinsky et al. 1994;
Leshchinsky and Vulova 2001; Adams et al. 2011; Morsy 2017;
Morsy et al. 2017a, b; Shen et al. 2019).
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Leshchinsky et al. (1994) conducted an experimental testing
program on geosynthetic-reinforced soil unit cells to study the ef-
fect of reinforcement vertical spacing. They developed a device to
visualize the displacement fields within a reinforced soil unit cell
during pullout of single and double reinforcement layers. The side-
walls of both devices consisted of transparent Plexiglas to enable
direct visualization of soil movement as the reinforcement tension
load increased. The results of tests conducted with a single rein-
forcement layer showed that the shear stresses generated at the
soil-reinforcement interface propagated away from the interface,
forming a sheared zone around the reinforcement, often referred to
as the shear band. The thickness of this zone was found to be in-
dependent of normal stress applied to the reinforced soil. The re-
sults of tests conducted with double reinforcement layers indicated
that the pullout resistance was practically the same as that obtained
from tests conducted with single reinforcement layers of the same
length and under the same testing conditions. Leshchinsky et al.
(1994) observed that the soil between reinforcement layers stiff-
ened, causing the reinforcement layers and the soil mass in between
them to behave as a monolithic block. This block involved two
outer reinforcement interfaces on which shear stresses developed
against the adjacent soil, while no shear displacements were ob-
served to have developed on the two interfaces adjacent to the stiff-
ened soil block (i.e., no shear stresses were generated at the inner
interfaces). However, this behavior was found to occur only at com-
paratively high normal stresses.

Leshchinsky et al. (1994) also reported that the failure surface is
unlikely to develop within the reinforced soil mass when reinforce-
ments of typical stiffness and strength are closely spaced. Instead,
the failure surface developed behind the reinforced soil zone.
Closely spaced reinforcements resulted in the formation of a com-
posite material that behaved as a monolithic mass. Leshchinsky
and Vulova (2001) conducted a subsequent study to evaluate the ef-
fects of vertical reinforcement spacing numerically. This numerical
study adopted a moving reference algorithm in which deformation
was allowed during construction and the height of the wall was
numerically simulated to increase until a prevailing mode of failure
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developed. Leshchinsky and Vulova (2001) concluded that, based
on the numerical predictions, the reinforcement vertical spacing
plays a major role in wall behavior and can significantly affect the
prevailing mode of failure. They reported that the failure surfaces
tended to develop behind the reinforced soil zone, with compara-
tively small reinforcement vertical spacing resulting in behavior
that could be characterized as that of a composite material.

Failure of frictional materials is often characterized by localized
deformations along failed zones, often referred to as shear bands.
Shear bands can be characterized by certain thicknesses and pat-
terns (Muhlhaus and Vardoulakis 1987; Alshibli and Sture 1999;
Chen et al. 2008; Costa et al. 2009; Iglesias et al. 2013; Rui et al.
2016), which depend on the type of failure that develops in a soil
system. Specifically, a shear band can be characterized by its thick-
ness and general geometry. The thickness of a shear band increases
with increasing shear strain. Beyond interface shear strength yield,
shear strains in these bands are generally plastic and accommodate
most of the additional deformation. Extensive research has been
conducted to analyze and quantify the mechanisms leading to
the development of shear bands in soils. More recent studies have
focused on the development of shear bands at the interface of
geosynthetic-reinforced soil systems (e.g., Fannin and Raju 1993;
Zhou et al. 2012; Morsy et al. 2017a, b, 2018, 2019; Zornberg et al.
2019).

Ketchart and Wu (2001, 2002) investigated the behavior
of geosynthetic-reinforced soil masses under various loading
conditions. The study aimed at developing a simplified analytical
model to predict the deformation characteristics of a generic
geosynthetic-reinforced soil mass. The researchers developed a
soil-geosynthetic interaction laboratory test aimed at capturing
the interaction between the backfill soil and geosynthetic reinforce-
ment. The test involved applying a vertical load on a geosynthetic-
reinforced soil mass under plane strain conditions. The applied load
was observed to transfer from soil to geosynthetic, allowing both
materials to deform in an interactive manner. A similar study was
conducted by Jacobs et al. (2013), in which a large-scale device was
developed to investigate the behavior of geosynthetic-reinforced
soil masses tested under plane strain conditions and subjected to
vertical compression and constant lateral confining pressures. The
device included a transparent sidewall to facilitate identifying the
effect of the reinforcement on the kinematic behavior of soil, which
allowed investigation of the load transfer between reinforcements
and soils based on the development of the shear zone.

Overall, geosynthetic-reinforced structures may exhibit differ-
ent behaviors when reinforcement spacing changes. However, the
reinforcement spacing at which significant change in behavior oc-
curs between what is referred to as closely spaced reinforced soil
and largely spaced reinforced soil has not yet been defined based
on a mechanical phenomenon. To evaluate the effect of reinforce-
ment spacing and normal stress on soil-reinforcement interaction,
a comprehensive testing program was conducted in this study us-
ing the experimental approach and equipment detailed in Morsy
(2017). Specifically, the new soil-geosynthetic interaction device
was used to quantify the displacements along the length of an ac-
tive reinforcement layer, the relative displacements along the soil—
reinforcement interface, the displacements field within the soil
mass in the vicinity of the active reinforcement layer, and the dis-
placements along the length of two reinforcement layers placed
adjacent to the active layer at varying vertical spacings. The test-
ing program was designed to evaluate test repeatability and the
effect of reinforced soil normal stress and reinforcement vertical
spacing on the soil-reinforcement interaction. This paper also
discusses the results of a parametric evaluation considering these
variables.
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Experimental Approach

