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Based on a specially designed visualization pullout system and digital
photographic measurement technology, geogrid pullout tests were
conducted by varying the top load, geogrid type, coarse grain content, and
particle shape. The evolution and distribution of the reinforcement influence
zone and the soil particle displacement field were analyzed, and the effects of
various factors on the formation speed of the reinforcement influence zone,
gradient layer thickness, and fine-scale particle displacement characteristics
were discussed. The study shows that the reinforcement influence zone's basic
form and particle displacement direction do not change with pullout
displacement after it is fully developed. The displacement layers in the
influence zone are centered at the reinforced soil interface and are
distributed in a diffusion gradient. The thickness of each gradient layer in the
upper influence zone is greater than that in the lower influence zone. The
greater the normal load is, the smaller the particle displacement and thickness
of each gradient layer, and the slower the formation of the reinforcement
influence zone. Using high-strength geogrids and geogrids with nodes can
increase the upper interface thickness and improve the reinforcement influence
zone's formation speed. Horizontal ribs play a major role in forming the
reinforcement influence zone, while longitudinal ribs mainly affect the
formation speed. The indirect reinforcement effect of the geogrid on
angular gravel soil is better than that on pebble soil. As the coarse grain
content in the fill increases from 20% to 30%, the reinforcement influence
zone forms faster, and the particle displacement of each gradient layer is
smaller. When the coarse grain content increases from 30% to 35%, there is
no significant change in the forming rate of the reinforcement influence zone.

KEYWORDS

reinforcement influence zone, geogrid, pullout test, fine-scale characteristics, digital
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1 Introduction

Gravelly soil is an excellent filler that is often used in engineering
as roadbeds and building foundations to replace weak foundations.
Due to bulkiness of gravelly soil, it is unable to withstand tensile
stresses, leading to poor overall structural stability (Riwaj et al., 2016;
Wang et al, 2020). The stability of gravelly soil can be improved by
reinforcement with geosynthetic materials (Liu et al, 2021). The
properties at the gravelly soil-geogrid reinforcement soil interface have
a decisive influence on the structural stability of reinforced soil and
have been a hot research topic. To understand the mechanism of
reinforced soil and the interface characteristics between fill soil and
reinforced materials, many experimental research studies have been
performed using direct shear tests and pullout tests. In previous work,
the effect of gravelly soil with different particle sizes on the interface
strength parameters of reinforced soil was investigated via direct shear
tests (Kim and Ha., 2014; Vangla and Gali,, 2016; Wang et al., 2016;
Han et al,, 2018; Reza and Vahid., 2021). The effect of gravelly soil
with different coarse grain contents on the pullout force and interface
strength parameters was investigated by using direct shear,
compression, and pullout tests (Jayawickrama et al, 2014; Zou
et al, 2022). However, due to the limitations of these test
methods, the interface parameters were determined at the
macroscopic level under the action of the different factors.

