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(57) ABSTRACT

Exemplary geosynthetic apparatus, e.g., geogrid, and
designs thereof are disclosed that are configured to restrict
displacement of aggregate that mimics biostructures that
optimized aperture size, aperture shape and aperture orien-
tation to improve load distribution, improve durability, and/
or improve performance in retaining aggregates and other
geo materials. The exemplary geosynthetic apparatus as a
product is configured as a unit cell in which the center of the
unit cell has a primary structure that extend through the
center to the edge of the unit cell or one or more intermediate
radial position (also referred to as “radial transect boundar-
ies”) therebetween. In embodiments in which the primary
structure extends to the transect boundaries through the
center of the unit cell, the primary structure are referred to
as “radial ribs.”
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SPIDER-WEB INSPIRED GEOGRIDS

RELATED APPLICATION

[0001] The U.S. application claims priority to, and the
benefit of, U.S. Provisional Patent Application No. 63/469,
138, filed May 26, 2023, which is incorporated by reference
herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under grant no. EEC-1449501awarded by the National Sci-
ence Foundation. The government has certain rights in the
invention.

BACKGROUND

[0003] Geosynthetics are synthetic products (e.g., poly-
mers) used to stabilize terrain in geotechnical and civil
engineering for separation, reinforcement, filtration, and
drainage. Among geosynthetics, geogrids are used for rein-
forcement applications and are capable of locking the earth
materials in place and thereby augmenting the stability of
the system. Geogrids also provide load distribution improve-
ment and a tensioned membrane effect. Various factors that
can influence the effectiveness of the geogrid include, for
example, its material type, aperture size, and shape. How-
ever, existing systems have failed to explore a range of size,
shape, and material implementations.

[0004] There is a benefit to improving the testing of
geogrids and other geosynthetic materials.

SUMMARY

[0005] Exemplary geosynthetic apparatus, e.g., geogrid,
and designs thereof are disclosed that are configured to
restrict displacement of aggregate that mimics biostructures
that optimize aperture size, aperture shape and aperture
orientation to improve load distribution, improve durability,
and/or improve performance in retaining aggregates and
other geomaterials. A study was conducted that developed
several design topologies that are validated via simulations.
[0006] The exemplary geosynthetic apparatus as a product
is configured as a unit cell in which the center of the unit cell
has a primary structure that extends through the center to the
edge of the unit cell or one or more intermediate radial
positions (also referred to as “radial transect boundaries™)
therebetween. In embodiments in which the primary struc-
ture extends to the transect boundaries through the center of
the unit cell, the primary structure is referred to as “radial
ribs.”

[0007] The exemplary geosynthetic apparatus as a product
may be configured as a unit cell having radial positions, as
secondary structures, that correspond to a portion of the unit
cell to form a “multi-cell” unit cell. The secondary structures
can have apertures having orientations that are orthogonal in
whole to the primary structure or surround the central region
of the unit cell.

[0008] The exemplary geosynthetic apparatus as a product
may be configured with multiple aperture patterns each
formed in the geosynthetic structure with an elongated
orientation that traverse between the primary structures
parallel to one another in which one of the primary structure
extend through the center of the unit cell.
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[0009] In an aspect, a geogrid device is disclosed com-
prising a plurality of beam members arranged to restrict
displacement of aggregate, the plurality of beam members
forming a plurality of openings defined by a pattern, each of
the patterns of the plurality of openings forming a structure
having a center interconnection (point or geometric shape)
to which multiple continuous ribs members and associated
openings extend and connected by lateral members, wherein
the plurality of openings form a plurality of apertures having
a predefined ratio, and wherein the plurality of apertures
comprises at least one of square-, rectangular-, deltoid-,
triangular-, parallelogram-, and trapezoidal-shaped aper-
tures.

[0010] In another aspect, a geogrid product is disclosed
comprising a plurality of apertures having predefined dif-
ferent orientations.

[0011] In some embodiments, the plurality of beam mem-
bers are arranged to form at least three continuous ribs (e.g.,
3,4,5,6,7,8, 9, 10, or more) that extend from the center
interconnection to form a unit cell with a plurality of
aperture sizes.

[0012] In some embodiments, the plurality of beam mem-
bers are arranged to form at least three continuous ribs (e.g.,
3,4,5,6,7,8, 9, 10, or more) that extend from the center
interconnection to form a unit cell with a plurality of
aperture primary axis orientations.

[0013] Insomeembodiments, a plurality of unit cells, each
having a plurality of apertures are aligned adjacent to one
another to form a secondary structure form reflective of the
unit cell aperture distribution.

[0014] Insomeembodiments, a plurality of unit cells, each
having a plurality of apertures, are aligned adjacent to one
another to form a secondary structure form reflective of the
unit cell’s primary axis orientation.

[0015] In some implementations, the pattern of grid lines
in the unit cell mimics that of a spider web.

[0016] In some implementations, the pattern of grid lines
in the unit cell mimics selected radial aspects of a spider
web.

[0017] In some implementations, the pattern of grid lines
in the unit cell mimics selected transect aspects of a spider
web.

[0018] In some implementations, the pattern of grid lines
in the unit cell mimics selected chord aspects of a spider
web.

