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Abstract: Geosynthetics have increasingly been applied to geotechnical engineering works due to
their numerous advantages, including cost-effectiveness and their significant role in sustainable
development. When geosynthetics are used as reinforcement in earth structures, such as embank-
ments, retaining walls and bridge abutments, soil-geosynthetic interface shear behavior is a critical
parameter involved in the design. This paper presents a series of monotonic and cyclic/post-cyclic
pullout tests carried out to examine the apparatus scale effect on the pullout response of a geogrid
embedded in two different soils. To assess the small-scale equipment feasibility, comparisons were
made between pullout test parameters derived from small- and large-scale equipment. The test
results indicate that, under a low confining stress of 25 kPa, using a smaller-sized apparatus results
in lower values of geogrid pullout resistance and maximum mobilized shear stress, but higher val-
ues of confined tensile stiffness at low strains. On the other hand, as the confining stress increases
(i.e., 50 kPa and 100 kPa), the difference between the results becomes less significant and similar trends
are observed regardless of the equipment type. Adopting small-scale equipment enables obtaining
soil-reinforcement interaction parameters using test procedures that are less time-consuming than
those associated with large-scale pullout tests. However, proper scale effect correction factors may
be considered for more consistent estimates of the interface strength parameters under low normal
stress values.

Keywords: pullout test; reinforced soil; geogrid; cyclic loading; apparatus scale

1. Introduction

Geosynthetics have been widely used as a reinforcement material in geotechnical
structures, such as roadways, railways, steep slopes, embankments and retaining walls,
with the function of improving the mechanical behavior of the surrounding soils or aggre-
gates [1-3]. Several benefits, including the reliability, cost-effectiveness and contribution
towards sustainability have led to the increasing use of geosynthetics in civil infrastructure
projects worldwide. In particular, the role of geosynthetics in sustainable infrastructure
development and circular economy has been well recognized and highlighted in recent
years. For instance, these materials facilitate energy and resource savings by accelerating
the construction process, minimizing on-site excavation, reducing the need to transport
bulky materials, extending infrastructure longevity and decreasing maintenance require-
ments. They can replace or reduce the use of other construction materials, such as sand
and aggregates, thus attenuating the adverse environmental impacts from natural resource
extraction. In addition, they often enable the use of locally available low-quality soils
(such as cohesive soils) or recycled aggregates (e.g., construction and demolition waste) as
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alternative fill materials, in which case they significantly contribute towards reducing the
amount of waste directed to landfills [4].

The geosynthetic reinforcement mechanism is mainly dependent upon the interac-
tion developed at the soil-geosynthetic interfaces. The interaction between the soil and
reinforcement redistributes stresses within the soil mass, increasing the stability of the
reinforced structure, and decreasing horizontal deformations.

These redistributions of stress within the reinforced soil depend on the soil properties,
the reinforcement characteristics, and the interaction between components. It is essential to
identify the interaction mechanism and the most suitable test for its characterization [5].
Various experimental techniques have been developed to enhance the comprehension of
the interaction between soils and geosynthetics. Among these methods are the direct shear
test, pullout test, in-soil tensile test and ramp test. From these, the direct shear and pullout
tests stand out as the most frequently used. The direct shear test assesses the interaction at
the interface when the soil mass slides on the surface of the reinforcement. In contrast, the
pullout test is applicable when the reinforcement is pulled out from the soil mass [6].

In the past several decades, different researchers have analyzed the interface mecha-
nism between the geosynthetic and surrounding soil. Direct shear interface tests have been
investigated by the authors of [5,7,8]. The pullout response has been studied experimentally
by considering various influential factors such as box and specimen size, sleeve length,
active length, test speed, soil characteristics and geosynthetic properties [9-19], as well
as using analytical and numerical methods [20-23]. Apart from high-quality (i.e., granu-
lar) soils, the pullout behavior of geosynthetics in alternative backfill materials, such as
cohesive and residual soils or recycled aggregates, has also been the subject of significant
research [23-26].

In some structures, the geosynthetic reinforced soil is exposed to repeated or cyclic
loads, which may be induced by compaction, road or railway traffic, wave loading and
earthquakes. The understanding of the cyclic behavior of such reinforced soil structures
is crucial for the design and performance. Reports of soil-geosynthetic interaction under
cyclic loading conditions are available in [27-35].

The pullout resistance of geosynthetic reinforcements in granular soils can be evaluated
by a theoretical relationship proposed by [36] and represented by Equation (1), where (Pr)
is the geosynthetic pullout resistance per unit width, (L) is the geosynthetic length in the
anchorage zone, (0y) is the effective normal stress at the reinforcement level, (f;) is the
soil-reinforcement pullout interaction coefficient and (¢) is the soil friction angle.

Pr = 2Lgoy fytan ¢ (@)

In the absence of information concerning the soil friction angle to be considered in
Equation (1), the pullout resistance of geosynthetics can be expressed in terms of the pullout
interface’s apparent coefficient of friction, s ,csy (Equation (2)) [14]:

Pr = 2LRoOnps/csy ()

To account for the non-linearity of the pullout force along the length of extensi-

ble reinforcements, a scale effect correction factor () was introduced by Berg et al. [2]
(Equation (3)):

PR = ZLR(TnF*tX (3)

where F* is the pullout resistance factor.