The theory of an “indirect reinforcement zone” proposed by
Nezhad Mahdi Ghasemi suggests that the reinforcement effect on
soil is indirectly produced by the change in position and
fragmentation deformation of soil particles through the
influence of reinforcement materials in a certain area beyond
the direct contact level of the reinforcement soil (Nezhad
Mahdi Ghasemi et al, 2021). According to Yunong Li, the
scope and strength of this indirect reinforcement effect are
influenced by the roughness of the reinforcement materials, soil
particle size, and external load magnitude (Li et al,, 2022). Gholam
H proved the existence of a reinforcement influence zone by a
pullout test (Roodi and Zornberg et al, 2017). Through
experimental research, Mirzaalimohammadi demonstrated that
the thickness of the reinforcement influence zone is related to
the structure, roughness, gradation of soil particles, and normal
pressure of the reinforcement materials (Mirzaalimohammadi
et al,, 2021). HU You-chang used a particular visual instrument
for the pullout tests and concluded through experimental studies
that the gradation of soil particles and the thickness of the geogrid’s
horizontal ribs influence the range of the reinforcement influence
zone (HU et al, 2017). The particle discrete element program
Particle Flow Code (PFC) was used to simulate the pullout test of
geogrids in different fill soils to study the generation and
development of the reinforcement influence zone and the
particle movement law at the fine level (Wang et al, 2014;
Chen et al,, 2015; Miao et al., 2017; Tan et al,, 2020). Studying
the fine-scale interface properties of gravelly soil-reinforcement
soil is essential for revealing the reinforcement mechanism and
promoting the development of reinforced soil technology.
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Using traditional test methods, it is difficult to evaluate the
evolution of the internal configuration and mechanical properties at
the interface of reinforced soil during gravelly soil-geogrid pullout
testing at a fine scale. In recent years, with the continuous development
of monitoring technology, experimental studies of the fine-scale
properties at the interface of reinforced soil have been carried out
with digital photographic measurement technology, particularly,
particle image velocimetry (PIV) (Puttinger and Saeedipour., 2022).
Chen-xi Miao studied the shear strain concentration zone and particle
rotation characteristic law of geogrid-reinforced soil from a fine
viewpoint (Miao et al, 2017). In some documents, a visualization
study was conducted via large direct shear tests on plain gravel soil and
reinforced gravel soil (Feng et al,, 2018; Zhang et al,, 2018; Chen et al,,
2019; Zia ur Rehman and Zhang, 2019). These researchers found that
the maximum value of the soil particle displacement in the direct shear
interface area of reinforced gravel soil was smaller than that of plain
gravel soil. Yang Wu investigated the fine-scale properties at the
interface between a ribbed geomembrane and sandy soil at different
rib heights and temperatures (Wu et al,, 2022). Using a pullout test,
Zhou found that the displacement of sandy soil particles mainly
occurred in the upper part of the reinforced interface (Zhou et al,
2012). Abdi investigated the effect of particle size on the fine-scale
properties at the interface of reinforced soil (Abdi and Mirzaeifar.,
2017). Previous experimental studies regarding the interface
characteristics of reinforced soil have been more focused on the
movement law of sandy soil during the pullout process and the fine
view of the direct shear interface of gravelly soil. To date, experimental
investigations of the factors influencing the pullout properties at the
geogrid-gravelly soil reinforcement interface at the fine level have not
been comprehensive. Current visualization technology can only observe
the edge of the soil inside a box but cannot discern the direct contact
interface of reinforced soil at the microscopic level.

Based on a special visualization pullout system and digital
photographic measurement technology, geogrid pullout tests in
gravelly soil are carried out as a function of normal load, geogrid
type, coarse grain content and particle shape. The evolution and
distribution of the reinforcement influence zone and the
displacement law of soil particles are analyzed. To provide a
new understanding of the fine scale mechanism of reinforced soil,
the influence of each factor on the forming speed of the
reinforcement influence zone, the thickness of each gradient
layer and the particle displacement of each fine scale
characteristic and other indexes are explored.

2 Testing program
2.1 Test equipment

The test setup comprises a YT1200S type geosynthetic material
straight shear pullout friction instrument customized by Wenzhou

Jigao Testing Instrument Co., Ltd. Using PIV, which measures soil
particle movement, the fine-scale characteristics at the reinforced soil
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Visualization box

FIGURE 1
Visual instrument for the pullout test and PIV system.

]

Observation window

Pullout export 2

FIGURE 2
Visual box for the pullout test.

interface are observed, and simultaneously, the changing pattern of
soil particle movement during the pullout process is dynamically
captured. The PIV system includes a high-resolution camera, a lens, a
timing control unit that generates a transistor-transistor logic (TTL)
trigger signal to control camera shooting, and a PSP tracer particle.
The image acquisition frequency is 0.1 Hz. After the acquisition, the
displacement cloud and displacement vector of the whole field and
feature points are obtained using image analysis software. The related
equipment arrangement is shown in Figure 1.

A conventional sidewall transparent pullout box can only
observe particle movement at the edge of the soil inside the box;
this does not reflect the internally reinforced soil interaction
during the pullout process. Experimental studies have shown that
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the apparent friction angle in the pullout test is positively related
to the interface friction angle between the front wall of the pullout
box and the fill soil (Christian et al., 2022; Ren et al., 2022; Wang
et al., 2022). The friction between the front wall and the soil is
larger, so the observation of the soil near the front wall should be
avoided, and a large pullout box should be selected as much as
possible (Konstantin et al, 2022; Zhao et al, 2022). The
optimized design of the model test box is carried out for such
problems, and its structure photo is shown in Figure 2.

In this test, a pullout box is contained inside the main box
with dimensions of 50 cm x 40 cm x 30 cm (length x width x
height). One of the sidewalls is embedded with organic tempered
glass as an observation window. The glass dimensions are
40 cm x 20 cm x 1 cm (length xwidth xthickness). The box is
equipped with 50cm x 20cm x 5cm (length x width x
thickness) organic tempered glass on the side of the
observation window, and a 50 cm x 5cm x 1cm (length x
width x height) crevice is opened at a position equal to the
pullout exit. The inner wall of the glass is coated with a high-
definition silicone film and silicone grease to reduce boundary
friction. The lateral ends of the geogrid are placed in the inner
reserved crevice. This structure enables the observation of the
vertical profile of the direct contact layer of the reinforced soil. To
avoid the leakage of soil particles from the geogrid outlet on the
front side of the box during the pullout process, a thin sheet of
retaining steel is placed on the upper surface of the geogrid on the
inside of the outlet.