[0019] In another aspect, a geogrid is disclosed compris-
ing a substantially planar layer of polymeric material having
a pattern formed therein to provide lateral confinement of a
geotechnical environment to restrict displacement of aggre-
gates, wherein the pattern comprises a plurality of interlock-
ing beam members to form a repeating set of polygonal unit
cells each having at least 6 sides (e.g., at least a hexagonal),
wherein the repeating set of polygonal unit cells has (i) a
center and (ii) a plurality of repeating apertures formed in
between the interlocking beam members, wherein each of
the repeating set of polygonal unit cells has a center inter-
connection at the center to which multiple continuous ribs
members and associated apertures extend and connect to
lateral members defining radial transect boundaries.

[0020] In some embodiments, the plurality of apertures of
each of the repeating set of polygonal unit cells have
multiple predefined opening size distributions, including a
first opening size, a second opening size, and a third opening
size, wherein the first opening size has a first percentage
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distribution, the second opening size has a second percent-
age distribution, the third opening size has a third percentage
distribution (e.g., wherein the first opening size is greater
than the second opening size, and wherein the first percent-
age distribution is greater than the second percentage dis-
tribution).

[0021] In some embodiments, the plurality of repeating
apertures has a range of primary axis orientations.

[0022] In some embodiments, the plurality of repeating
apertures comprises at least one of square, rectangular,
triangular-, parallelogram-, and trapezoidal-shaped aper-
tures.

[0023] In some embodiments, the center interconnection
includes at least six continuous ribs (e.g., 6, 7, 8, 9, 10 or
more) that extend from the center of the repeating set of
polygonal unit cells for a polygonal unit cell having at least
6 sides.

[0024] In some embodiments, the center interconnection
includes a pre-defined number of continuous ribs that
extends from the center of the repeating set of polygonal unit
cells, wherein the pre-defined number of continuous ribs is
equal to, or is a multiple of, a number of boundary sides of
a repeating polygonal unit cell.

[0025] In some embodiments, the pre-defined number of
continuous ribs is twice or thrice (2x or 3x) that of a number
of the sides of the boundary of a repeating polygonal unit
cell.

[0026] In some embodiments, each of the continuous ribs
of the center interconnection extent to a corner or a side of
the sides of the boundary of a repeating polygonal unit cell.
[0027] In some embodiments, the repeating set of polygo-
nal unit cells having the plurality of repeating apertures are
aligned adjacent to one another to form a secondary struc-
ture form.

[0028] In some embodiments, the repeating set of polygo-
nal unit cells having the plurality of repeating apertures has
a primary axis orientation for the apertures that are aligned
adjacent to one another to form a secondary structure form.
[0029] In some embodiments, the pattern of the plurality
of interlocking beam members has beam members extending
from the radial transect boundaries to the sides of the
boundary of a repeating polygonal unit cell (e.g., having a
radial aspect mimicking that of a spider web).

[0030] In some embodiments, the geogrid is employed as
a retaining structure used to separate different elevations of
aggregate material.

[0031] In some embodiments, the aggregate structure
comprises a pavement system.

[0032] In some embodiments, the aggregate structure
comprises a building foundation system.

[0033] In some embodiments, the center interconnection
includes a first continuous rib, a second continuous rib, and
a third continuous rib that each extends from the center of
the repeating set of polygonal unit cell, wherein the pattern
includes a set of continuous ribs that are parallel of each of
the first continuous rib, the second continuous rib, and the
third continuous rib to define a set of triangular secondary
structures, and wherein each of the set of triangular second-
ary structures are bisected by tertiary rib structures.

[0034] In some embodiments, the center interconnection
includes a first continuous rib, a second continuous rib, and
a third continuous rib that each extends from the center of
the repeating set of polygonal unit cell, the center intercon-

Nov. 28, 2024

nection including a plurality of radial transect boundaries to
define a plurality of radial apertures within the center
interconnection.

[0035] In some embodiments, the pattern includes a por-
tion (e.g., half) of the center interconnection repeated at
regions between the radial transect boundaries and the sides
of the boundary of a repeating polygonal unit cell.

[0036] In some embodiments, the center interconnection
includes a first continuous rib, a second continuous rib, and
a third continuous rib that each extends from the center of
the repeating set of polygonal unit cells, wherein the pattern
includes a set of beams forming the radial transect bound-
aries having a first shape, wherein sides of the boundary of
a repeating polygonal unit cell has a second shape, wherein
the first shape and the second shape are the same, wherein
the first shape is rotated 30 degrees from the second shape.
[0037] Additional advantages will be set forth in part in
the description which follows or may be learned by practice.
The advantages will be realized and attained by means of the
elements and combinations particularly pointed out in the
appended claims. It is to be understood that both the
foregoing general description and the following detailed
description are exemplary and explanatory only and are not
restrictive, as claimed.

BRIEF DESCRIPTION OF DRAWINGS

[0038] FIG. 1 shows an example geogrid having a geogrid
pattern defined by a unit cell with center interconnections in
accordance with an illustrative embodiment.

[0039] FIGS.2A, 2B, 2C, 2D, 2E, 2F, 2G, 2H, 21, 2], 2K,
and 2L each show example configurations of spider-web-
inspired geogrid having a center interconnection, e.g., as
described in relation to FIG. 1, in accordance with an
illustrative embodiment.