In fact, the interface shear strength is not uniformly mobilized over the length of
extensible geosynthetic reinforcements. The scale effect correction factor («) accounts for
the non-linear stress decrease throughout the reinforcement length and the development
of progressive failure and depends mainly on the strain-softening of the soil and the
reinforcement extensibility and length [2]. In the experimental data, which are lacking,
the recommended values are 1.0 for metallic reinforcements, 0.8 for geogrids and 0.6
for geotextiles.
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The pullout resistance factor (F*) may be determined through laboratory or field
pullout tests using the backfill material intended for the project. However, if such data
are unavailable, a conservative estimate of F* for geosynthetic materials can be obtained
considering F* =2/3 tan ¢ [2].

Pullout tests have been extensively used to assess the interface mechanism and analyze
the reinforced soil structure parameters. However, several factors can influence the results
of pullout tests. The experimental and numerical data on the apparatus scale effect suggest
that the apparatus size is susceptible to influencing the results of pullout tests [9-11].
Palmeira and Milligan [9] and Palmeira [6] verified that pullout test results are influenced by
boundary conditions and friction coefficients between soil and geogrid can be overestimated
in small-scale tests. This effect can be minimized by the lubrication of the internal face of
the box frontal wall. Lopes and Ladeira [11] observed that pullout apparatus with lower
height resulted in stiffer interface response and higher maximum pullout load. Moreover,
they noted a minimal impact of box height for heights exceeding the geosynthetic length.
The authors recommended that the soil sample height should exceed 0.6 m.

A small pullout box was developed by Teixeira et al. [15] to evaluate the strength
of individual geogrid ribs (i.e., longitudinal and transverse ribs). Moreover, the same
equipment was used to evaluate the unsaturated soil conditions by Portelinha et al. [37]
and Marques and Lins da Silva [38]. Kakuda [39] compared the results from monotonic tests
using small- and large-scale equipment and concluded that the shear stress and interaction
coefficient values were practically concomitant. Kakuda [39] and Sugimoto et al. [13]
evaluated the effect of the size of the geogrid and the internal width of the equipment and
concluded that as the specimen width approaches the internal dimensions of the box, the
pullout force tends to a constant value. Therefore, for the analyzed geogrids, the authors
recommended using twelve longitudinal elements.

The test method described in the ASTM D6706 [40] standard considers using large-
scale equipment and is intended to be a performance test simulating design or as-built
conditions [40]. Large-scale tests are considered to yield more reliable results compared
to small-scale tests, because they better replicate the physical structure of a reinforced soil
mass, while allowing for a better distribution of stresses and strains on the geosynthetic,
potentially due to a scale effect [6]. On the other hand, the reduced dimensions of small-
scale test boxes may interfere with the soil-reinforcement interaction, thus potentially
casting doubt on the reliability of the results. However, as reported by Kakuda [39],
adopting measures to minimize boundary effects of the small-scale equipment has led to
obtaining pullout shear resistance and interface coefficients close to those from monotonic
large-scale pullout tests when fine soils are used. Nevertheless, limited studies have
previously compared the pullout behavior of geosynthetics derived from small- and large-
scale equipment and further research is still required for a better understanding of the
apparatus scale effect under different experimental conditions. In such earlier studies,
geosynthetic specimens with distinct length /width ratios have generally been used, which
may have jeopardized the comparison of results. Additionally, to the best of the authors’
knowledge, no previous study has evaluated the influence of apparatus scale on the geogrid
pullout behavior under both monotonic and cyclic/post-cyclic loading conditions.

Considering that the conventional pullout tests using large-scale devices have several
inconveniences, such as the high cost, long execution time and complexity of the assembly, it
is important to assess the feasibility of using small-scale equipment for geosynthetic pullout
testing. Given this, a series of pullout tests have been carried out to evaluate the influence
of apparatus scale on the pullout response of a geogrid subjected to different confining
stresses and varying loading conditions (i.e., monotonic, cyclic and post-cyclic). The use of
small-scale equipment to estimate soil-geosynthetic interface strength parameters would
represent significant benefits, including the easier and faster test assembly, as well as the
possibility of obtaining a larger amount of data using less resources.
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2. Materials and Methods
2.1. Test Materials

Two soils (A and B) were used in the current pullout testing program. Both materials
were collected close to Sdo Carlos (Sao Paulo, Brazil). Soil A consists of tropical soil,
classified as high-plasticity silt (MH), as per the Unified Soil Classification System (USCS).
This material was used in the first three layers of compacted material inside each pullout
box. The other soil (soil B) consists of a clayey sand (SC) and was used above the geogrid
in the top layers. The particle size distribution of these soils is presented in Figure 1. It is
noteworthy that soil A includes about 65% fines, with D5y = 0.007 mm and Dgs = 0.25 mm.
On the other hand, soil B has less fines (20%), with D5y = 0.15 mm and Dgs = 0.4 mm.
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1 70
1 0
1 s0
1 a0
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- e =501 B

Percentage Passing

.Om..—“‘..
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Figure 1. Particle size distribution curves of soils A and B.

