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Featured Application: The results of these tests can be very useful to engineers and designers
in the design of reinforced soil structures. Pullout tests were performed on materials that are
very often used in practice (crushed stone aggregate and polyester straps) for the construction of
reinforced soil structures and for which there are no data in the published literature.

Abstract: Strap reinforcement is very commonly used as reinforcement material in mechanically
stabilized earth walls (MSEW). Metal straps are mostly used as reinforcement material. However,
in humid climates, where the risk of damage to metal straps due to corrosion is high, the use of
geosynthetic straps is quite justified. In the Croatian coastal region, geosynthetic straps were used as
reinforcement for two very high MSEWs. In both cases, the backfill material crushed stone aggregate
from the neighboring site was used. According to the relevant standards, it is recommended that
the backfill material should have a uniformity coefficient of Cu ≥ 4.0. To meet these requirements,
it is usually necessary to sieve and crush the backfill material. To evaluate the influence of the
uniformity coefficient on the friction interaction coefficient between a geosynthetic strap and a
crushed stone aggregate, a series of pullout tests with different confining stresses and aggregate grain
size distributions were conducted. The pullout tests were performed for three different uniformity
coefficients of the crushed stone aggregate. The results confirmed the justification to use backfill
material with a uniformity coefficient higher than 4.0. The pullout tests were performed with one
strap, two closely spaced straps, and two separated straps. The results showed that lateral friction
contributes to the pullout force in the amount of 16.1% of the total force.

Keywords: pullout; mechanically stabilized earth walls; geosynthetic strap

1. Introduction

The pullout test is usually used to clarify the mechanism of interaction between soil
and reinforcement and to estimate the degree of interaction (friction interaction coefficient),
which is crucial for the design of mechanically stabilized earth walls (MSEWs). The
interaction mechanism depends on the type of reinforcement element and the characteristics
of the backfill material.

When selecting the backfill material for MSEWs, consideration is given to the material’s
physical and mechanical properties as well as its cost. The crushed stone is a suitable
material for the MSEWs from the stability and economical point of view and is therefore
often used in the construction of the MSEWs [1]. The origin of crushed stone can be a quarry
or local construction works. The process of obtaining the crushed stone aggregate mostly
involves blasting rock, crushing, and sieving [2]. The price of this type of material depends
on the grain size distribution, origin, and transport cost. Cost savings in this aspect should
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be considered during MSEW construction. According to [3], backfill material cost accounts
for 33% of the total cost of an MSEW. Singh and Akthar [4] compared the price of an MSEW
with different straps and geogrids. In their study, the costs of the backfill material account
for more than 50% of the total cost of the MSEW. According to a performed cost analysis,
using geogrids in combination with local soil as a backfill is considered the cheapest option.
In contrast, [5] showed that the backfill of the MSEW accounted for 13% of the total cost.

According to [6], the recommended criteria for backfill material in MESWs include
having less than 15% material passing sieve No. 200 and a plasticity index not exceeding 6.0.
According to [7], for using default values of friction interaction coefficient for metallic straps,
the backfill material must have a uniformity coefficient of Cu ≥ 4. For the backfill material
that falls outside of these limits, pullout tests must be performed to determine the friction
interaction coefficient. Weldu et al. [8] note that these requirements have disqualified a
large number of produced aggregates or made their use in the construction of MSEWs
more difficult and/or expensive. The authors also conducted an experimental study to
investigate the effect of aggregate uniformity on the pullout resistance of ribbed steel straps
when the aggregate uniformity coefficient ranged from 1.4 to 14.0. They concluded that
the recommended friction interaction coefficient values are too conservative. The study
showed that an aggregate backfill material with a uniformity coefficient as low as 1.4 can
be used to design an MSEW with ribbed steel straps.

Most previous research focused on the interaction mechanism when the reinforcement
was a metal strap or geogrid [9–14] or a geotextile/geogrid [15–20]. In the last 30 years, a
small number of pullout tests have been performed with polyester straps to determine the
friction interaction coefficient between the strap and the backfill material [21–24], the effect
of normal stress and backfill material density on the strap–backfill material interaction [25],
the effect of constrained dilatancy [25], and the deformation of the extensible reinforcement
in the backfill material [26,27].

Most pullout tests were performed for tests under 100 kPa, which corresponds to a
wall height of about 6 m [21–24,28]. Since polyester straps are used to construct increas-
ingly higher walls [29–31], it is necessary to verify the behavior of the strap at higher
stresses. Lo [21] studied the pullout resistance of polyester straps at low overburden
stresses (20 kPa 3