[0040] FIGS. 3A, 3B, 3C, and 3D each show a description
of the rib connections and chord connections as they relate
to the center interconnection, in accordance with an illus-
trative embodiment.

[0041] FIG. 4C shows an example method of design of the
geogrid and its optimization.

[0042] FIG. 4D shows an analysis based on aperture sizes
that can be used for the optimization of the structure (e.g.,
as an evaluation criterion), in accordance with an illustrative
embodiment.

[0043] FIG. 4E shows another class of geogrids formed
from three sets of apertures defined by three directions of a
long axis.

[0044] FIGS. 5A, 5B, and 5C show aperture size and
visual analysis for various types of geogrid, including the
spider-web-inspired geogrid of FIG. 1.

[0045] FIGS. 6A, 6B, 6C, 6D, 6E, and 6F show a numeri-
cal model and analysis of the maximum deformations for a
given geogrid pattern.

[0046] FIGS. 7A, 7B, 7C, and 7D show mesh geometric
properties and evaluation using strain energy, e.g., employed
in the optimization analysis of geogrid shape.

[0047] FIGS. 8A, 8B, 8C, 8D, 8E, and 8F shows modeling
of soil gradation and corresponding analysis. The analysis
shows that having different aperture sizes in the geogrid can
improve lateral containment in the geo-environment as
different aperture-sized geogrids can reduce aggregate dis-
placements.
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[0048] FIGS.9A,9B, 9C, 9D, and 9E show the spider-web
inspired geogrid in having different aperture sizes in the
geogrid can improve lateral containment in the geo-envi-
ronment.

[0049] FIGS. 10A, 10B, and 10C show examples of
geogrids fabricated in a study.

DETAILED DESCRIPTION

[0050] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings and from the claims.

[0051] Throughout the description and claims of this
specification, the word “comprise” and other forms of the
word, such as “comprising” and “comprises,” means includ-
ing but not limited to, and is not intended to exclude, for
example, other additives, components, integers, or steps.
[0052] To facilitate an understanding of the principles and
features of various embodiments of the present invention,
they are explained hereinafter with reference to their imple-
mentation in illustrative embodiments.

Example Spider-Web Inspired Geogrid

[0053] FIG. 1 shows an example geogrid 100 having a
geogrid pattern 102 defined by a unit cell with center
interconnections in accordance with an illustrative embodi-
ment. FIG. 2A-2[, shows example configurations of spider-
web-inspired geogrid 100 (shown as 100q, 1005, 100c,
1004, 100¢, 100£, 100g, 1007, 1004, 1007, 100%, 100/) having
a center interconnection, e.g., as described in relation to FIG.
1, in accordance with an illustrative embodiment. The pat-
tern of grid lines in the unit cell 102 mimics that of a spider
web and is optimized for aperture size, aperture shape, and
aperture orientation to improve load distribution, improve
durability, and/or improve performance in retaining aggre-
gates and other geomaterials.

[0054] Retaining Structures. In geotechnical engineering,
grade separation refers to any elevation difference in the
earth’s materials. Retaining structures are used in the case
when there is a grade separation in order to reinforce both
the naturally occurring slopes or the slopes that are vulner-
able to failure, usually due to human modification such as
cuts or excavations under static (or dynamic) conditions. So
as to satisfy the stability requirement of a retaining structure,
static and dynamic forces that may arise from gravity,
seismicity, wind, and pore water pressure should offset each
other, or in other words, should be in equilibrium.

[0055] Geogrids are used in mechanically stabilized earth
(MSE) wall designs. One of the roles of geogrids in these
structures is to connect the zone that is not prone to failure
to the facing of the wall. Earth materials fail in a zone called
a failure zone, which depends on the strength properties of
the soil. To mobilize the benefits of geogrids, which may be
placed/installed horizontally, the geogrids can exceed the
length of the failure zone. The geogrid installation can
terminate within the stable zone. Geogrids also increase the
shear strength of the soil by the resistance it has due to the
friction and interlocking between the geogrid ribs and the
soil. In a circumstance where there is a movement in the soil
slope, this friction between the soil and the ribs of the
geogrid will try to resist relative movement. Because of the
effects of the geogrid mentioned above, with the use of
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geogrids, higher and steeper slopes can be constructed,
which in turn leads to cost savings.