The shear strength parameters of soils A and B were determined using triaxial load
tests conducted at identical relative compaction and moisture conditions as the specimens
used for the pullout tests. Consolidated drained (CD) triaxial tests were performed to
characterize soil B, whereas consolidated undrained (CU) triaxial tests were conducted on
soil A. These tests followed the recommendations of the ASTM D4767 and ASTM D7181
standards [41,42]. Table 1 summarizes the main physical properties of these soils.

Table 1. Soil characteristics.

Property Unit Soil A Soil B
Classification (USCS) - MH SC
Specific gravity, GS - 2.913 2.646
Liquid limit, wp, % 55 16
Plastic limit, wp % 32 -
Maximum dry unit weight, Y4 max g/ cm® 1.626 1.983
Optimum water content, wop % 22.75 9.24
Friction angle, ¢ ° 27 31
Cohesion, ¢ kPa 66.27 34.64

The choice of different materials was made taking into account the distribution of
induced interfacial shear stresses in the soil mass around the geosynthetic, and the study
presented by Abdi et al. [43] and Abdi et al. [44], which reported that the inclusion of
high-quality sand around the reinforcement can effectively improve the strength and
deformative response of reinforced clay. With this in mind, while the bottom layer (soil A)
has low mobilization of interface shearing resistance, the upper layer (soil B) provides a
layer of frictional material above the geosynthetic reinforcement, potentially contributing
to enhanced interface shear strength.

The reinforcement tested was an extruded flexible biaxial polypropylene (PP) geogrid
(GGR) coated with polyvinyl chloride (PVC). Table 2 summarizes the main properties of



Appl. Sci. 2024, 14, 5861

50f18

the geogrid. The aperture size of this particular geogrid takes into account the size of the
small pullout box.

Table 2. Geogrid properties.

Property Unit Value
Polymer - PP
Thickness mm 1.05
Mean grid size mm 45 x 45
Short-term tensile strength kN/m 43.24
Elongation at maximum load % 5.75
Secant stiffness at 5% strain kN/m 523

2.2. Pullout Test Devices

According to the ASTM pullout test standard [40], the large-scale pullout test box
should have minimum dimensions of 610 mm in length, 460 mm in width and 305 mm in
height. Additionally, the width of the box should be determined as the greater of 20 times
the Dgs of the soil or 6 times its maximum particle diameter, while ensuring the length is
greater than 5 times the maximum aperture size of the geosynthetic. The box must provide
a minimum depth of 150 mm above and below the geosynthetic, whereby the soil depth
above and below the geosynthetic is at least 6 times the Dgs of the soil and 3 times its
maximum particle diameter. Finally, the box should allow for a minimum embedment
length of 610 mm beyond the sleeve, as well as a geosynthetic length-to-width ratio not
lower than 2.0.

The large pullout box (LB) utilized herein (Figure 2) consists of a rigid steel box,
reinforced with U-shaped steel beams, which was first developed by Teixeira [45]. Its
dimensions are 1500 mm long, 700 mm wide and 480 mm high. As can be observed, the box
exceeds the dimensions prescribed by ASTM D6706 [40]. The system can apply a tensile
force of up to 60 kN to the reinforcement. For normal load application, an airbag is used,
providing a uniform surcharge that replicates field conditions [45].

@

Figure 2. Large-scale pullout test apparatus: (a) overall view; (b) inextensible wires fixed along
the GGR.

The boundary effects generated by the inner walls of the box can affect the measured
pullout resistance value. As mentioned by Palmeira and Milligan [9], one of the options to
reduce such effects consists of leaving a minimum distance of 150 mm between the geosyn-
thetic and each pullout box wall. Additionally, Palmeira and Milligan [9] recommended
using a metallic sleeve at the level of the reinforcement to mitigate the frictional effects at
the front wall, as its implementation causes the point of application of the pullout force to
be transferred inside the soil mass, as illustrated in Figure 2.

The small pullout box (SB) consists of a rigid steel box with inner dimensions of
245 mm in length, 300 mm in width and 145 mm in height, as shown in Figure 3. These
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dimensions closely resemble those of a large-scale direct shear test apparatus and are
approximately half of the minimum dimensions indicated by ASTM D6706 [40]. The upper
surface of the box features a reaction cap attached to a pressure-controlled air bag used for
applying the normal load. Positioned in the rear region is a support for the attachment of
four tell-tales, which are linked to the geosynthetic by inextensible wires. The small box
was originally developed by Teixeira et al. [15] to investigate the individual geogrid ribs.
However, a comparison between the results from both devices considering the monotonic
and cyclic pullout response of geosynthetic reinforcements to evaluate the associated scale
effects had not yet been performed.

(b)

Figure 3. Small-scale pullout test apparatus: (a) overall view; (b) inextensible wires over the
GGR length.