A new experimental device, shown in Fig. 1, was designed and
developed at the University of Texas at Austin to evaluate the
soil-reinforcement interaction and quantify the thickness of the soil
shear band that develops near the soil-reinforcement interface upon
shear stress generation (Morsy 2017; Morsy et al. 2019). The box
was designed to accommodate soil specimens up to 1,200 mm
deep, 150 mm long, and 750 mm wide. Six pneumatic actuators
were placed on wooden pyramids that covered the top surface
of the reinforced soil mass reacting against a stiff reaction frame,
which conveyed the reaction load exerted by the actuators to the
bottom of the box. This normal pressure system was designed
to assess soil dilatancy. Additionally, this system maintained a
controlled-dilation condition to allow for the comparison of the
soil-reinforcement interaction in free, reduced, and suppressed
soil-dilation conditions. The axial loading system consisted of
two hydraulic actuators reacting against the front wall of the box.
The loading system was connected to a clamping system that con-
veyed the applied tensile load to the active reinforcement. The
embedded reinforcement layer was subjected to increasing loads,
with particular focus on the responses under loads representative
of working stress and ultimate stress conditions. In addition to the
active reinforcement layer, two additional passive reinforcement
layers of the same type were used as upper and lower boundaries
to represent the presence of contiguous reinforcements. To properly
model the behavior of the passive reinforcements, soil was placed
between the passive reinforcements and the top and bottom boun-
daries of the box. A combination of collars (to heighten the box)
was used to control the soil thickness.

A schematic layout of the testing device used in this study
is presented in Fig. 1(a). Many of its characteristics were based
on those of large-scale pullout devices. A distinctive feature of this
experimental system is its ability to accommodate multiple reinforce-
ment layers at different vertical spacings, as shown in Fig. 1(b).
Specifically, the device included a geosynthetic-reinforced soil
mass containing three reinforcement layers: one reinforcement
layer was placed at the midheight of the soil mass and actively
loaded during the test; and two neighboring reinforcement layers
were passive during the test. It should be noted that the experimen-
tal device is not intended to simulate a prototype structure; instead,
the device represents a unit reinforced soil mass involving an
actively loaded reinforcement and two neighboring passive rein-
forcements. Ultimately, the device allows the unevenly loaded con-
tiguous reinforcements to be investigated. This in turn allows the
evaluation of the interaction of multiple loaded reinforcement
layers in a reinforced soil mass. This device parts the interaction
of every single reinforcement layer with its adjacent soil and
neighboring reinforcement layers from the global reinforced soil
system in which all reinforcement layers work together. It should
also be noted that the findings reached from the experimental pro-
gram conducted in this study can be extended to any multilayered
geosynthetic-reinforced soil mass.

The device was extensively instrumented to provide a compre-
hensive evaluation of the reinforced soil mass behavior, including:
(1) the effect of the shear stress generated by one of the reinforce-
ment layers (i.e., active reinforcement) on adjacent reinforcement
layers; (2) the straining of geosynthetic reinforcements; (3) the
evolution of the shear band near the soil-reinforcement interface;
(4) the stiffness of the soil-reinforcement interface; (5) the unit ten-
sion in the reinforcement at working stress and ultimate stress lev-
els; and (6) the dilatancy in the reinforced soil mass upon shear
stress mobilization at the soil-reinforcement interface when volume
changes are allowed.
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Fig. 1. Soil-geosynthetic interaction device: (a) general layout; and (b) schematic sectional side view.

The instrumentation adopted in the soil-geosynthetic interac-
tion device included: (1) a load cell to measure the tensile load
applied to the active reinforcement; (2) load cells at the pneu-
matic actuators to monitor the actual normal pressure applied on
top of the reinforced soil mass throughout testing; (3) displace-
ment sensors to measure displacements at multiple locations
within the active and passive reinforcements, as shown in Fig. 2
(ul through ulO for the active reinforcement; v1 through v5 for
the upper passive reinforcement; and wl through w5 for the
lower passive reinforcement); (4) artificial gravel-size particles
buried within the soil mass, as shown in Fig. 3 (x1 through x9)
and connected to displacement sensors via horizontal telltales,
facilitating measurement of internal displacements; and (5) artifi-
cial gravel-size particles placed on the surface of the reinforced
soil mass (yl through y3, as shown in Fig. 3) and connected to
displacement sensors via vertical telltales to measure vertical dis-
placements and to assess the dilatancy angle of the reinforced
soil mass. A detailed description of the testing equipment and
instrumentation is presented in Morsy (2017) and Morsy et al.
(2019).
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Testing Program

This section describes the testing scheme adopted in this study,
while the subsequent sections detail the testing configurations for
the various tests and characteristics of the materials used in the test-
ing program. The equipment was designed to allow two configura-
tions: (1) a 450 mm-high configuration, measuring 1,500 mm (L) x
300 mm (W) x 450 mm (H); and (2) a 1,200 mm-high configura-
tion, measuring 1,500 mm (L) x 300 mm (W) x 1,200 mm (H).
Three reinforcement layers were placed at vertical spacings ranging
from 0.05 to 0.15 m for the first configuration and from 0.20 to
0.40 m for the second configuration. The target normal pressure
at the active (i.e., middle) reinforcement layer ranged from 15 to
50 kPa. This normal pressure was intended to be low enough to
allow pullout failure to occur before reinforcement rupture, thus
allowing comparatively high deformations to develop in the rein-
forcement and surrounding soil without reaching tensile failure of
the active reinforcement (i.e., reaching pullout failure instead). This
facilitated understanding of the soil-reinforcement load-transfer
mechanisms and an assessment of soil-reinforcement interaction
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Fig. 2. Locations of telltale connections: (a) active reinforcement layer;
(b) upper passive reinforcement layer; and (c) lower passive reinforce-
ment layer.
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Fig. 3. Locations of artificial gravel particles within the reinforced
soil mass. Particles at x8 and x9 exist only in the 1,200 mm config-
uration; and Particles at yl, y2, and y3 are located at elevation
421 cm in the 450 mm configuration.

behavior. The embedment length of the active reinforcement layer
was 1,016 mm while the passive reinforcement layers were extended
to the rear of the reinforced soil mass, where they were clamped. All
reinforcement layers were straightened out and placed in the box
with no preload.
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Material Properties

This section presents the properties of the materials used in the
testing program of the experimental component of the study.