[0056] Pavement Design. Dynamic loads due to the
vehicles are considered in the process of pavement design.
The term “dynamic™ refers to the continuous loading and
unloading cycles applied to the pavement. As described
above, the ribs of the geogrids provide lateral confinement
to the base course or other layers and, in turn, prevent them
from moving away from the base course. In this way, the
thickness of the base course remains constant; hence, the
pavement becomes more durable under dynamic loads.
[0057] Foundations. Foundations (e.g., foundations of a
building) provide a specific geotechnical engineering prob-
lem. For example, the load from the superstructure should be
conveyed to the earth materials in a way that satisfies both
stability and serviceability criteria (i.e., the ultimate load
should not exceed the bearing capacity of the soil, and a total
displacement of the soil layers should not exceed a pre-
determined value). Lateral confinement provided by geogrid
increases the shear strength of the soil layer, thereby increas-
ing the ultimate bearing capacity of the foundation. In some
implementations, special problems occur in foundation engi-
neering. For instance, if a weak compressible layer is located
between two strong layers, there may be lateral squeezing
out of the soft layer. Lateral confinement may be provided
to solve this problem, for example, in the form of geogrids.
[0058] Referring to FIG. 2A-2L, examples of spider-web-
inspired geogrids as biomimics are shown that employ
geometric and topologic characteristics of spider webs that
can address geotechnical engineering infrastructure prob-
lems, such as grade separation, pavement design, and foun-
dation design by increasing the lateral confinement of the
soil layer more efficiently compared to commercially avail-
able geogrids and thereby increases the shear resistance of
the soil more than that of commercially available geogrids.
The spider-web-inspired geogrid has unique aperture size
distribution, including triangular, parallelogram, and trap-
ezoidal apertures that are analyzed, modeled, and optimized
into the provided design. Like the effect of grain size
distribution on the soil behavior, the aperture size and shapes
can influence the overall geogrid efficiency to maximize the
lateral confinement.

[0059] In each of the FIGS. 2A-2L, the unit cell is defined
by a line as structural members, also referred to as a beam
member. The beam members may have a constant or varying
cross-sectional area. Circles are shown in the unit cell to
define a corner or an edge in providing the geometric
definition for the geogrid unit cell and are not implemented
in the actual geogrid. The geogrid, as an article of manu-
facture, is formed of a continuous corner (e.g., shown as
120"). The corners may be tapered.

[0060] InFIG. 1, the geogrid in diagrams 101a, 1015, and
101¢ are shown for illustrative purpose and are not the same.
In diagram 101a, an example application of a geogrid (for a
triaxial design) in pavement is shown. In diagram 1015, an
example modeling of a geogrid (for an InterAx design) is
shown. In diagram 101¢, an example pattern of an exem-
plary biomimic spider-web inspired geogrid of FIG. 2D is
shown.

[0061] In each of FIG. 2A-2L, the unit cell of a geogrid
(1004, 1005, 100¢, 1004, 100, 100, 100g, 1007, 100:, 100/,
100%, 100/) is shown in which the unit cells, a set of
repeating polygons, are repeated to form a substantially
planar layer (e.g., of polymeric material or other material
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described herein, e.g., filament based structure) to provide a
pattern to provide lateral confinement of a geotechnical
environment to restrict displacement of aggregates. The
pattern in each of Figs., 2A-2H includes a plurality of
interlocking beam members 104 to form the repeating set of
polygonal unit cells each having at least 6 sides (e.g., at least
a hexagonal). The repeating set of polygonal unit cells has
(1) a center 106 and (ii) a plurality of repeating apertures 108
formed in between the interlocking beam members. Each of
the repeating sets of polygonal unit cells 102 has a center
interconnection 112 to which multiple continuous ribs mem-
bers 112 and associated apertures 114 extend and connect to
lateral members defining radial transect boundaries 116 of
the geogrid unit cell 102. In FIG. 1, the geogrid pattern 100a
had a single radial transect boundary 116 that also defines
the center interconnection. Each pattern 100a has a unit cell
boundary 118. Notably, the rib members 112, as a primary
structure for the unit cell, extend continuously (120) from
the center interconnection to the unit cell boundary 118. The
corners 122, 124 (e.g., shown as 122', 124", respectively) of
the radial transect boundaries 114 and unit cell boundary
116, and the center 106 (shown as 106') may be tapered to
different degrees. In some embodiments, the corner 122 and
center 106 may be similarly tapered.

[0062] The number of rib members 12 can include 3, 4, 5,
6,7, 8,9, 10, 11, or 12 ribs. In some embodiments, the
number of rib members can be greater than 12. FIGS. 21-2L
shows the unit cell of the geogrids 100:, 1007, 100%, 100/,
configured as an octagon, decagon, dodecagon, and
icosagon, respectively. The various shapes may be modified
per the pattern shown in FIG. 2A-2H. In forming the geogrid
with the unit cell, the edges of adjacent cells can be linked
together. In some instances where gaps are formed between
the cells, a secondary cell may be created.

[0063] Multiple radial transect boundaries. FIG. 2A shows
an exemplary bio-mimic spider-web inspired geogrid 1005
having multiple radial transect boundaries 114 (shown as
1144, 1145). As shown in FIG. 2A, the rib members 112, as
a primary structure for the unit cell, extends continuously
(120) from the center of the center interconnection 110 to the
unit cell boundary 118.

[0064] The number of radial transect boundaries 114 can
bel,2,3,4,56,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18,
19, 20. In some embodiments, the number of radial transect
boundaries 114 can be greater than 20.

[0065] Center Interconnection with additional connec-
tions. FIG. 2B shows an exemplary bio-mimic spider-web
inspired geogrid 10056 configured with a denser center
interconnection 110 (shown as 110"). In addition to having
rib members 110, the center interconnection 110" includes
secondary rib members 112 (shown as 112') that extends
from the center 106 to a bisect position 202 located on the
unit cell boundary 118.