2.2 Test materials

2.2.1 Test soil sample

Following the “Specification for test and measurement of
geosynthetics” (SL235 2012) (Nanjing Hydraulic Research
Institute, 2012), the soil materials with two different particle
shapes are sieved and configured into one group of angular gravel
soil filler and five groups of round gravel soil filler. PSP tracer
particles are added to mark the soil particles. The filler for the test
is air-dried soil, and the formulation scheme and physical
property indexes are shown in Table 1. Photographs of the
angular gravel soil and the round gravel soil and the particle
grading curves of the six groups of coatings are shown in Figure 3.

2.2.2 Geogrid

The specific geometry and mechanical properties of the
geogrid as a reinforcing material are shown in Table 2, and
the photos of the geogrids are shown in Figure 4.

2.3 Test program and working conditions

The effects of normal load, geogrid type, coarse grain

content, and particle shape on the distribution and

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1053728

Liu et al.

10.3389/feart.2022.1053728

TABLE 1 Characteristic diameters and parameters of the coarse-grained soils.

Soil number Soil grain Ps/%
shape

d60
1 Subcircular 20 2.5
2 Subcircular 25 4.16
3 Subcircular 30 4.46
4 Subcircular 35 4.68
5 Angular 35 4.71

100

80

60

40

Percentage passing (%)

20
—o— Angle 35%
0
10 1 0.1
Particle size (mm)

FIGURE 3
Photographs and grain grading curves of the coarse-grained
soil.

evolution law of the reinforcement influence zone and particle
displacement law are studied at a fine scale through
orthogonal experimental design. The specific working
conditions are shown in Table 3.

In accordance with the Highway geotechnical test regulations
(JTG3430-2020) requirements, the prepared gravelly soil is
packed layer by layer into the box at a 90% compaction level
(Highway geotechnical test regulations, 2020). After completion,
each layer and the overall filling are leveled with a horizontal
ruler to prevent stress concentration caused by uneven contact
between the filler and the rigid pressure plate. To reduce the
sidewall effect of the test box, the ratio of the width of the pullout
box to the width of the geogrid should be greater than 2, so the
size of the geogrid buried in the soil is set at 25 cm X 40 cm
(width x length) (Baykal and Dadasbilge., 2008). After filling, the
rigid pressure plate is covered, and a vertical stress of 15 kPa is
applied per pressure to redistribute the stress. After the pressure

Frontiers in Earth Science

Characteristic particle size
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Coefficient of
uniformity C,

Coefficient of
curvature C,

d30 dw

2.34 0.72 3.52 3.04
2.5 0.68 6.11 221
2.81 0.7 6.37 2.53
2.66 0.71 6.59 2.13
2.74 0.86 5.48 1.85

Longltudlnal
Ribs

FIGURE 4
Geogrid photos.

head is returned, the test box is slowly pressurized to the
predetermined load, the load is set to stand still for 15 min,
and then a pullout test is carried out at a preset constant pullout
rate of 2mm/min. When the pulling displacement reaches
30 mm or the pullout curve is seriously destabilized, the test is
finished.

3 Experimental results and analysis

3.1 Fine view analysis of the reinforcement
influence zone evolution and soil particle
displacement law

The movement of gravelly soil particles around the
reinforced interface is automatically captured by digital
imaging equipment, and the macroscopic and fine-scale
analyses of the gravelly soil particle movement law are
performed using the image acquisition system. The evolution

of the soil particle displacement field concentration zone and the
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TABLE 2 Mechanical properties of geogrids.

10.3389/feart.2022.1053728

Geogrid  Transverse = Mesh size/mm Width Thickness Width of the Thickness of Node

type per linear lengthxwidth  of of the longitudinal  the size/mm
meter tensile horizontal ~ horizontal  rib/mm longitudinal  lengthxwidthxheight
yield rib/mm rib/mm rib/mm
force
(kN-m™)

TGSG30 326 457 x 414 14 241 2.63 321 —

TGSG40 453 36 x 33.6 3.14 3.26 3.04 4.13 —

TGSG50 58.1 32.5 x 30.4 551 4.06 3.73 5.11 —

TGSG50 62.8 32.5 x 30.4 551 4.06 3.73 5.11 102 x 6.1 x 6.2

(with nodes)

TABLE 3 Pullout test conditions.