Fill Material

The fill material used in most of the tests in this study was washed
river pea gravel deposited by the Colorado River near Austin,
Texas. This material is a uniformly graded clean gravel that clas-
sifies as GP (poorly graded gravel) according to the Unified Soil
Classification System (USCS) [ASTM D2487 (ASTM 2017a)] and
as A-1-a according to American Association of State Highway and
Transportation Officials (AASHTO) classification [AASHTO
M145 (AASHTO 2017)]. The gravel gradation conforms to the
standard range of AASHTO No. 8 grain size distribution. The
material has subrounded to subangular particles and consists pre-
dominantly of quartz with traces of other minerals. The grain size
ranges from approximately 1 to 13 mm, with a mean grain size
of 7 mm.

The coefficients of uniformity and curvature for AASHTO
Gravel No. 8 are 1.6 and 0.9, respectively. Its specific gravity is
2.62 [ASTM D854 (ASTM 2014)] and its maximum and minimum
void ratios are 0.73 and 0.50, respectively. The corresponding
maximum and minimum dry unit weight values are 15.14 and
17.47 KN/m?, respectively. These values were determined in
accordance with ASTM D4253 (ASTM 2016a) and ASTM
D4254 (ASTM 2016b), respectively. The backfill material was
placed in 75 mm-thick lifts and gently hand tamped until it reached
arelative density of 70%, which corresponds to a dry unit weight of
16.67 kN/m? and a void ratio of 0.57.

The shear strength of the backfill used in this study was
evaluated through a set of triaxial tests on specimens measuring
152.4 mm in diameter and 330.2 mm in height. Three tests were
conducted at three different confining stress levels of 35, 70, and
105 kPa and a relative density of 70%. The peak friction angle
was 36.9° with a cohesion intercept of 15.6 kPa for the range of
confining stresses tested. In addition to the characterization of the
fill material using triaxial tests, an additional series of tests was
conducted using a large-scale direct shear device, designed to
accommodate soil samples with particles up to 25 mm. The direct
shear testing program conducted in this study met the following
general criteria: (1) the width of the direct shear box exceeded
10 times the maximum particle size [ASTM D3080 (ASTM 2011)];
and (2) the width-to-thickness (B:H) ratio of the direct shear
box exceeded 2:1. The direct shear specimens tested in the exper-
imental program had a length and width of 510 mm and a height of
200 mm. Tests were conducted at normal stress levels of 10.5, 21,
and 35 kPa on specimens prepared at a relative density of 70%. The
peak friction angle was 37.6° with a zero cohesion intercept for the
range of normal stresses tested. Note that the focus of this study is
on the load transfer from one reinforcement to other neighboring
reinforcements through the enclosed soil media (i.e., further away
from the actively loaded reinforcement layer). This load transfer
depends on the properties of the transferring medium (i.e., soil).
Thus, triaxial testing was found to be a reasonable method to
conduct on the fill material to identify soil compressive and shear
stiffness.

Reinforcement Material

The reinforcement was a woven geotextile, which has been
commonly adopted in US practice for the case of geosynthetic-
reinforced soil structures involving a comparatively small reinforce-
ment spacing. The embedment length of the active reinforcement
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Table 1. Reinforcement tensile properties

Table 2. Summary of tests

Minimum average roll
value (MARV)

Machine Cross-machine
Mechanical property direction direction
Ultimate tensile strength 70.0 kN/m @ 70.0 kN/m @

10% Strain 8% Strain
Tensile strength at 2% strain 14.0 19.3
Tensile strength at 5% strain 35.0 39.4
Tensile strength at 10% strain 70.0 Not applicable

layer was 1,016 mm. The passive reinforcement layers were
extended to the end of the reinforced soil mass, where they were
clamped. The reinforcement material was a polyester woven
geotextile commercialized under the name of HP570. This geo-
textile has multifilament yarns oriented in the rollway direction
(i.e., machine direction) and monofilament yarns oriented in the
cross-rollway direction (i.e., cross-machine direction). The uncon-
fined tensile properties reported by the geotextile manufacturer are
summarized in Table 1. It was reported that the tensile strength
properties were obtained in accordance with ASTM D4595
(ASTM 2017b).

Soil-Reinforcement Interface

A large-scale direct shear device, originally designed to test large
soil samples with grain sizes up to 25 mm, was modified as part
of this study to evaluate the soil-reinforcement interface shear
behavior. An interface direct shear testing program was imple-
mented to evaluate the interface shear behavior between the fill
material (AASHTO Gravel No. 8) and the reinforcement (woven
geotextile). Two displacement-controlled direct shear tests were
performed on compacted-gravel specimens with an applied normal
stress ranging from 24 to 52 kPa. The geosynthetic reinforcement
was glued to a smooth board using a heavy-duty epoxy. The woven
geotextile specimen was glued so that the cross-rollway direction
(i.e., cross-machine direction) was oriented toward the shear direc-
tion (i.e., the same direction as in the soil-reinforcement interaction
tests). The interface shear strength was characterized by a friction
angle of 28.7° and zero adhesion.

Parametric Evaluation

The testing program was designed to evaluate test repeatability and
the effect of normal stress and reinforcement vertical spacing on
soil-reinforcement interaction; Table 2 presents a summary of the
tests considered in the evaluation of each aspect. This section
provides a discussion of the results and analyses of a parametric
evaluation considering these variables.