In the case of the small-scale equipment, keeping a significant distance between the
sidewalls of the box and the reinforcement or the inclusion of a metallic sleeve is not
possible due to the limited dimensions of the box. Therefore, to reduce the sidewall friction,
a different solution proposed by Palmeira and Milligan [9] was adopted, which consisted
of installing two geomembranes on each wall, lubricated with graphite calcium grease,
as shown in Figure 3. In order to use the same load application system in both pieces of
equipment and to be able to establish the respective comparisons, an adaptation support
for the small equipment in the large box was designed.

The displacements of the geogrid were measured using inextensible wires fixed to
the geogrid. To reduce friction, the wires were protected by nylon tubes with an internal
diameter of 2 mm, which were placed along the reinforcement length. Furthermore, two
total pressure cells were installed 10 mm above the geogrid to evaluate the development of
localized normal stresses.

For the large-scale equipment, the displacements were recorded by five different tell-
tales nominated T1, T2, T3, T4 and T5 and two linear variable differential transformers
(LVDT) with a maximum capacity of 50 mm and denominated L1 and L2 (Figure 4a). All
points T1 to T5 were spaced 45 mm longitudinally. On the other hand, for the small box,
the geogrid displacements were measured by four different tell-tales nominated T1, T2,
T3 and T4 (Figure 4b). For consistency, all points were spaced 45 mm in the longitudinal
direction, similar to the large-scale equipment.

Regarding the size of the geogrid specimens, a constant relationship was considered
between the width and length of the specimens in the confined region for each piece of
equipment. The ratio between the width and length in the confined region was limited by
the size of the small-scale equipment. The dimensions were defined considering a distance
of 20 mm between the side walls of the box and the geogrid, as well as a distance of 30 mm
between the back wall and the reinforcement. Thus, the size of the geogrid specimen inside
the small-scale equipment was defined as 215 mm x 260 mm, resulting in a ratio of 1.21, as
shown in Figure 4. Considering the same ratio of 1.21 for the large-scale equipment and
following the ASTM D6706 [46] recommendation of a 150 mm minimum distance between
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the geosynthetic and the box sidewalls, a length of 250 mm and a width of 300 mm were
adopted, resulting in a similar confined length in both types of equipment.

T L1 I
_ T5@ @12 _ T4@
[ ]
2 Q13 -
a o1 =~ 7e
LI @TI T1Q
L LI | 1
L ] L ]
I 300 mm I I 260 mm I

(@) (b)
Figure 4. Measured points of GGR displacement: (a) large equipment; (b) small equipment.

2.3. Test Procedures

The large-scale pullout testing program was conducted in accordance with recommen-
dations of the ASTM D6706 standard [46] and procedures adopted by Teixeira et al. [15].
The soils used were initially homogenized at their optimum moisture content. Then, the
appropriate mass of soil for each layer was separated, considering both the target dry unit
weight and the desired thickness of each layer. The compaction was carried out by utilizing
a manual hammer with a 120 mm square base and 40 N weight. The hammer was dropped
from a height of 450 mm to ensure proper compaction. The soil was compacted in six
layers, each with a thickness of 80 mm. After the initial three layers were compacted, the
geogrid specimen was attached to the clamp and placed at mid-height. As mentioned
earlier, the initial three layers consisted of soil A. Once the geogrid was positioned, soil B
was compacted in the upper portion of the box, following the same procedures used for the
initial layers. An airbag was then fixed over the soil surface at the top plate, and a uniform
distribution pressure was administered via a pneumatic system, regulated by a controlled
compressor, as shown in Figure 5.

)

+*+++++****;***+ VAN A AT
Air pressure bag
Air pressure cell Q
[}
F Sleeve Pressure cell § N _ _ _ D Soil B Q2
<. . = SoilBY | - Geogrid -~
Geogridf 210 | 250 |
o [=]
< ™|
. N
SoilA j | Soil A
1600 : | 245 |
Dimensions in mm . o
Not Scaled Dimensions in mm

Not scaled

(a) (b)
Figure 5. Schematic profile view: (a) small equipment; (b) large equipment.

For the small-scale equipment, the soil was mixed with the required water to attain
the desired moisture content. Subsequently, it was compacted in the pullout box to the
prescribed density in four layers, each with a thickness of 35 mm. The compaction was
performed using a manual hammer with a 20 mm square base and 10 N weight, dropped
from a height of 100 mm. The compaction procedures resulted in a consistent soil density
for both types of equipment. Furthermore, the relative compaction varied from 96% to
102% of the standard proctor maximum dry unit weight.

A servo-hydraulic control system, powered by an electric pump, was used to apply
the pullout force to the reinforcement. Programmable software controls the system speed,
displacement and applied load throughout the test. The pullout clamp has reinforcement
ribs along their sides, and the tightening is performed by clamping the screws, which
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immobilizes the specimen throughout its width and minimizes the differential slips, as
shown in Figure 6. The clamping system can be placed inside or outside the test box, as
reported by Moraci and Recalcati [14].

Figure 6. Clamping system: (a) clamp apparatus; (b) installed clamp system.