4 100 kPa) for three different types of backfill material and showed that the
friction interaction coefficient at low overburden stresses can be higher than the internal
friction angle of the backfill material. The author explained this by the effect of constrained
dilatancy and textured surface of the strap. The effect of dilatancy was also studied by
the authors of [16,23]. They pointed out that when the strap is pulled out of the backfill
material, the backfill material tends to dilate. Dilation occurs at the contact between the
strap and the backfill material and at the zone in the backfill material adjacent to the strap.
However, dilatancy can be prevented by the action of the surrounding backfill material,
resulting in an increase in normal stress at the contact between the strap and the backfill
material. Abdelouhab et al. [32] showed a higher value of the friction interaction coefficient
in coarser backfill material. This difference is related to a higher backfill density and a
higher backfill uniformity coefficient Cu, which results in a larger dilatancy angle and
internal friction angle of the backfill material. The tests revealed that using two straps
during testing resulted in a higher friction interaction coefficient. The authors stated that
the possible causes of higher friction interaction coefficient when testing two parallel straps
is the effect of the arching or dilatancy of the backfill material between the straps. Razazan
et al. [33] also conducted pullout tests with two parallel polyester straps, where they investi-
gated how the loop at the free end of the strap affects the interaction. They performed tests
in poorly graded dry sand under normal stresses below 80 kPa using two parallel straps
and one strap placed in a U shape. The results show that a U-shaped strap significantly
increases the pullout resistance force and the friction interaction coefficient parameter.
Pierozan et al. [23] studied the pullout resistance of polymer straps embedded in marginal
tropical soils. They concluded that an increase in the typical characteristics of cohesive soil
(e.g., fines content and plasticity index) leads to a decrease in pullout resistance, while an
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increase in the frictional properties of granular soil (e.g., friction angle) has the opposite
effect. They also measured the vertical stress on the reinforcement during a pullout test.
The tests showed that the stress during pullout regarding the initial state of stress increases
significantly for clean sand and mixtures with lateritic weathering content below 25%. The
obtained results also showed that the relationship between the actual and initial stresses is
linear, which allows the prediction of the interaction friction coefficient. Agarwal et al. [24]
conducted pullout tests with a polymeric strap using construction and demolition waste
as backfill material. The results show that such a type of backfill material is suitable for
the construction of MSEW structures. Vieria et al. [28] used the same backfill material to
perform pullout tests with geosynthetics. They showed that the proper compaction of the
backfill material is an essential requirement for all types of mechanically stabilized earth
(MSE) structures. Park and Hong [34] showed that the width of the strap has a greater effect
on the pullout force and tensile strength than the horizontal spacing of the reinforcement.
They also proposed the effective area method based on the prediction of the strap-selected
length as a more economically feasible design method.

In Croatia, several MSEWs with geosynthetic straps have been built in recent years,
with two very high MSEWs standing out because of their dimensions. The first is the
Strikići wall built in 2006, which is 26.8 m high and 500 m long. The second one is MSEW
Sveta Trojica, built in 2012, which is 34 m high and 430 m long. Those MSEWs were built
in the coastal region, where there is a high risk of corrosion of metal, so geosynthetic
reinforcements were used instead of metal. Straps of polyester fibers coated with high-
density polyethylene were used as reinforcement. Crushed stone from the local construction
site was used as a backfill. In order to fulfill the backfill material installation criteria, the
used aggregate required additional crushing and sieving.

In the construction of the MSEWs Strikići and Sveta Trojica, the polyester straps were
laid in a zigzag pattern and connected to the precast T-shaped reinforced concrete panels.
The straps were rolled up around a loop on the precast concrete panel in a pattern in which
each loop covered two straps. Since the straps were very close to each other behind the
panels, a mutual influence on the pullout resistance had to be considered. This loop was
modeled in a pullout test with two separate straps. Previously, pullout tests with one and
two parallel polyester straps were performed by Abdelouhab et al. [22,32]. The authors
concluded that two parallel, closely spaced polyester straps resulted in a higher friction
interaction coefficient as opposed to only one strap. Alfaro et al. [16] distinguished between
2D and 3D interaction mechanisms. The first refers to sheet reinforcement, and the second
refers to strap reinforcement. The authors emphasized that, during pullout for the strap
reinforcement interaction mechanism, the backfill material surrounding the reinforcement
tends to dilate. However, the volume change is restrained by the surrounding non-dilating
backfill material.

As the previous review of the literature has shown, there is a lack of studies that inves-
tigate the interaction between polyester straps and crushed stone aggregate. Consequently,
very limited information regarding the friction interaction coefficient for polyester strap and
crushed stone aggregate is available in the open literature. Therefore, the purpose of this
work is to further investigate the mechanism of interaction for crushed stone aggregate and
a polyester strap and the influence of granulometry on the friction interaction coefficient.
The aim of the work can be divided into four main parts. The first part deals with the
influence of the uniformity coefficient of crushed stone aggregate and the normal stress on
the pullout mechanism. The second part deals with the stress–strain behavior of the straps.
The third part deals with the determination of the lateral friction at the edges of the straps,
and the fourth part discusses the obtained values of the friction interaction coefficient and
compares them with values from previous studies. From the brief summary of studies
related to geosynthetic straps and different backfill material shown in Table 1, it can be seen
that there is a limited number of tests with crushed stone aggregates as backfill material.
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Table 1. A brief summary of pullout tests with geosynthetic straps.