[0066] Center Interconnection with additional connections
and cross-beams (chords). FIG. 2C shows an exemplary
bio-mimic spider-web inspired geogrid 100¢ configured
with the denser center interconnection 110 (shown as 110")
of FIG. 2B and additional cross-beams 204 (also referred to
as a chord) located between the radial transect boundaries
114 and the unit cell boundary 118.

[0067] FIGS. 3A-3D each shows a definition/quantifica-
tion for the rib connections and chord connections as they
relate to the center interconnection. In FIG. 3A, the pattern
1005 of FIG. 2A includes 6 radial ribs that bisect two radial
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transect boundaries at 12 positions. In FIG. 3B, the pattern
100¢ of FIG. 2B includes 12 radial ribs that bisect a single
radial transect boundary at 12positions. In FIG. 3C, the
pattern 100d of FIG. 2C includes 12 radial ribs that bisect
one radial transect boundary at 12 positions having a cor-
responding set of 12 chords. In FIG. 3D, the pattern 100a of
FIG. 2D includes 6 radial ribs that bisect the radial transect
boundaries at 12 positions having a corresponding set of 12
chords.

[0068] Center Interconnection Rotated with Respect to
Radial Transect Boundary. FIG. 2D shows the example
shown in FIG. 1. Additionally, FIG. 2D also shows the
center interconnection including a first continuous rib, a
second continuous rib, and a third continuous rib that each
extends from the center of the repeating set of polygonal unit
cells. The pattern includes a set of beams forming the radial
transect boundaries having a first shape, and the boundary
sides of a repeating polygonal unit cell has a second shape.
The first shape and the second shape are the same, and the
first shape is rotated 30 degrees from the second shape.

[0069] Edge-to-Edge connection of Unit-Cells to Generate
Multi-Cell with Secondary Structures. FIG. 2E, 2F, 2G, and
2H each show another class of bio-mimic spider-web
inspired geogrid 100 (shown as 1004, 100e, respectively) in
which the unit cells of a smaller unit cell is repeated in part
or in whole with a center unit cell of the same and connected
via edge-to-edge connections to generate multi-cell unit cell
with a secondary structure. This secondary structure aids in
the performance of the geogrid in infrastructure applica-
tions.

[0070] In FIGS. 2E and 2F, a portion of the smaller unit
cell is repeated in part with a center unit cell of the same and
connected via edge-to-edge connections to generate multi-
cell unit cell. In FIGS. 2G and 2H, a first set of smaller unit
cells comprising only the center interconnection 110 is
repeated in whole around the center unit cell of the same and
then connected via edge-to-edge connections to generate
multi-cell unit cell. A second set of the smaller unit cells is
repeated in part (one-third of the center interconnection) to
form the remainder of the multi-cell unit cell.

[0071] FIG. 4A shows the sub unit cell 402. A portion of
the sub unit cell 402 is repeated 6 times and attached on an
edge-to-edge basis to generate a larger multi-cell unit cell
404 having a secondary structure. The boundaries of the sub
unit cell 402 is shown as 406. FIG. 4B shows the sub unit
cell 402 and multi-cell unit cell 404 of FIG. 4A with regions
408 forming a larger trapezoidal cell in structure as a
secondary structure.

[0072] As shown in FIG. 4A, the plurality of repeating
apertures has a range of primary axis orientations. The
plurality of repeating apertures also includes at least one of
square-, rectangular-, triangular-, deltoid-, parallelogram-,
and trapezoidal-shaped apertures.

[0073] Other relationships also exist. For example, FIG.
2G can also be viewed as FIG. 2C having the cross beam 204
from the corners of the unit cell boundary 118 and addition-
ally having additional cross beams 206 from a bisect posi-
tion 208 among the unit cell boundary 118.

[0074] FIG. 2H can be viewed as FIG. 2D having a first set
of sub unit cell comprising the cell interconnection being
repeated in whole. A second set of the smaller unit cell is
then repeated in part (one-third of the center interconnec-
tion) to form the remainder of the multi-cell unit cell.
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Method of Design and Optimization

[0075] FIG. 4C shows an example method of design of the
geogrid and its optimization. In FIG. 4C, a complex geogrid
420 is formed having the three ribs 112 (shown as 1124,
112b, 112¢) formed in the center interconnection. The
geogrid pattern further includes (i) additional ribs 112
(shown as 1124, 112¢, 112f) that traverses the center 106 and
(ii) secondary rib structures 422 that are parallel to the
additional ribs 1124, 112¢, and 112f. An optimization can be
performed that include reducing the number of radials while
keeping the number of transection connections and chord
connections the same (see diagram 24). Then, also in dia-
gram 424, the unit cell 426 can then then defined as a portion
of structure.