Initially, monotonic pullout tests were performed at a constant displacement rate of
4.0 mm/min until pullout or rupture of the geogrid was achieved. The displacement rate
used in this study for geosynthetic pullout testing is different from that recommended by
ASTM D6706 [40]. However, as reported by the authors of [39], the use of displacement
rates of 1.0, 2.0 and 4.6 mm/min in this equipment did not lead to a high variability of
results. A displacement rate of 4.0 mm/min was adopted herein to enable the comparison
of the test results with those from other studies carried out using the same equipment, in
which this particular rate of displacement has commonly been used.

After the monotonic pullout evaluation, the cyclic load limits were estimated, and the
load amplitude was defined as 20% of the monotonic maximum pullout resistance value.
This load amplitude was defined based on Razzazan et al. [47] and Garcia and Lodi [34],
which concluded that for high amplitude values (80%), the geogrid breakage tends to occur
before the end of cycles, and amplitude values ranging from 20% to 40% seem to lead to
similar results.

In the cyclic/post-cyclic test procedure, the system was first loaded at a lower limit
estimated according to ASTM D7499 [46], corresponding to 0.9 kPa for a confinement stress
of 25 kPa and 3.6 kPa for a confinement stress of 100 kPa. Then, 10,000 loading cycles were
applied to the reinforcement. The cyclic pullout load followed a haversine shape with a
0.5 s applied load period followed by a 0.5 s rest period in each load cycle, thus resulting in
a frequency of 1 Hz. The number of load cycles was selected based on Razzazan et al.’s
work [47], which showed that the increment in the number of cycles from 30 to 250 caused
only slight changes in the peak pullout resistance. Therefore, a higher number of loading
cycles were imposed herein. After the cyclic loading stage, the pullout test proceeded under
monotonic loading conditions (post-cyclic loading stage) until pullout or tensile failure of
the geogrid was reached.

3. Results

As mentioned previously, the test program consisted of assessing the equipment scale
effect on the pullout response of the geosynthetics. First, the results of monotonic tests
are presented. These tests were performed under applied vertical pressures of 25, 50
and 100 kPa, for both small- and large-scale equipment. Afterwards, the analyses were
presented for the cyclic/post-cyclic tests. The post-cyclic tests were performed under 25
and 100 kPa applied vertical pressures for both types of equipment.

It is noteworthy that the vertical pressure was monitored by total pressure cells
installed 10 mm above the reinforcement level. Prior to the beginning of the test, the
vertical pressure was increased until it reached the prescribed value (25, 50 or 100 kPa), and
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then kept constant for 8 min. Observations indicated that immediately after the start of
the test, there was a deconfinement of the soil due to the dilatancy effect, followed by an
increase in the vertical pressure due to the rearrangement of soil particles. Throughout the
test, the total pressure cells reached an equilibrium state, with values stabilizing close to
the required vertical pressure.

3.1. Monotonic Loading Conditions

In this study, the geogrid pullout resistance (Pr) was evaluated considering the effec-
tive area of the geogrid and the average force values, as recommended by Ochiai et al. [12].
The influence of the pullout test apparatus scale was verified through monotonic tests at
three applied normal stresses (oy,). Table 3 presents a summary of these test results, display-
ing the maximum pullout resistance (PR), the corresponding frontal geogrid displacement
(upr), the confined stiffness at 2% strain (Jcoe,), the maximum shear stress (t;) and the
pullout interface apparent coefficient of friction (15,Gsy).

Table 3. Summary of monotonic test results.

Test

Pr (kN/m) upR (mm) Jcoo% (KN/m) T; (kPa) Us/GSY on (kPa) Equipment
1 15.68 27.16 725 36.47 1.46 25 SB
2 22.19 25.55 779 51.61 1.03 50 SB
3 27.57 15.82 838 64.12 0.64 100 SB
4 20.90 28.07 632 41.81 1.67 25 LB
5 26.70 20.05 686 53.40 1.06 50 LB
6 28.93 8.19 852 59.73 0.58 100 LB
Figure 7 presents the comparison between the pullout force versus geogrid displace-
ment from the small box (Figure 7a) and large box (Figure 7b) at 50 kPa applied normal
stress. From Figure 7a, it is observed that the displacement values from tell-tales T1 to T3
were similar for the small-scale equipment, even though they were installed at different
locations along the geogrid length. Conversely, the displacements recorded in the large-
scale tests varied considerably throughout the whole reinforcement length. The longer the
distance from the rear edge, the higher the displacement values, as shown in Figure 7b. Al-
though different instruments (tell-tales and LVDTs) were used in the large-scale equipment,
the results of pairs L1-T1 and L2-T5 were quite consistent.
30 30

25 1

20 E)
) g
2 g
g7 £
-] 5
8 2
= 10 A e
-9 -9
5 ---LVDT1 Tell-Tale 1 Tell-Tale 2
Tel-Tale 1~ = = = Tell-Tale 2 3 Tel-Tale 3 — — - Tell-Tale 4 Tell-Tale 5
Tell-Tale 3 Tell-Tale 4 ——1VDT 2
0 T T T T T T 0 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Displacement [mm] Displacement [mm]
(a) (b)