Properties of Polymeric Strap Soil Characteristic Author and Reference
Number

No. Single Double Gap Width
(mm)

Strap Width, bs
(mm)

Strap
Thickness

(mm)

Tensile
Strength per
Strap (kN)

Surcharge
Pressure

(kPa)
Soil Type Peak Friction Angle, ϕ

1 3 85–90 4–6
20–30
20-30
30-50

26–95
15–100
15–100

Well graded sandy gravel
Well-graded, gravelly sand

Well-graded sand

40
40
38

Lo [21]

2 3 3 50 50 2 / 7–80 Houston Rf sand 38 Abdelouhab et al. [22]

3 3 3 50 50 2.5 47.5 Coarse soil (0–31.5 mm)
Fine sand (0.16–0.63 mm)

36
36 Abdelouhab et al. [32]

4 3 90 5 100 50–150 Crushed stone aggregate 51 Gradiški et al. [31]

5 3 90 3 75.4 20–160 SP 40 Razzazan et al. [33]

6 3 40 1.8 21.6 5–400 Sand SM–SP 29.5 Cui et al. [27]

7 3 50 50 4 50 12.5–50

S100–L0
S75–L25
S50–L50
S0–L100

44
40
38
33

Pierozzan et al. [23]

8 3 40 50 3 50 20–80

Mixed recycled aggregate
Mixed recycled aggregate
Sand from quarrying rock

Fluvial sand

53–41.5
50.1–40.5
49.5–38.7
42.1–37.6

Agarwal et al. [24]
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2. Materials and Methods

The pullout tests on geosynthetic straps were performed in a large pullout box ac-
cording to ASTM D6706-03 [35]. Setup with one strap, with two straps with a horizontal
distance of 200 mm between the straps, and with two straps arranged next to each other
with no space between them were used.

2.1. Testing Apparatus

The pullout box (Figure 1) consists of four metal frames, each with a length of 1900 mm,
a width of 900 mm, and a height of 200 mm. The frames are stacked and securely connected,
allowing for an adjustable final box height ranging from 800 mm to 1200 mm. This box
configuration allows for adjusting the amount of soil or aggregate sample inside and
applying pullout force at two vertical levels. To mitigate the influence of the front wall
on the test results, a 25 cm sleeve is installed at the front of the box. The strap is threaded
through the sleeve and attached to the piston using a specifically designed fastening system
on the front side of the box. At the rear side of the box, the strap is passed through the
opening. Normal stress is applied by three airbags located under the top cover of the
box. The top cover is connected to the top frame of the box and pressed by steel beams.
The maximum pullout force that can be achieved is 80 kN, and it is generated by a piston
attached to the front side of the box. Displacements are measured at four points along the
installed strap using extensometers. A maximum extension of 200 mm can be measured
with a sensitivity of 0.01 mm. The displacement of the first point (front side) represents
the movement of the free section of the strap between the piston and sleeve. The other
three points were distributed along the strap inside the box so that the displacements were
monitored at the beginning part, middle part, and the end part of the emplaced strap.
The more detailed description of the device can be found in the paper by Minažek and
Mulabdić [36].
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2.2. Test Materials

In this study, polymer geosynthetic straps were used as a reinforcement element.
Crushed stone from a quarry was used as backfill material samples.

2.2.1. Backfill Material Properties

A total of five samples of the same material was used in different fractions for testing:
30/60 mm, 16/31.5 mm, 8/16 mm, 4/8 mm, and 0/4 mm. Each sample had a mass of
1500 kg. The mentioned fractions were used to make samples with a specific grain size
distribution as shown in Figure 2. During placement and compaction of the backfill material
in the pullout box, breakage of the grains occurs, changing the grain size distribution so
that a new sample must be prepared for each test. The tests were performed with three
different grain size distributions of the samples. The first sample was uniformly graded
with a grain size ranging from 30 to 60 mm, labeled material A. The second sample was also
uniformly graded with a grain size ranging from 4 to 60 mm, labeled material B, and the
third sample was well graded with a grain size ranging from 0 to 60 mm, labeled material C.
The backfill material sample properties are listed in Table 2. Friction and dilatancy angles of
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the samples were obtained from large direct shear tests [31]. The highest friction angle and
dilatation angle were obtained for material A, while the lowest friction angle and dilatation
angle were obtained for well-graded material C.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 21 
 

 
Figure 2. Particle size distribution of the backfill material samples used in pullout tests. 

2.2.2. Geosynthetic Strap Properties 
In all tests, polymer straps with discrete channels of densely packed high-tenacity 

polyester fibers (HTPET) wrapped with a polyethylene sheet were used. The polyester 
fibers serve as a load-bearing element, while the polyethylene sheet protects the fibers 
from structural damage. In the core of the polymeric strap, there are bundles of high te-
nacity polyester fibers. During the manufacturing process, the straps are passed through 
rollers to create grooves on the surface of the polymer sheathing, which increase friction 
on the surface of the strap. The straps were 90 mm wide and 5 mm thick and had a tensile 
strength of 100 kN. A typical cross-section of the polymer strap is shown in Figure 3. 

 
Figure 3. Geosynthetic strap cross-section. 

  

Figure 2. Particle size distribution of the backfill material samples used in pullout tests.

Table 2. Properties of the samples used in the pullout tests.