Work conditions Geogrid type Soil number Normal load/kPa

1 TGSG30 4 20

2 TGSG40 4 20

3 TGSG50 4 20

4 TGSG50 (with nodes) 4 20

5 TGSG50 (remove part of the horizontal ribs) 4 20

6 TGSG50 (remove part of the longitudinal ribs) 4 20

7 TGSG50 4 10

8 TGSG50 4 30

9 TGSG50 4 40

10 TGSG50 1 20

11 TGSG50 2 20

12 TGSG50 3 20

13 TGSG50 5 20

gravelly soil particle displacement law are basically the same in
each group of tests, so working condition of three is selected for
analysis. Figure 5 shows the evolution of the displacement cloud
of gravelly soil in working condition of three (-150 mm is the
reserved seam where the geogrid is placed, and the arrow is the
pullout direction). Combined with the pullout curve, when the
pullout displacement is 2 mm, the stress concentration appears at
the front of the first horizontal rib of the geogrid first. At this
time, the pullout curve is in the linear stage, which is mainly a
small disturbance of soil particles under the frictional effect with
the longitudinal ribs of the grid. When the pullout displacement
is 12 mm, a more obvious displacement concentration zone at the
interface of the reinforced soil is formed initially. This is the
pullout development stage. The pullout force is further increased,
and the horizontal ribs of the geogrid play a role in continuously
squeezing the soil particles at the front of the horizontal ribs,
causing the soil particles to move, roll, move incorrectly or even
shear through. The static friction between the reinforced soil is
changed into dynamic friction, and the embedded locking effect
of the geogrid mesh on the soil gradually comes into play and
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takes the dominant position. Compared with 25 mm and 30 mm,
when the pullout force reaches the peak, the soil particle
displacement concentration zone has completely evolved and
matured. Its basic form no longer changes with the pullout
displacement; that is, a stable interface thickness is formed.
Figure 6 shows the displacement vector diagram of gravelly
soil. Each characteristic point | to V is selected, and its particle
displacement direction is enlarged to develop a detailed analysis
of the soil particle displacement law. When the pullout
displacement is 2mm, soil particles at each point are
obliquely displaced downward under the action of normal
load
longitudinal ribs. When the pullout displacement is 12 mm,

and static friction of the reinforced material’s
although the soil particles at | and Il are far from the geogrid,
the soil particles at |l keep rotating and falling on the tightly
packed soil particles to fill the original gap of the soil, squeezed by
other soil particles and flattened. The soil particles at | are
gradually occluded and embedded into a dense state with the
pullout displacement and then are restricted by the sidewall of

the pullout box. Soil particles are subjected to reaction forces after
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50 150
X

Pullout displacement of 25 mm

200 250

FIGURE 5

The change law of displacement cloud map. (A) Pullout displacement of 2 mm. (B) Pullout displacement of 12 mm. (C) Pullout displacement of

25 mm. (D) Pullout displacement of 30 mm.

reaching the maximum compacted state at the sidewall and
moving in the opposite direction with [l. When the pullout
displacement is 25 mm, the soil particles at Ill are located in
front of the horizontal rib of the geogrid, and the horizontal rib
squeezes the front soil to facilitate punching and shearing. The
soil in front of the horizontal rib is in a passive stress state and
shows a shear shrinkage effect. The soil particles at IV are located
at the back end of the geogrid’s horizontal rib of the geogrid, and
the soil is in an active stress state and shows the shear expansion
effect. Compared with the pullout displacement of 30 mm, the
particle displacement direction does not change after the pullout
force reaches the peak. During the whole pullout process, the soil
particles at the lower interface are at V. Under the action of the
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100 150 200 250

X

Pullout displacement of 12 mm

X
Pullout displacement of 30 mm

load and geogrid, the shear expansion movement in the direction
of pullout occurs so that the particles at the upper and lower
interfaces move asymmetrically along the reinforced soil
interface after the soil particle displacement concentration
zone evolves and matures.