Figure 7. Displacement instrumentation response: (a) small box (o, = 50 kPa); (b) large box
(on =50 kPa).
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Figure 8 illustrates the influence of equipment scale on the pullout resistance of the
geogrid for different applied normal stresses. When comparing the measured pullout
resistance at lower applied normal stresses (25 and 50 kPa), it becomes apparent that the
use of the large box led to significant increases in the maximum pullout resistance of 33.29%
and 20.32%, respectively. However, for the tests performed under 100 kPa, the pullout
resistance obtained from the large box exceeded that from the small box by only 4.9%.
These results suggest that increasing the applied normal stress leads to a convergence of
the values of pullout resistance estimated from both types of equipment.

30

Pullout Force [kN/m]
[

5 25kPa - SB - .- 25kPa-LB
50 kPa - SB - --50kPa-LB
100 kPa - SB —— 100kPa- LB
0 : . : : :
0 5 10 15 20 25 30

Displacement [mm]

Figure 8. Monotonic pullout force versus frontal displacement of geogrid in small (SB) and large (LB)
pullout boxes.

In pullout tests involving extensible geosynthetic reinforcements, the shear stress
mobilized along the interface is non-uniform. It is dependent upon the reinforcement con-
fined stiffness (extensibility) and the mobilized shear stresses over the active length of the
reinforcement [14,16,48]. The active length corresponds to the confined geosynthetic length
over which the mobilization of interaction mechanisms takes place, which can be deter-
mined based on the displacements recorded in discrete locations over the specimen length
during the test. The experimental interpretation can be simplified by using Equation (4),
as proposed by Cardile et al. [16]. This equation replaces the actual shear stress mobilized
along the interface by an equivalent uniform average shear stress distribution (74r,) that
can be expressed as the ratio between the applied pullout force (Pr) and the double active

length of the geosynthetic (L4):
Pr

TAL = m (4)

Figure 9 illustrates the maximum shear stress mobilized in the pullout tests (i.e., at the
moment of achieving maximum pullout resistance), as determined by Equation (4), plotted
against the applied normal stress, as well as the respective linear best-fit lines. By adopting
the Mohr-Coulomb failure criteria, the interface strength parameters, specifically the
friction angle () and apparent cohesion (c;), were determined. Comparing the parameters
derived from both types of equipment, it can be observed that the friction angle increases
(from 13° to 19°), while the apparent cohesion decreases (from 38.6 to 30.2 kPa) when
the small pullout box is used. Additionally, it is noted that the maximum pullout shear
stress values are relatively similar, particularly under 50 kPa confining stress, indicating a
different trend from that observed for the pullout resistance results.
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Figure 9. Evolution of maximum pullout shear stress with applied normal stress.

The geogrid stiffness is an important parameter for several reinforcement applications,
including reinforced soil structures and pavement design. The design methods of reinforced
pavement base, such as that developed by Giroud and Han [49], for example, use the
unconfined stiffness (Jiy) for designing the base layer. As the reinforcement is under
confined conditions in the field, the confined tensile stiffness (J¢) that can better represent
the actual geogrid stiffness under field conditions was obtained in this study from the
pullout test results.

While the pullout test may not be the optimal method for this purpose, the criterion
for assessing the confined stiffness was established as the ratio of the pullout force to the
deformation of the geosynthetic between two designated measurement points, as defined
in Equation (5):

Pr

d

where d represents the original distance between two adjacent measurement points, and X;
denotes the displacement of the iy, geogrid measurement point starting from the geogrid
front end. For the purpose of this study, as shown in Table 3, analyses of confined tensile
stiffness were conducted at 2% strain, considering the intermediate tell-tales (tell-tales
T2-T3) for both types of equipment. Additionally, Figure 10 depicts the evolution of
confined stiffness with increasing geogrid strain values.

The same method and test apparatus were previously used by Marques and Lins da
Silva [38] to determine the confined stiffness. Similarly, refs. [14,16] adopted a comparable
approach. Despite variations in equipment and materials, the stiffness curves presented in
this study exhibited the same order of magnitude as those obtained by Cardile et al. [16].

Figure 10 indicates that, under lower normal stresses, the smaller box resulted in
higher confined stiffness values, particularly for small strains (<2%). However, at a 2%
strain, both types of equipment showed similar results. Specifically, for confining stresses
of 25 and 50 kPa, the confined tensile stiffness decreased by 12.8% and 11.9%, respectively,
when the larger box was utilized. However, a different behavior was observed under higher
confining stress (100 kPa), where the influence of equipment scale was less significant,
and both types of equipment presented relatively similar confined tensile stiffness values.
Additionally, the confined tensile stiffness tended to increase with the confining stress, as
also shown in Table 3.

Jc = 5)
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Figure 10. Confined tensile stiffness as a function of geogrid strain: (a) o = 25 kPa; (b) o, = 50 kPa;
and (c) o, = 100 kPa.