Sample

Properties A30/60 B4/60 C0/60

Grain size range, D (mm) 30–60 4–60 0–60
Mean grain size, D50 (mm) 40.1 20.2 6.5

Uniformity coefficient, Cu (-) 1.56 4.25 11.64
Curvature coefficient, Cc (-) 1.13 1.06 0.93

Range of void ratio, emin–emax (-) 0.54–0.62 0.37–0.59 0.27–0.46
Friction angle, ϕ (◦) 55 49.7 47.9

Dilatancy angle, ψ (◦) 21 17.11 9.8

2.2.2. Geosynthetic Strap Properties

In all tests, polymer straps with discrete channels of densely packed high-tenacity
polyester fibers (HTPET) wrapped with a polyethylene sheet were used. The polyester
fibers serve as a load-bearing element, while the polyethylene sheet protects the fibers from
structural damage. In the core of the polymeric strap, there are bundles of high tenacity
polyester fibers. During the manufacturing process, the straps are passed through rollers
to create grooves on the surface of the polymer sheathing, which increase friction on the
surface of the strap. The straps were 90 mm wide and 5 mm thick and had a tensile strength
of 100 kN. A typical cross-section of the polymer strap is shown in Figure 3.
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2.3. Sample Preparation and Test Procedure

The pullout tests were performed with one strap, two straps closely placed, and two
straps with 200 mm of horizontal spacing. The same test procedure was used in all tests.
The only differences between test setups with one and two straps was in the connection
system for the arrangement of one or two straps and in the location of the points for the
displacement measurements.

The pullout tests with one strap setup were performed for backfill material labeled as
A, B, and C under different normal stresses (50, 100, and 150 kPa), while the pullout tests
with two straps were performed with well-graded backfill material C under one normal
stress (50 kPa). An overview of the testing program is given in Table 3. Some tests were
repeated. The number of tests shown in Table 3 represents the number of repeats of the
same test setups. For the purpose of testing the geosynthetic strap, a specific fastening
system was designed. In order to determine possible slippage of the geosynthetic strap
on the fastening system and to determine the consistency and repeatability of the tests,
individual tests were repeated several times. The repeat testing showed that no slippage
occurred on the fastening system and that the displacements measured by extensometers
along the length of the straps showed the same trend with increasing force. Based on these
results, it was concluded that it was not necessary to repeat individual tests multiple times.
For materials A and B, the tests were repeated at the same normal stresses, i.e., 50 kPa
and 150 kPa for material A and normal stresses of 150 kPa material B. For material C, the
tests were performed once, but an additional normal stress of 100 kPa was added for this
material. The purpose of this additional test was to confirm that the point was on the failure
line, which for materials A and B was defined by only two points. It also makes it easier to
monitor the effects of the normal stress on the mobilization of the strap inside the box.

Table 3. Testing program.

Sample
Normal Stress

(kPa) Strap
No. of
TestsLabel Grain Size

(mm)

A 30–60
50 single 3
150 single 2

B 4–60
50 single 1
150 single 3

C 0–60

50 single 1
100 single 1
150 single 1

50
two (200 mm

apart) 1

two (close) 1
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The prepared backfill material samples were placed in the box in 100 mm thick layers
and vibro-compacted to the height of 400 mm. The polyester strap or two straps were
placed on the layers of compacted backfill material in the center of the pullout box. The
strap was treated across a sleeve on the front wall and connected to the piston. At the
back side of the box, the strap was threaded out of the pullout box so that the length of
the straps in the box during the pullout tests was constant at 1.65 m. The displacement of
the straps was measured with four extensometers and with a displacement sensor on the
piston. The arrangement of extensometers was different for test setups with one and two
straps. For test setup with one strap, displacement was measured with three extensometers
along the emplaced strap (200 mm from the sleeve, in the middle of the emplaced strap,
and 200 mm from the back end of the box). For the tests with two straps, the displacement
was also measured with four extensometers, two placed 200 mm from the sleeve on each
strap and two placed 200 mm from the back side of the box. In the experiments carried
out with one strap, the aim of monitoring the displacement was to determine the influence
of grain size distribution and normal stress on the mobilization of the strap. For this
reason, displacements were monitored at three locations on the inserted strap. In the tests
with two straps, the objective was not only to determine the mobilization of the straps
but also to determine whether simultaneous and parallel displacement occurs in both
straps. The arrangement of the extensometers for the test setup with one strap is shown in
Figures 4 and 5 for two straps. After the strap was installed, the upper part of the backfill
material was placed and compacted in layers. Normal stresses of 50 kPa, 100 kPa, and
150 kPa were applied to the top side of the backfill material sample using airbags. The tests
were performed at a constant displacement rate of 1 mm/min, and the pullout force was
measured using a load cell with a maximum capacity of 80 kN.
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2.4. Interface Pullout Resistance for Polyester Strap and Crushed Stone

A total of sixteen pullout tests were performed in this study: twelve with one strap
and four with two straps. According to Table 2, some tests were repeated, so the maximum
pullout force (Pmax) was calculated as the mean value of maximum pullout forces from
repeated tests. The shear stresses (τ) at the contact of the backfill material and the geosyn-
thetic strap during the pullout tests were determined by the maximum pullout force (P)
and the shear surface of the strap, where the width of the strap is b = 0.09 m and the length
is l = 1.65 m:

τ = P/(2lb) (1)