[0076] Structural optimization procedure. The optimiza-
tion can be performed by structural and energy analysis to
provide a stiffer composite response by reducing the strain
energy stored in the geogrid. Part of the effectiveness of a
geogrid structure can be linked to the lateral restraint it
provides to the system. The lateral restraint can be related to
the stiffness of the structure. With a stiffer response, the
lateral restraint in the system would be more effective. To
maximize stiffness or minimize compliance, the strain
energy (half of the compliance) stored in the geogrid system
under a load application should be minimized. The formula
to calculate compliance in the system is given, e.g., in
Equation 1.

c=fKf Eq. D

[0077] In Equation 1, c is the compliance, f is the force
vector, and K is the stiffness matrix. To determine which
system can have a lower strain energy but meanwhile keep
the mass constrained, a mass-constrained compliance mini-
mization algorithm can be applied. A penalization can also
be applied in structural optimization. Instead of defining the
relationship between bar area, which can be used to define
geogrid ribs, and stiffness linearly, a non-linear relationship
may be defined using penalization. Using penalization in
structural optimization can be considered as forcing the
system to choose between whether a component in the
system is necessary or not. Some of the methods that utilize
penalization are called SIMP (Solid Isotropic Material with
Penalization) and RAMP (Rational Approximation of Mate-
rial Properties) (Eschenauer and Olhoff 2001, Stolpe and
Svanberg 2001, Bendsge and Sigmund 2004). A penalization
value of 1.5 was used in the analyses conducted in the study.
Other values can be used.

[0078] The total strain energy stored in one element can be
calculated using Equation 2.

g€ + P&
2

Eq. 2
Uel,rmal = ( 4 )

[0079] In Equation 2, q is the deviatoric stress, €q is the
deviatoric strain, p is the mean effective stress, €, is the
volumetric strain. The total normalized strain energy stored
in the considered geogrid section can be calculated using
Equation 3.
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Z Uetgotai Vel Eq. 3)

Unmm,rmal = %
tatal

[0080] In Equation 3, V_,is the element volume, and V
is the total considered volume.

[0081] Strain energy can be employed in the structural
optimization parameter called compliance, which is related
to the inverse of stiffness. Under the same load application,
a system that is more compliant is less stiff. The lateral
restraint condition can be employed to make the system act
stiffer to retain the aggregate in-place. Fully locked aggre-
gates can lead to the least surface (pavement) rutting
because the aggregates don’t have any place to move. Fully
locked aggregates can be considered as illustrative of an
optimal geogrid response.

roral

[0082] The analysis can apply a circular area loading in
the structural optimization code, e.g., provided by Kennedy
(2021) to mimic the traffic load. Stress distribution under a
uniformly loaded flexible circular area solution was pro-
vided by Ahlvin and Ulery (1962). The solutions can be
implemented in the structural optimization code. Then, a
complex spider-web-inspired geogrid design can be
uploaded to the system. The reason for the selection of a
‘complex’ design was to allow the structural optimization
code to select the unnecessary ribs in the system. Diagram
420 shows the complex spider-web-inspired geogrid design
and optimization analysis result (Diagram 424). Specifically,
Diagram 424 shows a complex spider-web-inspired geogrid
design (left) and optimization output (right).

[0083] Based on the optimization output, certain ribs can
be removed via numerical analysis, especially in the center
region. The part that is encircled in FIG. 4C was determined
as the optimization output. Also, the region that was encom-
passed with the circle 426 was determined, via the analysis,
as the unit cell of the optimized spider-web-inspired geogrid.
The final geometrical pattern is a hexagon that includes six
equilateral triangles, in which node at the center of gravity
of each of the triangles is connected to the middle of the
edges. With the connection of the center of gravity nodes of
each of the triangles to the adjacent triangle, the rib pattern
illustrated in diagram 428 is obtained.

[0084] FIG. 4C shows a second optimization example. In
real-world applications, geogrids are placed in pavement
structures, embankment fills, etc. In addition to unit-cell
scale performance, multi-cell scale performance may also be
considered. To create a multi-cell structure of a spider-web
inspired geogrid, unit-cells may be integrated to one another
from their edges, as illustrated in diagram 429. Diagram 429
shows a unit-cell design that can be optimized spider-web
inspired geogrid (left) and a connection of each of the
unit-cells to generate the multi-cell structure (right) for the
optimization. The multi-cell unit cell shown in FIGS. 2E, 2F,
2G, 2H may be similarly modified and optimized.

Geogrids with Secondary Structures Formed of
Varying Apertures Sizes

[0085] FIG. 4D shows another analysis based on aperture
sizes that can be used for the optimization of the structure
(e.g., as an evaluation criterion). In FIG. 4D, different
aperture sizes are shown for different shading (shown as
430, 432, 434).
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[0086] The apertures are aligned adjacent to one another to
form a secondary structure form.

[0087] The apertures also have a primary axis 436 (shown
as 436a, 436b), having orientations that are aligned adjacent
to one another to form the secondary structure form.

Geogrids With Different Opening Orientations
Based on Their Long Axes

[0088] FIG. 4E shows another class of geogrids formed
from three sets of apertures defined by three directions of the
long axis. In FIG. 4E, the center interconnection 110
includes a first continuous rib 112a, a second continuous rib
1125, and a third continuous rib 112¢ that each extends from
the center 106 of the unit cell. The pattern includes a set of
tertiary rib members 442 that are parallel to each of the first
continuous rib 1124, the second continuous rib 11256, and the
third continuous rib 112¢ to define a set of triangular
secondary structures 444 that bisects tertiary rib members
442.