Assessment of Repeatability of Test Results

To assess the repeatability of the tests in the new device, a
comparison was conducted of the results from two identical spec-
imens tested under the same conditions. Table 2 summarizes the
properties of the tests involved in this test series. Specifically,
the two tests were conducted using the same polyester woven geo-
textile reinforcement. Each test involved three reinforcement
layers of the same type (one active and two passive), placed at
a vertical spacing of 0.10 m. Gravel meeting AASHTO No. 8
specifications was used as fill material in both tests. The two tests
were conducted under normal stress of 50 kPa at the active
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Testing variables

Testing scheme Test ID S, (m) o, (kPa)
Repeated tests GP-04-07-G1-G 0.10 50
GP-04-07-G1-G(R)

Tests with different GP-06-02-G1-G 0.15 15

normal stress levels GP-06-03-G1-G 21
GP-06-05-G1-G 35
GP-06-07-G1-G 50
GP-04-03-G1-G 0.10 21
GP-04-07-G1-G 50
GP-02-03-G1-G 0.05 21
GP-02-07-G1-G 50

Tests with GP-02-07-G1-G 0.05 50

different reinforcement GP-04-07-G1-G 0.10

vertical spacings GP-06-07-G1-G 0.15
GP-08-07-G1-G 0.20
GP-12-07-G1-G 0.30
GP-16-07-G1-G 0.40
GP-02-03-G1-G 0.05 21
GP-04-03-G1-G 0.10
GP-06-03-G1-G 0.15

Note: All tests were conducted with AASHTO No. 8 fill material, geotextile
active and passive reinforcements, and free allowed dilation (i.e., allowed
volume change). Some tests are mentioned more than once in different
testing schemes to show the extent of variation within each scheme.

Frontal Tensile Load (kN/m)

Frontal Displacement (mm)

Fig. 4. Frontal tensile load-displacement curves.

reinforcement level (i.e., central horizontal plane of the reinforced
soil mass).

The frontal load-displacement experimental curves for both tests
showed good agreement, as presented in Fig. 4. Fig. 5 shows the
displacement profiles for the active and passive reinforcement
layers for the loading stages characterized by frontal displacements
of the active reinforcement (ul) of 5, 10, 15, and 20 mm. A good
match was observed between the displacement profiles obtained
from both tests at the various loading stages, and a similar obser-
vation can be made regarding the displacement profiles of the
passive reinforcement layers. Fig. 6 shows the horizontal soil dis-
placement measured for nodal displacements of 5, 10, 15, and
20 mm, measured at specific locations via artificial gravel particles
arranged within the soil in a vertical array 30.5 cm from the front
wall. The soil displacements observed were also found to be very
similar for both tests at the various loading stages.
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Fig. 5. Reinforcement displacement profiles at various frontal displacements ul: (a) active reinforcement; (b) upper passive reinforcement; and

(c) lower passive reinforcement.

Effect of Normal Stress

To assess the effect of overburden pressure on the interaction
between the contiguous reinforcement layers in geosynthetic-
reinforced soil structures, a testing series was conducted involving
the same testing configuration but at varied normal stress levels.
Table 2 summarizes the characteristics of these tests, which allowed
an assessment of the effect of normal stress on soil-geosynthetic
interaction. This series consisted of four tests conducted with
reinforcements spaced at 0.15 m, two tests conducted with rein-
forcements spaced at 0.10 m, and two tests conducted with
reinforcements spaced at 0.05 m. The normal stress levels in these
tests ranged from 15 to 50 kPa at the level of active reinforcement
layer. This range was adopted so that most of the tests would fail
in pullout, making it possible to assess the full range of soil—
reinforcement interaction, including working stress and ultimate
strength conditions.

Three comparisons among the results from tests conducted at
various normal stress levels and different reinforcement vertical
spacings were carried out: (1) a comparison of the results from four
tests conducted at normal stresses of 15, 21, 35, and 50 kPa at the
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active reinforcement level, with reinforcements placed at a vertical
spacing of 0.15 m; (2) a comparison of the results from two tests
conducted at normal stresses of 21 and 50 kPa at the active rein-
forcement level, with reinforcements placed at a vertical spacing of
0.10 m; and (3) a comparison of results from two tests conducted at
normal stresses of 21 and 50 kPa at the active reinforcement level,
with reinforcements placed at a vertical spacing of 0.05 m. Tests in
the same comparison group were conducted under the same testing
conditions using the same reinforcement and fill materials. Specifi-
cally, the same polyester woven geotextiles and AASHTO No. 8
gravel were used in all tests. That is, among tests in the same com-
parison group, only the normal stress level differed.

Figs. 7(a—c) show the frontal tensile load-displacement experi-
mental curves for the tests conducted with reinforcements placed at
vertical spacings of 0.15, 0.10, and 0.05 m, respectively. The results
indicate that the resistance of the active reinforcement to tensile
load increased with increasing normal stress. This trend was the
same for tests conducted with reinforcements placed at differ-
ent vertical spacings. In addition, the soil-reinforcement interface
shear strength was found to increase with increasing normal stress.
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Figs. 8(a and b) present the average displacements for the upper
and lower passive reinforcement layers, respectively, in relation to
the average displacements of the active reinforcement layer for tests
conducted with a reinforcement spacing of 0.15 m. Figs. 8(a and b)
reflect the load transfer from the active reinforcement to the passive
reinforcements at the same nodal reinforcement of the active rein-
forcement (i.e., the same soil-reinforcement interface shear dis-
placement). The average displacement represents the area under
the displacement profile normalized by the reinforcement length.
Assuming the interface shear stress-displacement constitutive
behavior is linear and of similar stiffness at the range of tested nor-
mal stresses, the trends shown in Figs. 8(a and b) provide insight
into the effect of normal stress on the interaction between neigh-
boring reinforcements. Note that the difference in the measure-
ments between the upper and lower passive reinforcement layers
is attributed to the difference in the overburden pressure above
and below the active reinforcement layer. For tests conducted at a
comparatively low normal stress (e.g., 15 kPa), the difference in
overburden pressure was observed to cause differences in soil—
reinforcement interaction behavior. The differences, however, are
minor in tests conducted with comparatively large normal stresses
(e.g., 50 kPa), in which the difference in overburden pressure rep-
resents a small fraction of the applied 50 kPa. In addition, the soil
mass below the active reinforcement is bordered by a rigid floor,
while the soil mass above the active reinforcement is bordered by a
flexible normal pressure system. However, this aspect is expected
to be minor compared to the effect of the overburden pressure dis-
cussed earlier. The difference in soil-reinforcement interaction
behavior is minor in tests conducted with the tall configuration
(1,400 mm depth) of the device as compared to the short configu-
ration (450 mm depth).