The strap pullout tests were performed to investigate the influence of the uniformity
coefficient of crushed stone aggregate and the different normal stress on pullout resistance
and the friction interaction coefficient. Friction interaction coefficient quantifies the interac-
tion between the reinforcement and the backfill material, and according to Schlosser and
Bastick [37], the friction interaction coefficient fS/GSY is given by

fS/GSY = Pmax/(sv2lb) (2)

where Pmax is the maximum tensile/pullout force measured at the head of the reinforcement
(kN), σv is the normal stress acting in the vertical direction at the level of the reinforcement
strap (kPa), b is the reinforcement width (m), and l is the reinforcement length (m). For the
cases where no reinforcement and soil interaction tests have been performed according to
AASHTO [38] the friction interaction coefficient can be determined by Expression (3), in which
the maximum value of friction angle (ϕ) is taken to be 36 degrees:

F* = 2/3tanϕ (3)
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The experiments with two separated straps and two closely spaced straps were per-
formed to investigate the influence of the lateral friction interaction coefficient. The lateral
friction per strap can be calculated either from the difference of the maximum pullout
forces for two separated and two closely spaced straps (Equation (2)) or from the difference
of the pullout force for two separated straps and one strap (Equation (3)):

Ttr = (T2R − T2S)/2 (4)

Ttr = 2(T1 − T2S/2) (5)

where Ttr is the lateral friction force per strap, T2R is the pullout force for two separate
straps, T2S is the pullout force for two closely spaced straps, and T1 is the pullout force for
one strap.

3. Results and Discussion

The results and their analysis are presented in this chapter. In the first part, the
influence of the grain size distribution of the backfill material and the normal stress on
the pullout mechanism were analyzed. Additionally, the damage of the polyester straps
during the pullout tests in regard to the grain size distribution of the backfill material was
discussed. In the second part, the stress–strain behavior of the straps was analyzed. The
third part deals with the determination of the lateral friction at the edges of the straps
and the fourth part discusses the obtained values of the friction interaction coefficient and
compares them with values from previous studies.

3.1. The Influence of the Grain Size Distribution of the Backfill Material and the Normal Stress on
the Pullout Force of Geosynthetic Strap

The first backfill material, labeled A, had a grain size of 30 to 60 mm. This uniformly
graded, narrow grain size range was chosen to study the effects of the lower density of
the backfill on pullout resistance. As can be seen in Table 2, the mentioned material has
the largest range of void ratio and, accordingly, the lowest density. The second and third
backfill materials (labeled B and C) had wider grain size ranges. Backfill material B was
also uniformly graded. Backfill material C was well graded with the smallest void ratio
range and, accordingly, the highest density. With a wider grain size range, the density of
the material is higher as the smaller grains fill the pores.

The influence of grain size distribution on the pullout force of the geosynthetic strap
can be seen from the curves of pullout forces and measured displacements along the strap
(Figure 6). In the case of backfill material A, which is uniformly graded, the curves are not
smooth. The flattest curves can be seen for the well-graded material C. It can be concluded
that the strap is trapped less in the backfill material in the case when it is pulled out of a
well-graded material with a wider grain size. As the strap is pulled out, some grains rotate
and move around the strap, and the angular parts of the grain break through the surface of
the strap. Once this resistance is overcome, the force decreases until the angular parts of
the grain are driven back into the strap.