The distribution pattern and formation mechanism of the
fully developed field
concentration zone at the pullout interface of soil in
Figure 5C are analyzed and compared with the results in
Figure 6. The figure confirms that the reinforced materials

reinforced soil displacement

not only have a reinforcing effect on the soil in direct contact
and in the immediately adjacent shear zone but also act on
the soil outside of the direct contact surface. This effect of
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*Soil particles dieraci

Soil particles direction

Pullout direction

-200

fl Il 1 J
50 100 % 150 200 250

Pullout displacement of 30 mm

Coarse grain soil particle displacement vector. (A) Pullout displacement of 2 mm. (B) Pullout displacement of 12 mm m. (C) Pullout

displacement of 25 mm. (D) Pullout displacement of 30 mm.

changing the stress field, strain field, and damage mode of the
soil due to the presence of reinforced materials is called the
“indirect reinforcement effect,” and its area of action is called
the
influence zone has the following characteristics. First, the

“reinforcement influence zone.” The reinforcement
displacement of each interface layer, i.e., the direct contact
interface with the reinforced soil as the center, exhibits a
diffusion gradient distribution. The closer the thickness of
the gradient layer is to that of the reinforced material, the
more significant the displacement of the soil particles.
Second, the thickness of each gradient layer is not
uniform everywhere, and there are several discontinuous
with
interface area of the geogrid length. This is due to the

impact zones scattered distributions along the
horizontal rib portion of its corresponding geogrid. The
with  the

displacement law of soil particles; soil particles in front of

mechanism here is consistent fine-scale
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the horizontal ribs are sheared and compacted, and the soil
particles are sheared and expanded after the horizontal rib to
form aloose “cavity.” Third, the thickness of the surface layer
of the upper part of the geogrid is greater than that of the
geogrid’s lower part, and the particle displacement at the
upper interface is more obvious. This is due to the “net
pocket effect” of the geogrid. The soil sinks under the load so
that a vertical deflection of the geogrid occurs, and the
concave surface is formed from the plane. The geogrid
generates resistance, which reacts to the upper layer of
“arch effect”
making the stress on the concave surface greater than

soil to form an and distributes the stress,
that under the concave surface. Under the effect of greater
stress, the embedded bite between the soil particles and
upper geogrid s
tighter and more significantly influenced by geogrid

interface, soil particles, and

displacement.
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TABLE 4 Displacement and thickness of each layer under different normal loads (at the pullout peak).

Normal Displacement Displacement Upper
load/kPa required required influence
for for the zone
reinforcement peak pullout displacement
influence zone force S;pax/mm  Per laver
formation Sg/mm Sy/mm
10 11 21 135
13
125
12
20 19 25 7
6.5
6
5.5
30 21 27 3
25
2
15
40 23 28 2
15
1.0
05

Corresponding Lower Corresponding
thickness influence thickness
per layer/mm zone per layer/mm
displacement
per layer
6;/mm
4 135 3
32 13 14
69 125 29
127 12 —
5 7 45
17 6.5 10
28 6 17
75 55 31
4 3 45
13 25 6
21 2 14
39 15 25
3 2 2
7 15 4
12 1.0 7
18 0.5 11

Note: “/” in the table indicates that the gradient layer range of this displacement exceeds the observation interface, and no valid data are observed.

3.2 Effect of a normal load on the fine-
scale characteristics of the reinforcement
influence zone

The displacement clouds of gravelly soil particles under each
normal load are analyzed, and the results indicate that the normal load
affected the reinforcement influence zone mainly in the following
ways, as shown in Table 4. When the general shape of each
displacement gradient layer in the reinforcement influence zone
does not change with pullout displacement, the pullout
displacement is defined as the displacement required for the
evolution of the reinforcement influence zone to mature and is
recorded as S6. At this time, the indirect reinforcing effect of the
geogrid on the soil particles is fully developed. The displacement at the
peak of the pullout force is recorded as Stmax. To correspond to the
subsequent theoretical derivation, the cloud diagram at the peak of the
pullout force is used to analyze the distribution of each gradient layer
in the reinforcement influence zone, and the upper and lower
reinforcement influence zones are each taken as the four complete
displacement gradient layers within the observation interface
according to the distance from the reinforced soil interface,
denoted as Jy;4 and Op;4 respectively. The layer thickness is
calculated consistently at the highest point.

Frontiers in Earth Science

From Table 4, both S5 and St;,,,x increase with increasing normal
load. The larger the normal load is, the smaller the particle
displacement and thickness of each gradient layer in the
reinforcement influence zone. The thickness of each gradient layer
decays less when the normal pressure increases to a certain degree.
This is because the greater the normal load during the pullout process
is, the greater the occlusion between soil particles, the greater the
embedding and friction between the reinforced soil, and the more
difficult it is for the soil particles to be disturbed. The shear zone is
formed before the pullout force reaches its peak. The reason is that the
formation of the reinforcement zone mainly comes from the dynamic
friction stage, and only a very small amount of pullout displacement is
needed at this stage to make the horizontal ribs drive the soil particles.
Soil particles disturb each other to achieve a solid structure of relative
equilibrium at the reinforced soil interface. When the pullout force
reaches its peak, the role in the reinforced soil reaches its limit, and the
soil particles reach the maximum crowded state. Subsequently, the
ultimate equilibrium state is destroyed by the pullout, and the pullout
force starts to decrease as the action of the reinforced soil decays.
However, particle reorganization quickly reaches a new equilibrium
state under the restraint of normal load. This is because after the
formation of the reinforcement influence zone, its basic form does not
change widely with the peak decay of the pullout force.
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FIGURE 7

Relation curve between the thickness of the 1-3 gradient
layer and the normal load.