The results indicate that the relationship between the displace-
ments of the passive reinforcements and the active reinforcement
is linear at early loading stages. This relationship then becomes
nonlinear as the load-displacement relationship of the active rein-
forcement curves. That is, the results in Figs. 8(a and b) indicate
the effect of the interface condition of the passive reinforcement
on the interaction between the contiguous reinforcement layers.
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Specifically, at early loading stages, no significant difference was
observed in the displacements in the passive reinforcements. How-
ever, as loading progressed, the soil-reinforcement interaction
strength yielded more in the tests conducted under low normal
stresses than in the tests conducted under high normal stresses.
Overall, for the range considered in this experimental program,
normal stress did not exhibit a significant effect on the degree
of interaction between the active and passive reinforcement layers
before the yielding of interface strength (i.e., under working
stresses). However, the results also show that increasing normal
stresses led to more significant interaction between contiguous
reinforcements for the case of comparatively high interface shear
stresses. This is because the higher interface strength resulting
under comparatively high normal stresses yields at larger inter-
face displacements. Furthermore, at high normal stresses, the soil
(i.e., the medium allowing the shear stress transfer) is compara-
tively stiff and can more effectively transfer stresses before yielding
either internally or at the soil-reinforcement interface. This obser-
vation corroborates the observation by Leshchinsky et al. (1994),
in which a soil between reinforcement layers behaved compatibly
with reinforcements as a monolithic at comparatively high confin-
ing stresses. Similar trends were obtained in the tests conducted
with reinforcement layers spaced at 0.05 and 0.10 m.

Figs. 9(a—d) show the displacement profiles for the active and
passive reinforcement layers spaced at 0.15 m at active reinforce-
ment frontal displacements (ul) of 5, 10, 15, and 20 mm, respec-
tively. This comparison is made for loading stages corresponding to
the same frontal displacements (ul) of the active reinforcements,
rather than the same frontal tensile loads applied on the active rein-
forcements. The profiles of tests conducted at low normal stress
showed higher displacements along the length of the active
reinforcement than those conducted at high normal stress. This
difference increased as loading progressed (i.e., as values of ul
increased). The profiles of the passive reinforcement layers also
showed higher displacement values for the tests conducted at low
normal stress compared to those conducted at high normal stress.
However, these differences tended to decrease and even reverse
as frontal tensile loading progressed (i.e., as active reinforcement
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displaces, as illustrated by its displacement profiles). The reinforce-
ment tested at low normal pressure could mobilize more soil to
transfer load for the same frontal displacement value. That is,
the effect of normal stress on the interaction between adjacent rein-
forcements cannot be revealed by comparing the displacement pro-
files of passive reinforcements at the same ul values for tests
conducted at different normal stresses. Similar trends were obtained
in the tests conducted with reinforcement layers spaced at 0.05
and 0.10 m.

The upper passive reinforcement displacement profiles for
the same integrated displacements of the active reinforcement
(i.e., soil-reinforcement interface strength mobilization) were com-
pared to provide a suitable assessment. Note that at working stress
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conditions, the relationship between mobilized interface strength
and displacement is practically linear. That is, the integrated dis-
placements of reinforcement at working stress conditions represent
the integrated mobilized strengths because the soil-reinforcement
interface stiffness is practically the same for displacements within
working stress conditions. Consequently, comparisons were con-
ducted for similar soil-reinforcement-induced reinforcement dis-
placement to provide added insight into the ability of the adjacent
reinforcements to interact at different normal stress levels consid-
ering the same soil and reinforcement materials. Higher interac-
tion among reinforcement layers was observed at high normal
stresses. Similar trends were obtained for test groups conducted
with the reinforcement vertical spacings of 0.05, 0.10, and 0.15 m.
In addition, varying the reinforcement spacings was found to have
no impact on the effect of the normal stress magnitude on the rein-
forcement interaction.

Fig. 10 shows the vertical soil displacement measured via
artificial gravel particles placed on top of the reinforced soil
mass. Figs. 10(a—c) show the soil displacement in relation to the
reinforcement frontal displacement of the active reinforcement ul
for the front, middle, and back of the reinforced soil mass, respec-
tively. The results from tests conducted at normal stresses of 15, 21,
and 35 kPa at the active reinforcement level are shown in the
figures. The results indicate that the soil tended to dilate near
the front and settle near the back as frontal tensile loading pro-
gressed. Dilation was found to be higher in tests conducted at
low normal stresses than those conducted at high normal stresses.
These trends are consistent with the increased dilatancy expected
for decreasing normal stresses during soil shearing. Similar trends
were obtained for the tests conducted using reinforcements placed
at different reinforcement vertical spacings.

Effect of Reinforcement Vertical Spacing

Two sets of experimental tests were conducted to assess the effect
of reinforcement vertical spacing on the behavior of a reinforced
soil mass. Table 2 summarizes the conditions of the tests conducted
as part of this series. All tests involved three reinforcement layers,
one active and two passive. The same polyester woven geotextile
was used in all tests as reinforcement, while AASHTO No. 8 gravel
was used as fill material. Two comparisons were made among tests
conducted at the same normal stress but with different reinforce-
ment vertical spacings: (1) a comparison of six tests conducted
at a normal stress of 50 kPa at the active reinforcement level;
and (2) a comparison of three tests conducted at a normal stress
of 21 kPa at the active reinforcement level. The findings of both
comparisons were assessed against one another to evaluate the ef-
fect of normal stress on the trends observed for reinforcements
placed at different vertical spacings within the reinforced soil mass.