In support of this theory about angular grains being pressed into the strap is the
damage to the strap that was noted after the strap was taken out from the box. Significant
damage to the strap was noted only in the uniformly graded backfill material A (Figure 7),
while there was no such damage in backfill materials B and C. For material B, these jumps
are observed at the maximum force reached and are larger at lower stresses. For material
C, these jumps are minimal and are also more pronounced at lower stresses. Since these
jumps in force are more pronounced at lower stresses for all materials and are the greatest
for the material with the largest angle of dilatancy, it can be concluded that these jumps
are related to the angle of dilatancy of the material. On the other hand, the lowest force
was obtained with the material with the largest dilatancy angle. So, in the selection of the
backfill material, it is important that the strap has a larger contact surface with the backfill
material, i.e., to achieve the largest possible number of grains in contact with the strap.
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Most of the previous studies on geosynthetic straps and backfill material interaction
used lower overburden stresses [21–23]. Namely, it was assumed that at the higher normal
stresses, for which values correspond to a wall higher than 6 m, the friction interaction
coefficient is constant. In this study, the pullout tests were performed under two normal
stresses of 50 kPa and 150 kPa for backfill material A and B and under three normal stresses
of 50, 100, and 150 kPa for backfill material C. These stresses correspond to wall heights
of approximately 2.5 and 7.5 m. The higher normal stresses were of interest because of
the great height of the walls built in Croatia. The results showed the lowest pullout force
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for the lowest normal stress of 50 kPa and the highest for a normal stress of 150 kPa for
all backfill material samples (Figure 8). The highest pullout forces were obtained for the
well-graded backfill material C, which also has the highest uniformity coefficient Cu, while
the lowest pullout force was obtained for material A, which has the lowest uniformity
coefficient. During the pullout test, the density of the backfill was measured using the sand
replacement method. The results show that, as the density of the material increases, the
pullout force also increases. The average measured values of the backfill density are shown
for materials A, B, and C in Figure 8. This difference in pullout force is significant at both
lower and higher normal stresses. For the backfill material C, the pullout force at 50 kPa
was 3.2 times higher than that of backfill material A. At a stress of 150 kPa, this difference
is somewhat smaller but still significant, and the force was 2.9 times higher for backfill
material C compared to material A. Normal stresses have a great influence on the pullout
force, but the influence of grain size distribution is somewhat bigger. For backfill material
A, the pullout force at a normal stress of 150 kPa is lower than the pullout force for material
B and C at a normal stress of 50 kPa. The results of the tests carried out show that, when
selecting the material for the construction of an MSEW, it is better to choose a well-graded
material since higher pullout forces can be achieved for the same strap length. For most
projects, especially MSEWs on slopes where the length of reinforcement is limited, where
the MSEW is high, or where greater deformations are expected due to weak subgrade,
a shorter strap length will ultimately result in a more cost-effective construction of the
structure because less material will be used for construction.
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The shear stresses (τ) at the contact of the backfill material and the geosynthetic strap
during pullout tests determined by Expression (1) show an increase in shear stresses with
an increase in normal stresses and an increase in shear stresses with an increase in the
uniformity coefficient of the backfill material. The shear stresses for all three materials and
under different normal stresses are shown in Figure 9. Based on these values, the strength
parameters of the contact zone between the geosynthetic strap and the backfill material
are determined. Since the samples of the backfill material are coarse grained, the strength
parameters were analyzed assuming zero cohesion. Friction angles were determined as
secant values. The secant friction angles for each backfill material (A, B, and C) and for
each individual normal stress are shown in Figure 10. The secant friction angles from
pullout tests and the secant friction angles obtained in the direct shear tests show that
the shear strength parameters of tested materials behave inversely in pullout tests and in
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direct shear tests. In the direct shear test, the largest secant friction angles were obtained
for backfill material A, followed by B, and finally, the smallest secant friction angles were
obtained for material C. In the pullout tests, the largest secant friction angles were obtained
for backfill material C, and the smallest were obtained for material A (Figure 10). In
addition, the largest dilatancy angles for backfill material A were also determined. So,
it can be concluded that for uniformly graded, coarse-grained backfill materials that do
not contain fine particles, the secant friction angle of the backfill material obtained from
direct shear should be used with caution in MSEW design since a larger secant friction
angle of the backfill does not mean that it will achieve greater pullout resistance. Also,
a larger dilatancy angle does not mean that greater pullout resistance will occur. The
results showed that, for a better interaction between the strap and the backfill material,
it is essential that the strap is in contact with as many particles as possible. These are
usually well-graded and well-compacted backfill materials. Moreover, in well-graded
materials, higher densities are obtained during compaction. Therefore, in addition to the
secant friction angle of backfill material, a uniformity coefficient and the density of the
backfill material should also be considered. It is important to emphasize that the friction
angle of the material determined by direct shear should be used with caution, especially
if the material is uniformly graded and contains large grains. For such materials, it is
recommended that a pullout test be performed, and in the event that a pullout test cannot
be performed, the friction interaction should be determined using Expression (3) so that no
angle of friction greater than 36 degrees is assumed.
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3.2. The Stress–Strain Behavior of the Strap during the Pullout Tests

The pullout tests revealed that the mobilization of the straps varied greatly depending
on the grain size distribution of the backfill material and the applied normal stresses. The
pullout force was measured on the piston, while displacements were monitored on the
piston and at four points distributed along the length of the strap using extensometers. The
first point (E1) at which displacements were measured was located at the position where the
strap enters the box. This point was chosen to ensure that the fastening system that attaches
the strap to the piston does not loosen. Therefore, the readings of the deformation in this
segment do not represent only the deformation of the strap but rather a possible loosening
of the fastening system. The second point (E2) was located inside the box, 200 mm from the
sleeve. The third point (E3) was in the center part of the box, while the fourth point (E4) was
200 mm from the back end of the box. Figure 11 shows the readings of the displacements
for backfill material C pulled out at the normal stress of 100 kPa. The curves represent
readings recorded at every 10 mm of the piston displacement. Based on the above, the
strap and the deformations of the strap can be divided into four zones and two subzones.
Zone 1 represents a free part of the strap (between the piston and the E1). Subzone 2A also
represents a free part of the strap (inside the sleeve, between E1 and the strap entrance
at the front of the box). Subzone 2B represents part of the strap emplaced in fine sand
(between the strap entrance at the front of the box and E2). The fine sand was used in
this subzone between the strap and the backfill material to prevent grain pinching at the
sleeve. Zone 3 represents the emplaced part of the strap in backfill material between E2
and E3. Zone 4 also represents the emplaced part of the strap in backfill material between
E3 and E4.