Experimental Results and Additional Examples

[0089] A study was conducted to develop bio-inspired
geogrids. To do that, spider webs were used as an inspira-
tion. Numerical investigations were performed for different
geogrid structures, with varying geogrid embedment depths
within triaxial specimens. From the study, it is understood
that with approximately the same amount of material, lower
maximum geogrid deformations can be obtained with dif-
ferent geometric arrangements.

[0090] Aperture size and visual analysis. Many commer-
cially available geogrids consist of only one aperture size
and shape, such as uniaxial, biaxial, and triaxial geogrids.
Only one commercially available geogrid product, called
InterAx geogrid, produced by Tensar, consists of different
aperture sizes and shapes. However, these existing geogrids
omit the advantageous features of this disclosure. For
example, not only are the size, shape, and distribution of the
apertures important, but also the number of continuous ribs
has been found to be a key factor in the geogrid efficiency.
Because the midsection of the InterAx geogrid unit cell is
empty, it prevents every rib from becoming a continuous rib.
Conversely, in the spider-web-inspired geogrid, the mid-
section is not empty, which leads to having at least six
continuous ribs per unit cell.

[0091] The inspiration for these types of geogrids is spider
webs. Spider webs are very resilient structures in part due to
the material of the spider webs. However, in this research,
the shape of the spider-web structures is used as an inspi-
ration. The structure of the spider web is an additional
component of what makes spider webs durable.

[0092] FIGS. 5A-5C shows aperture size and visual analy-
sis for various types of geogrid, including the spider-web-
inspired geogrid of FIG. 1.

[0093] In FIG. 5A, biaxial (502), triaxial (504), InterAx
(506), and an example configuration of the SpiderAx spider-
web-inspired geogrids (508) are depicted. The scale of the
drawings should not limit the potential size of the spider-
web-inspired geogrids. Nor are these drawings intended to
show exactly the form of the invention; they are rather to
illustrate the concept of the spider-web-inspired geogrids in
contrast to existing commercial geogrids.

[0094] As shown in Fig. BA, the number of aperture
distribution for the spider-web-inspired geogrids (508)
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includes three aperture sizes in which the largest size aper-
tures have a higher of space. In contrast, the biaxial and
triaxial designs (502, 504) have only one distribution of
aperture sizes each. And while the InterAx design (506) also
has multiple aperture distributions, the aperture sizes within
the distribution are smaller.

[0095] A secondary distinction between the exemplary
spider-web-inspired geogrids (508) and other existing
geogrids (e.g., 502, 504, 506) is that when unit cells are
combined in large sheets, a secondary structure emerges, as
shown in the contrast in FIG. 5C. In FIG. 5C, the diagram
506' corresponds to the InterAx design 506 shown in FIG.
5A, and diagram 508' corresponds to the spider-web-in-
spired geogrid design 508 shown in FIG. 5A. The secondary
structure aids in the performance of the geogrid in infra-
structure applications.

Numerical Analysis and Optimization

[0096] Geosynthetics are commonly used products to
improve, alter, and/or modify the ground conditions. As of
today, we have more than a dozen different geosynthetic
product types. Some of the more extensively used ones are
geotextiles, geogrids, and geomembranes. Different prod-
ucts aim to enhance specific system deficiencies. For
instance, while geomembranes are used for permeability
concerns, geotextiles have a wider usage spectrum, such as
separation and filtration. Among them, in most cases,
geogrids are preferred to be used for strength and service-
ability concerns of load bearing structures.

[0097] By definition, geogrids are planar geosynthetic
products that have opening sizes (apertures) with different
shapes. Geogrids are divided into sub-categories based on
how many directions they are designed to perform. For
instance, in most earth-retaining structure applications, uni-
axial geogrid is preferred as the load that the geogrid product
needs to resist is oriented in one primary direction. In
contrast, for the case of geogrids placed below the asphalt
layers in pavement structures, load distribution due to
vehicles cannot be predicted as readily as for earth-retaining
structures, and thus, it is desired to have geogrids perform-
ing in multiple directions. This scenario led to the develop-
ment of biaxial and triaxial geogrids, which can behave
equally in two and three directions, respectively.

[0098] Numerical methods are commonly used to model
the behavior of geogrid and soil interactions. Especially
after the Discrete Element Method (DEM) analysis became
widespread, the works that involved reinforced soil behavior
proliferated. For instance, Miao et al. (2020) investigated the
effect of particle size of ballast on the pullout behavior of a
triaxial geogrid. In their results, they quantified the neces-
sary aperture size to particle size ratio of 2.69 to reach the
optimum performance of the geogrid. Although the test type
was different (direct shear testing) in Feng and Wang (2023)
’s work, the optimum aperture size to particle size ratio of
2.53 agreed with the previous work.

[0099] Although there is plenty of other research related to
DEM, the number of studies that investigated geogrid-soil
interaction using Finite Element Method (FEM) in which
modeling the geogrid is done as a system of openings and
ribs is quite limited. A three-dimensional finite element
model was created by Hussein and Meguid (2016) to
observe the effect of geogrid reinforcement. They first
separately model the geogrid as a nonlinear elastic-plastic
material and then combined the soil and geogrid in the
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model box they created. According to their results, longitu-
dinal ribs undertake the main portion of the tensile loads,
while the loads that are transmitted to the transverse ribs and
junctions are comparatively insignificant. Abdollahi et al.
(2019) investigated the effect of geogrids and EPS Geofoam
on the buried pipe systems numerically by modelling
geogrids having ribs and apertures as a linear elastic-plastic
material.