The relationship between the thickness of the upper and
lower influence zone 1-4 gradient layers and the normal load in
Table 4 is plotted in Figure 7, the coefficient of determination (R?)
values at 0.965 and 0.953 demonstrate good correlation.

3.3 Effect of the geogrid type on the fine-
scale characteristics of the reinforcement
influence zone

After analysis, the displacement clouds of gravelly soil
particles with different geogrid types are shown in Figure 8.

10.3389/feart.2022.1053728

The results show that the geogrid strength and reinforcement
nodes both affect the thickness of the reinforcement influence
zone. Due to space limitations, only the particle cloud with
reinforcement nodes is shown for comparison with Figure 5C.
The data relating to the reinforcement influence zone under
each geogrid type are compiled as shown in Table 5. It can be
seen that the use of a higher strength geogrid and geogrid with
nodes can increase the thickness and displacement of the
upper interface gradient layers (1-3 gradient layers) near
the geogrid more significantly. Moreover, the scattered
discontinuity distribution of these gradient layers is more
significant, the “cavity” after the scattered gradient
diffusion layer is larger, and the reinforcement influence
zone forms faster, while the influence on the gradient
layers farther away from the grating (such as four gradient
layers) is not significant. The influence of the reinforcement
nodes on the gradient layers of the lower interface is not
obvious. This is because the embedded locking effect,
dominated by the horizontal rib resistance, dominates the
contribution of the reinforcement influence zone near the
reinforced soil interface. The greater the strength of the
geogrid of the same material or with reinforcement nodes
is, the greater the thickness of the horizontal rib of the geogrid,
and the greater the nibbling and embedding effect of the
horizontal rib of the geogrid on the surrounding soil
particles. Additionally, the displacement of the soil particles
near the horizontal rib of the grating falls into the pore behind
the horizontal rib of the geogrid. The soil particles are more
easily squeezed under the larger embedding effect to form a
solid equilibrium  structure, ie., a reinforcement
influence zone.

After removing some of the geogrid horizontal ribs, the number
of scattered gradient diffusion layers and the displacement in the
reinforcement influence zone are reduced, and the thickness of the
1-3 gradient layers is reduced by 15.3%. After removing some of the

50 100

TGSGS50 with part of the
longitudinal ribs removed

FIGURE 8

The displacement cloud map under different types of grids (at the pullout peak). (A) TGSG50 with part of the longitudinal ribs removed. (B)
TGSG50 with part of the horizontal ribs removed. (C) TGSG50 with reinforcement nodes.
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TABLE 5 Displacement and thickness of each layer under different types of grids (at the pullout peak).

10.3389/feart.2022.1053728

Geogrid type Displacement Displacement Displacement  Corresponding Displacement ~ Corresponding
required required per thickness per thickness
for at the layer in per layer/mm layer in per layer/mm
reinforcement pullout peak the upper the lower
influence zone S rmax/ MM influence zone influence zone
formation dy/mm &7 /mm
Ss/mm

TGSG30 22 — 45 3 45 3

4 13 4 8
35 22 35 12
3 66 3 27
TGSG40 20 26 6 5 6 3
5.5 16 55 10
5 26 5 14
45 71 45 28
TGSG50 19 25 7 5 7 45
6.5 17 6.5 10
6 28 6 17
55 75 55 31

TGSG50 (remove 23 28 6.5 3 6.5 1

part of the 6 15 6 3

longitudinal ribs)

5.5 25 5.5 15
45 61 45 22

TGSG50 (remove 20 26 5 4 5 2

part of the horizontal 45 2 45 7

ribs) ’ ’

4 33 4 15
35 74 35 26
TGSG50 (with 16 23 75 7 7.5 45
reinforcement nodes) 7 23 7 11
6.5 39 6.5 17
6 67 6 29

Note: The TGSG30 geogrid in the table breaks when the pullout displacement is 26 mm. According to the theory of reinforced soil (e.g., cohesive strength), the reinforced soil strength is
fully developed when pulling off damage occurs, so the data of the influence zone at breakage are used for analysis.