3.2. Cyclic/Post-Cyclic Loading Conditions

The cyclic/post-cyclic pullout behavior of the geogrid was evaluated through tests
conducted under 25 kPa and 100 kPa confining pressures. Figure 11 shows the variation of
PR as a function of the geogrid frontal displacement based on the monotonic and cyclic/post-
cyclic tests. As expected, at the commencement of cyclic loads, large frontal displacement
occurs, leading to the mobilization of a significant portion of friction and bearing resistance;
therefore, for high normal stress, during the post-cyclic loading stage, the pullout resistance
is lower than that achieved under monotonic loading. This degradation of pullout capacity
after cyclic loading is consistent with the findings of previously related research [28,29,31,35].

The cumulative frontal displacement of the geogrid during cyclic loading was similar
for both types of equipment (Figure 11). Higher cumulative cyclic displacement was
measured for the lower normal stress of o, = 25 kPa (Figure 11a). Under higher normal
stress (Figure 11b), a premature failure of the geogrid in tension (tensile failure) occurred in
the small-scale test in the post-cyclic stage. Conversely, when the large-scale equipment
was used, the failure was attributed to sliding along the interface. It can also be observed
that the displacement of the geogrid at maximum pullout force generally increased in the
post-cyclic test, in comparison to that measured under monotonic loading conditions. This
trend held true except for when the geogrid underwent tensile failure in the test under
on = 100 kPa (Figure 10b).

Table 4 indicates the values of maximum pullout resistance (Pgr), the ratio of the
maximum post-cyclic shear stress to the maximum shear stress attained in the comparable
monotonic pullout test (Teyc/Tmon), and the peak pullout interface apparent coefficient of
friction (us/cgy) for the post-cyclic tests. It can be observed that, under the lower normal
stress, no degradation of pullout resistance upon cyclic loading (reflected by the Tcyc/Tmon
ratio) was observed; rather, the mobilized shear stress increased slightly. Conversely, under
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the higher normal stress, lower values of pullout resistance and mobilized shear stress were
obtained under post-cyclic conditions.
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Figure 11. Post-cyclic pullout resistance: (a) on = 25 kPa; (b) o, = 100 kPa.

Table 4. Summary of cyclic/post-cyclic test results.

Test PR (kN/m) Teye/ Tmon (kPa) Hs/GSY on (kPa) Equipment
1 15.98 1.12 1.48 25 SB
2 20.50 1.06 1.64 25 LB
3 22.39 0.95 0.60 100 SB
4 27.35 0.97 0.55 100 LB

Figure 12 shows the variation in pg/Ggy as a function of the applied normal stress.
The results refer to the two pieces of equipment used, and the different loading conditions
adopted (monotonic or cyclic/post-cyclic). For all the test conditions examined, it can be
observed that the 1;,ggy decreases as the applied normal stress increases. This behavior
can be explained due to the soil dilatancy effects at the interface [14]. Moreover, for
on = 25 kPa, the /sy values obtained from the small pullout box exceeded those from
the large box, regardless of the loading conditions. However, for higher normal stresses
(on =50 and 100 kPa), the differences between the i ,gsy values associated with distinct
equipment types were less significant. Except for the small box test under o, = 25 kPa,
the us/GSY values attained under monotonic loading conditions exceeded those reached
under post-cyclic loading.
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Figure 12. Comparison of interface apparent coefficient of friction (us,csy) under monotonic and
post-cyclic loading conditions.
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4. Discussion

As previously mentioned, the evolution of displacements recorded by tell-tales T1 to
T3 in the small box equipment for o, = 50 kPa was rather similar, as shown in Figure 6a.
This indicates that only the front geogrid section underwent significant elongation dur-
ing the load transfer phase of the pullout test and sliding occurred without significant
deformation over the back half of the reinforcement. As shown in Figure 7b, for the large
box, the instrumentation data revealed a non-linear distribution of shear stress over the
whole geogrid length, where displacement values decreased with the distance from the
loaded edge. These findings are in agreement with the studies of Cardile et al. [16] and
Ferreira et al. [25], in which the geosynthetic deformation in the confined region was
found to be more significant in the frontal zone and less significant towards the rear end.
However, as mentioned, significant deformation occurred over the whole geogrid length
in the large-scale test prior to the pullout phase, as opposed to the small-scale test. This
occurrence may be associated with the fact that the specimen width was considerably lower
than the pullout box width in the case of the large-scale tests. Previous studies have shown
that when the reinforcement specimens are narrower than the pullout box, the non-dilating
zone in the soil surrounding the specimen behaves as a restrain against soil dilation in the
dilating zone (i.e., above and below the reinforcement), which generates shear stresses at
the border between the two zones leading to an increase in the effective normal stress at
the soil-reinforcement interface [14]. In turn, higher normal stresses induce a progressive
mobilization of the interaction mechanisms at the interface, resulting in a more significant
non-linear displacement distribution along the reinforcement length [16], as well as higher
pullout resistance values (Figure 8).