Figs. 11(a and b) show the frontal load-displacement experi-
mental curves for tests conducted at normal pressures of 50 and
21 kPa, respectively. A good match between the curves can be
observed, particularly in the early loading stages. At higher loading
levels, the agreement is still very good, although it shows compa-
ratively higher scatter. This trend demonstrates that the reinforce-
ment vertical spacing had a negligible effect on pullout resistance
when using the woven geotextile as active and passive reinforce-
ment. A minor difference in the maximum pullout resistance can
be observed in Fig. 11(b), which compares the results of tests con-
ducted at low normal stress (21 kPa). For the tests reported in
Fig. 11(b), the reinforced soil tended to dilate more than in tests
conducted at a higher normal pressure (50 kPa). The results indicate
that the tendency for dilation was smaller for tests conducted us-
ing comparatively smaller reinforcement vertical spacing. That is,
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a decrease in vertical spacing resulted in reduced dilation in the
reinforced soil mass, which is consistent with the effect on soil di-
lation of increased confinement and increased soil-reinforcement
interaction strength.

Fig. 12 shows the average displacements measured in the active
reinforcement and the corresponding average displacements in the
passive reinforcements. Specifically, Figs. 12(a and b) show the
average displacement of the upper and lower passive reinforce-
ment layers, respectively, for tests conducted at normal stresses of
50 kPa, whereas Figs. 12(c and d) show the average displacement
of the upper and lower passive reinforcement layers, respectively,
for tests conducted at normal stresses of 21 kPa. The average dis-
placement is the area under the displacement profile normalized
by the reinforcement length. Assuming the constitutive behavior
for interface shear behavior, Figs. 12(a—d) provide insight into
the effect of normal stress on the interaction between adjacent rein-
forcements. The results indicate that larger reinforcement vertical
spacing results in comparatively smaller interaction between adja-
cent reinforcements. The effect of reinforcement spacing was found
to be more pronounced at high normal stresses.

Fig. 13 compares the interface shear strength back-calculated
from the soil-geosynthetic interaction test results under ultimate
conditions and that obtained from large-scale direct shear testing.
The ultimate tensile load values for the tests conducted under nor-
mal stresses of 35 and 50 kPa were obtained by extrapolating the
frontal tensile load-displacement curves. Because no trend for the
ultimate pullout resistance values could be defined for tests con-
ducted with reinforcements placed at different vertical spacings,
the average values at normal stresses of 21 and 50 kPa were used
to determine the interface strength envelope. The presented results
provide the characteristic direct interface shear behavior for the
reinforcement and fill materials used in this study. The results
indicate that the interface friction angle obtained from the interpre-
tation of soil-geosynthetic interaction test results (30.4°) was
slightly higher than that obtained from direct shear testing (28.7°).
This can be attributed to the additional passive resistance that can
be mobilized in soil-geosynthetic interaction tests with compara-
tively flexible geotextiles. Forensic evaluation of the reinforcement
layers after completion of testing revealed the presence of holes and
intruding marks in the woven geotextile caused by the adjacent
gravel particles. This type of interaction is somewhat similar to
the passive-resistance contribution of transverse ribs in geogrid
reinforcements. The comparison made in Fig. 13 is important to
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manifest the extent of passive resistance the geotextile asperity
may add to the interface friction (i.e., the difference between pull-
out resistance and direct shear strength) for the reinforcement and
fill materials used in this study.

The experimental data generated as part of this study is useful in
addressing the question of what constitutes a reinforced soil mass
with closely spaced reinforcements, i.e., the vertical reinforcement
spacing below which the loading of a geosynthetic reinforcement
affects the deformation response and load magnitude of adjacent
reinforcement layers (Zornberg et al. 2019). Fig. 14 shows the ex-
perimental data useful in quantifying the effect of reinforcement
vertical spacing on the interaction between adjacent reinforce-
ment layers. The indicator adopted in this evaluation to quantify
this interaction is the ratio between the reinforcement displace-
ments measured in a passive reinforcement, v, to the corresponding
displacement measured in the active reinforcement, u. Specifically,
Figs. 14(a—c) show the ratio adopted as indicator (v/u) as a func-
tion of reinforcement vertical spacing for different stages or loading
levels in a test (characterized by displacements in the active rein-
forcement of 2, 5, and 10 mm). Two inflection points can be ob-
served in the relationships shown in the figures: (1) at a vertical
spacing S, .. (i.e., composite threshold) below which full interaction
occurs between adjacent reinforcements; and (2) vertical spacing
Syne (i.e., noncomposite threshold) beyond which no interaction
occurs between adjacent reinforcements. Varying degrees of inter-
action between adjacent reinforcements can be observed for verti-
cal spacing values ranging from S, . to S, ,.. The results indicate
that, at least for the reinforcement and fill materials adopted in this
study, full interaction between adjacent reinforcements occurred
below a reinforcement vertical spacing value of approximately
0.10 m (i.e., S, = 0.10 m) and no interaction between adjacent
reinforcements occurred beyond a reinforcement vertical spacing
value of approximately 0.20 m (i.e., S,,. = 0.20 m). Conse-
quently, according to these experimental results, interaction be-
tween adjacent reinforcements occurred up to an average distance
from active reinforcement (i.e., reinforcement vertical spacing)
of 0.15 m from the soil-geosynthetic interface. In Fig. 14, the rein-
forcement spacing at which a significant change in the interaction
between neighboring reinforcements occurred can be used to de-
fine the boundary for the composite behavior of a geosynthetic-
reinforced soil mass. Specifically, it should be recognized that
load in the experimental testing setup was mobilized in only
one active reinforcement. In the case of multiple active (i.e., loaded)
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reinforcements, the soil in between would be mobilized in shear by
the two adjacent reinforcement layers. Consequently, according to
these experimental results, composite behavior could be observed
for vertical spacing values corresponding to twice the distance from
the active reinforcement layer shown in Fig. 14. That is, an average
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of 0.30 m for select soil (AASHTO No. 8 gravel). This value is in
good agreement with current limits for reinforcement spacing es-
tablished by Adams et al. (2011) for geosynthetic-reinforced soil
structures.