longitudinal ribs of the geogrid, the forming speed of the
reinforcement influence zone is 15% slower, the thickness and
displacement of the 1-3 gradient layers are slightly reduced, and
the thickness of the 4-gradient layer is reduced by 21.7%. This is
because the reinforcing effect of the geogrid on the soil is divided into
three parts, namely, the longitudinal ribs, the friction between the
longitudinal ribs and the soil, and the horizontal ribs, including the
occlusion between the nodes of the horizontal ribs and the soil. The
former depends on the area of the longitudinal and horizontal ribs
and the friction coefficient at the interface between the reinforced
materials and the soil. The latter depends on the particle size, the area
and thickness of the horizontal ribs and their nodes, and the shape of
the horizontal section. A reduction of the longitudinal ribs slows the
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frictional reinforcing effect, causing an increase in the static frictional
phase of pullout displacement required for the passive impedance
effect of the horizontal ribs. A reduction of the horizontal ribs reduces
the total bite force of the geogrid, the continuity and strength of the
soil, and the indirect reinforcement effect on the soil on the
macroscopic level. This is reflected in the reduction of the
reinforcement influence zone at a fine scale.

To improve the indirect reinforcing effect of the geogrid on
soil, the geogrid should be selected as two-way geogrids with
small geogrid sizes (dense longitudinal and horizontal ribs), large
geogrid stiffnesses, and large reinforcement nodes as much as
possible, provided that the influence range of each horizontal rib
does not interfere with each other.
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TABLE 6 Displacement and thickness of each layer under different types of soil materials (at the pullout peak).

Soil grain  Displacement Displacement Displacement ~ Corresponding Displacement ~ Corresponding
shape required required per thickness per thickness
for reinforcement at pullout layer in per layer/mm layer in per layer/mm
influence zone peak S, /mm  the upper the lower
formation Ss/mm influence zone influence zone
dy/mm é7/mm
Pebbles 29 — 12 3 12 2
Ps=20% 11 7 1 3
10 14 10 8
9 22 9 12
Pebbles 25 — 10 5 10 4
Ps=25% 95 1 95 65
9 21 9 13
8.5 36 8.5 20
Pebbles 20 28 8.5 5 8.5 4
Ps=30% 8 13 8 8
7.5 24 7.5 15
7 56 7 27
Pebbles 19 25 7 5 7 45
Ps=35% 65 17 65 10
6 28 6 17
55 75 55 31
Angular 12 21 4.5 6 4.5 2
gravel 4 24 4 19
P:=35%
35 62 35 31
3 122 3 50
A B,

SNWENO~N®O

50 100 150 200

X

Angular gravel Ps =35% Pebbles Ps =20%

FIGURE 9
The displacement cloud map under different types of soil materials (at the pullout peak). (A) Angular gravel P5 =35% (B) Pebbles P5 =20%.
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3.4 Effect of coarse grain content and
particle shape on the fine-scale
characteristics of the reinforcement
influence zone

The data relating to the reinforcement influence zone under each
fill type are shown in Table 6. The gravelly soil particle displacement
clouds for the selected conditions 10 (pebbles, coarse grain content
P5 =20%) and 13 (angular gravel, P5 = 35%) are shown in Figure 9
and compared with those of Figure 5C. The coarse grain content
P5 increases from 20% to 35%. The formation rate of the
reinforcement influence zone increases by 17%, 16.6%, and 5%,
and the range of the “cavity” after the scattered gradient diffusion
layer is reduced. The particle displacement in the “cavity” is small,
and the thickness of the 1-4 gradient layers increases by 63.6%, 35%,
and 33.95%. Moreover, the particle displacement in the gradient
layer decreased by 16.6%, 15%, and 17.6%. This is because when P5 =
20%, the coarse particles distributed in the fine-grained soil are
separated. It is difficult to achieve mutual occlusion, and the
combined effect of coarse particles does not occur. The coarser
the particle content is, the stronger the interlocking engagement
between the geogrid and gravelly soil particles, and the faster it plays
out. The coarse particles play a skeletal role in the soil material, and
the continuity and integrity of the reinforced soil complex are
enhanced. This is evident in both the indirect reinforcement
effect of the expanded reinforcement and the not easily disturbed
soil particles. When P5 increases from 30% to 35%, the
reinforcement influence zone forming rate does not change
much, probably because of the following: too many coarse
particles, reduced fine particle content, the existence of voids in
the coarse particles, and decreased frictional effect in the
reinforced soil.