As reported before, for lower applied normal stresses, when comparing the confined
tensile stiffness at low strain values (less than 2%) for different types of equipment, a
significant variability was identified (Figure 10a,b). This may be due to the different
reinforcement mobilization (i.e., active length) in the distinct testing boxes. Despite this
variability under lower strains, the confined stiffness values at 2% strain (or higher) showed
reasonable agreement. Conversely, under a higher normal stress of 100 kPa, the confined
stiffness values were similar for both types of equipment over the whole range of available
strain values. This is likely associated with the fact that, under the higher normal stress,
the deformation of the geogrid specimen tested in the small box extends to sections located
further away from the clamp, resulting in similar deformations on the central section of
the reinforcement (between tell-tales T2 and T3) in both tests, and hence similar confined
stiffness values.

Table 5 presents the ratios between the results obtained from small and large equip-
ment (SB/LB), expressed in terms of the maximum pullout resistance (Pr), maximum shear
stress (7;) and pullout interface apparent coefficient of friction (us,gsy) for both monotonic
and cyclic/post-cyclic loading conditions.

Table 5. Ratios between the results from small and large equipment (SB/LB).

Monotonic on =25 kPa on =50 kPa on = 100 kPa

PR 0.75 0.83 0.95

T 0.87 0.97 1.07

Ms/GSY 0.87 0.97 1.11
Cyclic/post-cyclic on =25kPa on = 100 kPa

Pr 0.78 0.94

T 0.92 1.06

Hs/GSY 0.91 1.10

In Table 5, it can be concluded that for lower applied normal stress (o, = 25 kPa) and
regardless of the loading conditions, the apparatus scale influences the measured pullout
resistance, which is in accordance with the results reported by Palmeira and Milligan [9].
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Higher values of pullout resistance are reached when the large box is used. However,
as the normal stress increases, the ratio between the results from different equipment
becomes closer to unity, such that a satisfactory agreement is attained for o, = 100 kPa. This
corroborates that the increase in normal stress diminishes the scale effect, and consistent
results are obtained from both test devices under higher confining pressures. The results
in Table 5 also show that, under post-cyclic loading conditions, the effect of apparatus
scale on the pullout resistance values follows the same trend as that observed under
monotonic loading.

Compared to the pullout resistance, the values of maximum shear stress and apparent
coefficient of friction were less influenced by the size of equipment and loading conditions.
This can be justified by using the same specimen width-to-length ratio (1.21) for all the
tests. Moreover, considering the ASTM pullout test standard guidelines regarding the
equipment dimensions in relation to soil particle size, it becomes evident that the use
of relatively fine soils in this study contributed to attenuating the apparatus scale effect.
Kakuda [39] performed monotonic tests comparing both types of equipment with different
boundary conditions, geogrids, specimen size ratio and soil properties, and a similar
pattern for the shear stress was also verified. Nevertheless, additional studies involving
different geosynthetics and fill materials would be useful to determine whether the obtained
conclusions can be generalized.

5. Conclusions

This study evaluated the apparatus scale effect on the pullout response of a geogrid in
cohesive soils through monotonic and cyclic/post-cyclic pullout tests subjected to different
applied normal stresses. Based on the obtained results, the following conclusions can
be highlighted:

e In general, in the small-scale tests, no significant deformation occurred over the
back half of the reinforcement, as opposed to the large-scale tests, where the geogrid
displacements decreased progressively with the distance to the front end, showing a
progressive mobilization of the interaction mechanisms at the interface.

e  Particularly under lower applied normal stresses, the geogrid pullout resistance was
considerably influenced by the apparatus scale and higher values were reached in
the large-scale tests. However, the scale effect became less prominent when the
applied normal pressure increased. Under post-cyclic loading conditions, the effect
of apparatus scale on the pullout resistance values followed the same trend as that
observed under monotonic loading.

e Despite the variability for the pullout resistance, the maximum shear stresses obtained
from both types of equipment showed reasonable agreement.

e  Under normal stresses of 25 and 50 kPa, the geogrid’s confined stiffness at low strains
(<2%) derived from the small-scale tests exceeded that from the large-scale equipment.
However, under a higher normal stress (100 kPa), the values of confined tensile
stiffness obtained from both equipment types were consistent.

e  The pullout interface’s apparent coefficient of friction (us/GSY) decreased with in-
creasing normal stress. While for o, = 25 kPa, the ps/GSY values obtained from the
small-scale tests exceeded those from the large pullout box, under higher normal
stresses, the differences between the us/GSY values associated with different test
devices were not significant.

The inclusion of geosynthetics in civil infrastructure projects enables significant en-
ergy and natural resource savings, thus addressing the global sustainability requirements.
Furthermore, the assessment of soil-geosynthetic interaction parameters using small-scale
pullout test equipment represents significant benefits, including a reduced consumption of
resources, reduced cost, and an easier and faster test assembly, in comparison to conven-
tional large-scale tests. The presented results highlight the importance of the scale effect in
pullout tests, while also considering the influence of the applied normal stress. When the
pullout resistance is estimated on the basis of small-scale pullout tests, proper scale effect
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correction factors may be considered for more consistent estimates of the soil-geosynthetic
interface strength parameters.
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