Figs. 15(a—d) show the displacement profiles for the active
and passive reinforcement layers at testing stages corresponding
to active reinforcement frontal displacements (ul) of 5, 10, 15, and
20 mm, respectively, for tests conducted at a normal stress of
50 kPa. The profiles for the active reinforcements show displace-
ments for all tests conducted at the same normal stress. That is,
the reinforcement vertical spacing had an insignificant effect
on the soil-reinforcement interaction behavior of the active rein-
forcement. In contrast, the profiles of the passive reinforcements
showed higher displacements for tests conducted with rein-
forcements placed at small vertical spacings compared to those
conducted with reinforcements placed at larger spacings. This dif-
ference in displacement increased as tensile loading progressed.
However, it is notable that no significant difference was observed
between the displacements measured for passive reinforcements
in tests conducted with reinforcements spaced at 0.05, 0.10, and
0.15 m at a normal stress of 50 kPa. Similar trends were observed
in tests conducted with reinforcements spaced at 0.05 and 0.10 m at
a normal stress of 21 kPa.

It should be noted that the two passive reinforcements in tests
conducted with different reinforcement spacings were subject to
different normal stresses due to differences in overburden pressure
(i.e., different elevation from the central horizontal plane of the
reinforced soil mass). When comparing the loads transferred to pas-
sive reinforcements placed at the same elevation in soil masses re-
inforced at different vertical spacings, the effect of spacing on the
interaction among adjacent reinforcements becomes clear. In such a
comparison, the soil mass reinforced with closely spaced reinforce-
ments (e.g., S,) will have more layers than that reinforced with
largely spaced reinforcements (twice S,,). In the closely spaced re-
inforced system, the intermediate reinforcement layers will reduce
the interaction between the active reinforcement and passive rein-
forcement layers placed at the same elevation (i.e., twice S, from
the active layer) as in the largely spaced reinforced system.

Figs. 16(a—d) present the horizontal soil displacements mea-
sured for frontal displacements (ul) of 5, 10, 15, and 20 mm, re-
spectively, for tests conducted at a normal stress of 50 kPa. These
displacements were measured at specific locations by tracking
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artificial gravel particles placed within the soil in a vertical array
30.5 cm from the front wall. The soil adjacent to the reinforcement
exhibited a higher rate of displacement due to yielding in the in-
ternal shear strength of the fill material, which limited the load
transfer from the reinforcement to an area more distant from the
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reinforcement. Similarly, Figs. 17(a—d) present the horizontal soil
displacements measured for frontal displacements (ul) of 5, 10, 15,
and 20 mm, respectively, for tests conducted at a normal stress
of 21 kPa.

The results indicate that horizontal soil displacements were
higher in tests conducted with smaller reinforcement vertical spac-
ings than in tests conducted with larger reinforcement spacings.
The active reinforcement conveys the load to the surrounding soil
medium, which is then transferred to the passive reinforcements.
The soil-reinforcement interfaces of the passive reinforcements
have comparatively weaker shear strength than the internal strength
of the soil. These weaker interfaces allow the soil between the
reinforcement layers to displace more than they would with no
passive reinforcements. However, the presence of passive rein-
forcements resulted in reduced load transfer from the active
reinforcement to the soil masses on the other sides of the passive
reinforcements.

The active reinforcement in each test conveyed the same load to
the surrounding soil because the unit tension of the active reinforce-
ments was found to be unaffected by the reinforcement spacing, as
discussed previously. That is, the same energy was conveyed to the
soil and passive reinforcements in each test. For tests conducted
with reinforcements placed at small vertical spacings, the soil mass
between the active and passive reinforcements displaced more com-
pared to tests conducted with reinforcements placed at large vertical
spacings, because it received more energy per unit of soil volume
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Fig. 14. Average displacement ratio of upper passive reinforcement layers at various average displacements of active reinforcement layers:
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from the active reinforcement. In contrast, the soil masses on the
other sides of the passive reinforcements displaced less than in tests
conducted with reinforcements placed at small vertical spacings.
Fig. 18 shows the soil-reinforcement relative displacement
magnitude at 30.5 cm from the front wall for tests conducted with
reinforcements spaced at 0.15, 0.10, and 0.05 m, and confined at
normal stresses of 50 and 21 kPa. The relative displacements were
obtained by subtracting the reinforcement displacement at this
location (i.e., by interpolation between ul and u2) from the soil
displacement measured by the artificial gravel particle adjacent
to the reinforcement. The results indicate that the relative displace-
ment at the interface of the active reinforcement was higher in tests
conducted at low normal stresses than in tests conducted at high
normal stresses. The results in Fig. 18 also reveal a reduction in the
soil-reinforcement interface shear stiffness during testing. The re-
sults also confirm that the relative displacement was higher in tests
conducted with large reinforcement vertical spacings compared to
tests conducted with small reinforcement vertical spacings. The dis-
placement of the soil adjacent to the reinforcements was higher
in tests conducted with small reinforcement vertical spacings than
in tests conducted with large reinforcement vertical spacings.
Furthermore, the reinforcement displacement was the same in all
tests regardless of the reinforcement vertical spacing. Lastly, Fig. 18
shows the effect of reinforcement vertical spacing on the sensitiv-
ity of soil-reinforcement relative displacement to normal stress.
No difference in relative displacement was observed in early tensile
loading stages between tests conducted at a normal stress of 50 kPa.
Fig. 19 shows the vertical soil displacement measured via arti-
ficial gravel particles placed on top of the reinforced soil mass for
tests conducted at normal stresses of 50 and 21 kPa, and with
reinforcements placed at various vertical spacings. Specifically,
Figs. 19(a—c) show the soil displacement relative to the reinforce-
ment frontal displacement of the active reinforcement ul for the
front, middle, and back of the reinforced soil mass, respectively,
for tests conducted at 50 kPa. Figs. 19(d—f), by contrast, show the
soil displacement for the front, middle, and back of the reinforced
soil mass, respectively, for tests conducted at 21 kPa. The results
indicate that the soil tended to dilate near the front and settle near
the back as tensile loading progressed. The dilation tendency near
the front occurred after settlement in early loading stages as shear
stresses were generated at the soil-reinforcement interface. The
results also show that the dilation tendency was higher in tests con-
ducted with reinforcements placed at small spacings compared to
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tests conducted with reinforcements placed at large spacings.
Additionally, the dilation tendency was high in tests conducted at
low normal stresses compared to tests conducted at high normal
stresses. That is, the effect of reinforcement vertical spacing on
soil-reinforcement interface behavior was more pronounced in
tests conducted at a normal stress of 21 kPa.