At the beginning of the pullout test, the deformation of the strap in Zone 1 is zero.
All deformations of the strap occur in Zone 2. This can be attributed that the part of the
strap in contact with the surrounding material in subzone 2B takes over all the pullout
force applied by the piston. As the development of the test progresses, the deformations
of the strap in Zone 1 gradually increase, the deformation of the strap start in Zone 2 and
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finally start in Zone 3. The start of the deformation in Zone 2 and Zone 3 represents the
mobilization of the strap under the applied pullout force in Zone 2 and Zone 3, respectively.
E4 is placed close to the rear end of the pullout box, so the start of displacement readings
on this extensometer (E4) can be considered as the point where the strap starts to displace
with the entire length in the pullout box (this point is represented as a red line in Figure 11).
In this case, for the backfill material C tested under the normal stress of 100 kPa, this point
occurs at the displacement of the piston of 120 mm.
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Figure 12 shows the readings of the displacements at extensometers placed inside the
box (E2, E3, and E4) for backfill material A, B, and C pulled out at the normal stresses of
50 and 150 kPa. The readings are also recorded at every 10 mm of piston displacement. The
grain size distribution significantly affects the stress–deformation behavior of the straps
in these cases. For a normal stress of 150 kPa, the entire length of the strap is mobilized
at a piston displacement of 30 mm for material A, 50 mm for material B, and 140 mm for
material C. The value of the normal stress influences the stress–deformation behavior of
the strap only for backfill material C. In that case, at 50 kPa, 100 kPa, and 150 kPa, the entire
strap is mobilized at a displacement of 70, 120, and 140 mm, respectively. When using
backfill material A, the entire length of the strap is mobilized at a displacement of 30 mm at
both 50 kPa and 150 kPa of normal stress. In the case of backfill material B, the difference is
slightly larger. At 50 kPa, the entire strap is mobilized at a displacement of 40 mm, while
at 150 kPa, the entire strap is activated at a displacement of 50 mm. It follows that, in the
case of a uniformly graded backfill material, the strap behaves like a rigid reinforcement,
as shown by the nearly linear displacement curves. In the case of a well-graded backfill
material, the elongation of the strap occurs. It can be seen that the deformation of the strap
end clearly lags behind that of the beginning of the strap. It was also found that the effect
of strap elongation increases with the increase in the normal stress and the coefficient of
uniformity of the material.

3.3. The Influence of Strap Interaction on the Pullout Resistance

The pullout tests with two straps were carried out for two separated straps (horizontal
distance of 200 mm) and for two closely spaced straps. The material used for the tests was
well-graded crushed stone aggregate C, and the tests were performed only under a normal
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stress of 50 kPa. A similar study with two separate straps was conducted by Abdelouhab
et al. [32] using sand or gravel as the backfill material. The authors concluded that the
higher friction interaction coefficients with two parallel straps are a consequence of the
arcing effect or dilatancy between the two straps and, thus, an increase in the stress area
around the strap inclusion. To reduce or eliminate the effect of arching (or the influence
of one strap on the other) when two separated straps are pulled out, a specially equipped
fastening system was developed. This fastening system enabled the emplacement of two
straps on a horizontal distance of 200 mm between the straps (twice the strap width). In
this way, the impact of the strap fastening system is reduced, so it can be assumed that the
measured pullout forces are results only of the mechanism of interaction between straps
and soil.
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The experiments with two separate straps and two closely spaced straps allowed the
determination of the influence of lateral friction on the friction interaction coefficient. Two
tests were carried out: one with separated straps and one with closely spaced straps. The
test results showed that the pullout force is higher in the case of two separated straps.
The results of the pullout with one strap (measured pullout force 31.72 kN) and two
closely spaced straps (measured pullout force 59.13 kN) showed that the pullout force for
two closely spaced straps is 1.87 times higher than the pullout force for one strap. The
comparison between two separated straps (measured pullout force 70.09 kN) and one strap
showed that the pullout force for two separated straps was 2.24 times higher. These results
indicate that the lateral friction on the strap has a significant influence on the pullout force.
The measured pullout force can be divided per strap. In this case, pullout force per strap
is 31.72 kN, 29.57 kN, and 35.45 kN for one strap, two closely spaced straps, and two
separated straps, respectively. According to Equation (4), the pullout force per strap for
two closely spaced straps is 6.8% lower compared to one strap. The pullout force per strap
for two separated straps is 11.8% higher compared to one strap. These results indicate the
presence of significant lateral friction on the side of the strap. Calculating the lateral friction
force according to Equation (4) gives a lateral friction force of 5.86 kN, and calculating it
according to Equation (5) gives a lateral friction force of 4.31 kN. The mean value of the
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lateral friction force is than 5.1 kN, which results in the contribution of lateral friction force
in the pullout force of 16.1%.

3.4. The Calculated Values of the Friction Interaction Coefficient

The pullout tests with one strap were performed to determine the influence of normal
stress and grain size distribution on the friction interaction coefficient. From the performed
pullout tests, it is found that the friction interaction coefficient at higher normal stress
(150 kPa) is 1.5 to 2.0 times lower than at lower normal stress (50 kPa). In the case of the
influence of the grain size distribution on the friction interaction coefficient at the same
normal stress of 50 kPa, the friction interaction coefficient for backfill material C is 3.2 times
higher than the friction interaction coefficient for backfill material A. At a higher normal
stress (150 kPa), the difference is smaller. The friction interaction coefficient for backfill
material C is 2.8 times higher than the friction interaction coefficient for backfill material
B. The comparison of the friction interaction coefficient when pulling out one strap, two
separated straps (CS), and two closely spaced straps (CC) shows that the maximum friction
interaction coefficient is obtained for two separated straps, followed by for one strap, and,
finally, for two closely spaced straps. The values of the friction interaction coefficient from
all tests are shown in Figure 13.
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Figure 13. Friction interaction coefficients for different backfill materials [32].