The fine-scale characteristics of the reinforcement influence
zone of the angular gravel soil and the pebble soil for the same
coarse grain content are compared. The formation rate of the
reinforcement influence zone is 37% higher in the angular gravel
soil than in the pebble soil, the thickness of the 1-4 gradient layers is
62% higher, and the displacement of particles in each gradient layer
is 21% lower. This is because the coarse particle surface of the
angular gravel soil is rougher and more uneven than that of the
pebble soil, and its interparticle and particle-geogrid friction and
interlocking engagement are better than those of the pebble soil.
Only a very small pullout displacement is required to form a solid
soil particle movement continuum. This shows that the indirect
reinforcement effect of the geogrid on gravel soil is better than that
on pebble soil. Therefore, angular gravel soil with certain particle
angles is recommended as the filler in the reinforced soil project.

4 Discussion

In this paper, we analyze the fine-scale characteristics of the
reinforcement influence zone of geogrid-gravelly soil under the effect
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of various influencing factors through geogrid pullout tests and digital
photographic measurement technology. However, only the normal
load, geogrid type, coarse grain content, and particle shape are used in
the experimental investigation and analysis, and the sample size of
each influencing factor is small. Factors such as the load form, surface
roughness of reinforced material, soil temperature, number of layers
of reinforcement, and spacing of reinforced material also significantly
affect the distribution and evolution of the reinforcement influence
zone (Bai et al,, 2022). In the future, we can continue to expand the
investigation of the influencing factors on the detailed mechanism of
reinforced soil as well as increase the number of test samples. Due to
the limitation of the observation range of this test equipment, in this
study, only the 1-4 displacement gradient layers in the upper and
lower interfaces of the reinforcement influence zone are observed and
analyzed, but not the complete reinforcement influence zone.
However, the overall test data can still fully reflect the fine
observation characteristic law at the reinforced soil interface, which
is consistent with the conclusion of most scholars (Jing et al., 2020;
Prabhakara et al., 2020; b; Maleki A et al., 2021). A pullout box with a
sufficient observation range can be designed later to obtain a more
comprehensive understanding of the overall thickness and gradient
distribution of the reinforcement influence zone. At present, direct
shear and pullout tests are the two most effective methods to study the
interface of reinforced soil. However, there are differences in the
damage modes corresponding to the two tests in the actual
engineering and in the test data (Kazem and Aref et al, 2021;
Iman et al, 2022; Sun et al,, 2022). A detailed experimental study
of the direct shear test of reinforced soil under various influencing
factors can be continued in the future.

5 Conclusion

Based on the geogrid pullout test, the fine-scale characteristics of
the reinforced soil interface under different normal loads, geogrid
types, coarse grain contents, and particle shapes were investigated by
digital photographic measurement technology. The evolution,
distribution, and soil particle displacement of the reinforcement
influence zone were analyzed, the effects of various factors on the
fine-scale characteristics of the reinforcement influence zone (forming
speed, thickness of each gradient layer, and particle displacement)
were explored, and the following conclusions were obtained.

(1) The complete development of the reinforcement influence zone
precedes the peak pullout force. After complete development, the
basic form and soil particle displacement direction do not change
with the pullout displacement. The displacement layers in the
influence zone are centered on the reinforced soil interface and
are distributed in a diffusion gradient, the thickness of the
gradient layer closer to the reinforcement is smaller, and the
displacement of soil particles is more significant. The thickness of
each gradient layer in the upper influence zone is greater than
that in the lower influence zone. The larger the normal load is, the
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smaller the particle displacement and thickness of each gradient
layer in the reinforcement influence zone, and the larger the
pullout displacement required for the complete development of
the reinforcement influence zone.
(2) Using higher strength geogrids and geogrids with nodes can
increase the thickness and displacement of the 1-3 gradient
layer at the upper interface more significantly and increase
the forming speed of the reinforcement influence zone. The
longitudinal ribs of the geogrid mainly affect the forming
speed of the reinforcement influence zone. The horizontal
ribs affect the number, displacement, and range of the
scattered gradient diffusion layers on the reinforcement
influence zone and play a significant role in the formation
of the reinforcement influence zone.
(3) The higher the coarse grain content in the fill is, the smaller
the particle displacement in each gradient layer of the
the the

thickness. When the coarse grain content increased from

reinforcement influence zone and greater
20% to 30%, the pullout displacement required to fully
develop the reinforcement influence zone decreased
significantly. The reinforcement influence zone formation
rate did not change significantly when the coarse grain
to 35%. All the

characteristic indexes of the reinforcement influence zone

content increased from 30% fine
in angular gravel soil are better than those in pebble soil,
which indicates that the indirect reinforcement effect of the

geogrid on the angular gravel soil is better.
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