Conclusions

In this study, a comprehensive testing program was conducted us-
ing the soil-geosynthetic interaction experimental approach and
equipment developed by Morsy (2017), which were found to be
successful in evaluating the interaction among neighboring rein-
forcement layers. The experimental equipment is not intended to
simulate a prototype structure; instead, it is a unit-reinforced soil
cell involving an actively loaded reinforcement layer and two
adjacent passive reinforcements. Ultimately, the device allows in-
vestigating the unevenly loaded contiguous reinforcements. This in
turn allows the evaluation of the interaction of multiple loaded
reinforcement layers. The equipment parts the interaction of every
single reinforcement layer with its neighboring soil and the rein-
forcement layers from the global reinforced soil system in which
all reinforcement layers work together.

The testing program conducted in this study was tailored to
evaluate the following aspects: (1) test repeatability, (2) the effect
of reinforced soil normal stress, and (3) the effect of reinforcement
vertical spacing. The analysis of the experimental results generated
in this study led to the following findings:

* The repeatability of the experimental approach adopted for
the new soil-geosynthetic interaction equipment was evaluated
by conducting tests using two soil-geosynthetic specimens pre-
pared under identical conditions. It was concluded that the test-
ing protocols adopted in this study lead to repeatable results.
This was observed by the positive comparison between the re-
sults obtained in the two tests regarding the frontal tensile load-
displacement curves, the displacement profiles for the active and
passive reinforcement layers at various loading stages, and the
horizontal soil displacement profiles at various loading stages.

* Evaluation of the frontal tensile load-displacement curves re-
vealed that the resistance of the active reinforcement to frontal
tension increases with increasing normal stress and is practically
independent of the reinforcement vertical spacing.
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* Evaluation of the active reinforcement displacement profiles
revealed that the tensile load distribution along the length of the
actively loaded reinforcement layer becomes more uniform with
decreasing normal stresses and is essentially independent of the
reinforcement vertical spacing. Also, the impact of normal stres-
ses on the tensile load distribution was found not to be affected
by the reinforcement vertical spacing.
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* The effect of normal stress on the interaction between adjacent
reinforcements was found to be negligible under load levels
consistent with working load conditions. However, the interac-
tion between adjacent reinforcements was found to increase
with increasing normal stresses after the interface strength
yields, which occurs at earlier loading stages at low normal
stress conditions than at high normal stress conditions.
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The magnitude of the lateral soil displacements was found to
increase with decreasing reinforcement vertical spacings. This is
because adjacent reinforcements (i.e., passive reinforcements)
create failure planes at their interfaces that have lower shear
strength than the internal shear strength of the soil. These
interfaces increased the lateral displacement of the soil layer.
However, the presence of the passive reinforcements was found

to reduce the load transfer from the active reinforcement to the
soil layer located beyond the passive reinforcements. This be-
havior led to an increased shear stress mobilization in the soil
layer between adjacent reinforcements.

The relative displacements between soil and reinforcement un-
der tension were found to increase with decreasing normal stres-
ses and, in turn, the pullout resistance due to soil-reinforcement
interaction. Also, the relative displacements were found to de-
crease with decreasing reinforcement vertical spacings, which
was attributed to the comparatively higher shear stress mobili-
zation in the soil mass between adjacent reinforcements.

The interaction between adjacent reinforcement layers was
found to increase with decreasing reinforcement vertical spa-
cing. A minimum reinforcement vertical spacing threshold was
identified, below which the interaction between adjacent rein-
forcements develops fully. Also identified was a maximum
reinforcement vertical spacing threshold beyond which the
interaction between adjacent reinforcements is negligible. For
the testing program implemented in this study, the minimum and
maximum threshold vertical spacings were identified as 0.10
and 0.20 m, respectively. Consequently, according to these ex-
perimental results, adjacent reinforcement layers were found
to interact when placed at an average distance from active
reinforcement of 0.15 m from the soil-geosynthetic interface.
That is, in the case of multiple active (i.e., loaded) reinforce-
ments, the soil would be mobilized in shear by the two adjacent
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Fig. 19. Vertical soil displacements (measured via artificial gravel particles) relative to frontal displacements at active reinforcement: (a) front of
soil mass (o, = 50 kPa); (b) middle of soil mass (o, = 50 kPa); (c) back of soil mass (¢,, = 50 kPa); (d) front of soil mass (o, = 21 kPa); (¢) middle
of soil mass (o, = 21 kPa); and (f) back of soil mass (o, = 21 kPa).
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reinforcement layers. Accordingly, interaction between adjacent
reinforcements could be observed for vertical spacing values
corresponding to twice the average distance from the active
reinforcement for which interaction occurs. That is, the average
vertical spacing for which interaction was found to occur
between adjacent reinforcements was found to correspond to
0.30 m for the select soil used in this experimental study.

e Measurement of vertical displacements of the reinforced soil
mass revealed that, as testing progressed, the soil tended to
dilate toward the front of the active reinforcement and contract
toward its back. The magnitude of the dilation was found to in-
crease with decreasing normal stresses and decreasing reinfor-
cement vertical spacing.
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