From the experimental results, it can be concluded that the grain size distribution has a
significant effect on the friction interaction coefficient and that the relationship recommended
by AASHTO [38] for the friction interaction coefficient calculation, where the friction inter-
action coefficient can be determined by Expression 3 (with a maximum friction angle of
36 degree), is suitable for crushed stone with a Cu < 4 as backfill material. For backfill material
B, which meets the Cu > 4 criterion for greater depths in walls, a friction interaction coefficient
of 0.79 is obtained experimentally, which is more than the coefficient that would be determined
using Expression 3. For the backfill material C, the friction interaction coefficient would be
significantly underestimated if using Expression 3. Therefore, it can be concluded that, when
the maximum recommended friction angle of 36 degrees is taken in the calculation according
to Expression 3, the interaction coefficients for crushed stone with Cu > 4 are significantly
underestimated. Considering the fact that the straps are installed in the wall in such a way that
two straps are usually located at a small distance from each other, the difference between the
recommended values for the interaction coefficient and the measured values is even greater.



Appl. Sci. 2023, 13, 8606 18 of 20

Figure 13 also shows the values from the literature for the friction interaction coefficients for
geosynthetic straps, where it can be seen that the friction interaction coefficients for backfill
material A are below the line, while the friction interaction coefficients for backfill material
B and C are well above the lines. A comparison with the friction interaction coefficients
determined in other studies is shown in Figure 13.

4. Conclusions

This paper presents the influence of grain size distribution with different coefficients of
non-uniformity on the mechanism of interaction between geosynthetic straps and crushed
stone backfill. The main conclusions that can be drawn from this work are the following:

When crushed stone with larger grain diameters is used in reinforced soil structures,
it is necessary to meet the AASHTO [38] requirement for uniformity coefficient Cu > 4. If
the backfill material used had a uniformity coefficient of less than 4, the friction interaction
coefficient was found to be much lower than the values used in practice.

Crushed stone, especially with larger grain diameters, has very high values for the
internal friction angle. The use of the expression to determine the friction interaction
coefficient for depths greater than 6 m, which corresponds to 2/3 of the tangents of the
internal friction angle of the backfill material, should be used with caution. For the crushed
stone aggregate with Cu < 4, it is justified to take a maximum friction angle not greater
than 36 degrees. For the well-compacted crushed stone aggregate with Cu > 4, the friction
interaction coefficient calculated by Expression 3 underestimates the friction interaction
coefficient for polyester strap and crushed stone.

The secant friction angles from the pullout tests and the secant friction angles from
the direct shear tests have shown that the shear strength parameters of the tested backfill
materials behave inversely so that a larger secant friction angle of the backfill does not
mean that it achieves a larger pullout resistance.

The tests showed that the highest interaction coefficient was obtained with the backfill
material that had the highest uniformity coefficient and highest backfill density. This shows
that the grain size distribution and the density of the backfill material has a significant
influence on the behavior of the strap and that it is important that the strap is in contact
with as many grains as possible.

To mobilize the entire strap, the largest deformations are required for a well-graded
crushed stone. The grain size distribution has the greatest influence on the stress–deformation
behavior of the straps. For the strap length of 1.25 m with well-graded material C, pullout
tests under a normal stress of 50 kPa mobilize a 50% smaller length of the strap compared to
material A. At a normal stress of 150 kPa, this difference is even greater. The value of normal
stress affects the stress–deformation behavior of the strap only for well-graded backfill
material. For uniformly graded crushed stone, the entire length of the strap is mobilized at
similar horizontal deformations, which are smaller than for well-graded backfill material.

The phenomenon of lateral friction acting on the sides of the strap was demonstrated.
In this study, the contribution of the lateral friction force in the pullout force was 16.1%. For
the two closely spaced strap, the pullout forces per strap are 6.8% lower than the pullout
forces for one strap. This result is important for the design of MSEWs since the lower
pullout resistance must be taken into account for parts in construction where two straps
are laid side by side.

Tests have shown that, if the backfill material is uniformly graded, damage to the strap
occurs during installation and testing, while if the backfill material is well graded, such
damage is not noticed.

During the pullout tests of the geosynthetic straps, the grain size distribution of backfill
material was shown to have a significant effect on the resistance of the strap to pulling
out, as well as on the deformation of the strap itself during testing. For future testing, it
would be beneficial to carry out tests with two separate strips at different strip spacings
and to determine the zone of the backfill material that is mobilized during the pullout. The
influence of roundness would also need to be investigated for coarse-grained materials.



Appl. Sci. 2023, 13, 8606 19 of 20

Accordingly, studies should be conducted for the same or similar backfill material grain
size with round grains to determine the effect of grain angularity on the pullout mechanism.
Further tests should also be directed toward additional investigations of the effect of lateral
friction, which could be determined for various strap widths and thicknesses.
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