[0100] Spider-web is a well-known, resilient structure. It
consists of mainly three parts, a denser/condensed center
region, radial chords, and secondary chords that link the
primary (radial) chords, as shown in the figure below.
Different from the classical geogrid structures, they have
different opening sizes and shapes. Combining the proper-
ties of spider webs and the applications of geogrids, in the
scope of this paper it is aimed to create a spider-web-
inspired geogrid and compare it with the commercially
available triaxial geogrids by using FEM numerical meth-
ods.

[0101] Numerical Model. The study used a commercially
available finite element analysis software, PLAXIS 3D, in
numerical analyses. The finite element model included three
different elements: backfill soil, loading plate, and geogrids.
FIGS. 6A-6F show a numerical model and analysis of the
maximum deformations for a given geogrid pattern. Spe-
cifically, FIG. 6 A shows views of example models. Backfill
soil is modeled as a 10-node tetrahedron element, while the
loading plate and geogrids are modeled as plate elements,
which include 6-node triangular elements. Elastic modulus
and Poisson’s ratio of the geogrid is obtained from literature
(Skuodis et al., 2020).

[0102] In order to model geogrid reinforcement, indi-
vidual ribs are modeled as a plate element. This approach
that defines geogrids as a linear elastic material with an
elastic modulus and Poisson’s ratio was also reported in the
literature (Hussein and Meguid, 2016, Abdullahi et al., 2019,
Skuodis et al., 2020).

[0103] Hardening soil model is implemented to model the
backfill soil behavior. This model enables the user to define
the deformation characteristics of the soil more properly, as
it has three different deformation parameters, whereas in
Mohr-Coulomb model, deformation is captured only using
one parameter. Conversely, for the strength parameters,
hardening soil model does not require any other parameters
compared to Mohr-Coulomb model. The only recommen-
dation that PLAXIS has for the strength parameters is the
relationship between friction angle and dilatancy angle,
which is first proposed by Bolton (1986), y=¢-30. The soil,
geogrid, and loading plate properties are listed in Table 1.

TABLE 1
Property Value Unit
Soil

Model Hardening Soil —
Secant Stiffness 20 MPa
Tangent Stiffness 20 MPa
Unloading/reloading Stiffness 60 MPa
Friction Angle 35 °
Dilatancy Angle 5 °
Cohesion 1 kPa
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TABLE 1-continued

Property Value Unit
Geogrid
Thickness 0.1 Cm
Elastic modulus 57 MPa
Poisson’s ratio 0.3 —
[0104] The triaxial test is a commonly used test method to

determine the strength and deformation characteristics of
particulate materials. To model an axial compression triaxial
test with finite element software in this study, the process
was divided into two steps. As the first step, a confinement
pressure of 100 kPa was defined for both the top and
circumference of the specimen. Afterward, a deviatoric
stress of 200 kPa was applied to the top of the specimen. The
sample was intentionally not loaded until failure because the
aim was to observe the deformation behavior with and
without geogrids under the same load application. FIG. 5A
shows an illustration of the triaxial specimen under load
application.

[0105] Modeling results. The study created spider-web-
inspired geogrid in two steps. At first, a direct implementa-
tion of the real spider-webs properties was done. The direct
implementations included a stiff center region and approxi-
mately the same angle between the radial chords; afterwards,
the study conducted a series of numerical experiments to
observe the behavior and compared it with the triaxial
geogrid that was drawn in a way that its outer boundary is
the same with the spider-web inspired geogrid. FIG. 6B
shows the spider-web inspired geogrid and triaxial geogrid.
[0106] FIG. 6C shows comparison results of spider-web
inspired geogrid-1 design and triaxial geogrid design. In
FIG. 6C, each point represents a separate simulation, with
the y-axis as the geogrid location, and the x-axis showing the
geogrid deformation when the geogrid is placed at that
elevation. Geogrid deformation is calculated as the vector
sum of the deformation in X and y axis, excluding z-axis.
[0107] As shown in FIG. 6C, the maximum deformations
of triaxial geogrids were less compared to an initial spider-
web inspired geogrid for all geogrid depths, meaning that
triaxial geogrid is a more stable structure in terms of load
bearing compared to the first spider-web inspired geogrid. A
modification was made to the first spider-web-inspired
geogrid. This modification was inspired from Hussein and
Meguid (2016) findings, in which they stated that the ribs
that are perpendicular to the applied load are more effective
to hold the load. Another spider-web-inspired geogrid was
created, as shown in FIG. 6D with a comparison to the first
spider-web-inspired geogrid. In this modified spider-web-
inspired geogrid, the stiff center region was maintained as a
dense structure again, but some of the secondary ribs were
shifted to resist the load in a more effective way. A series of
tests are performed with this modified spider-web-inspired
geogrid, and the results are shown in FIG. 6E. As can be seen
in the Figure, the modified spider-web-inspired maximum
deformation obtained is significantly less than triaxial
geogrid for all geogrid depths.

[0108] Optimization analysis. The study conducted an
optimization analysis as described in relation to FIG. 4C.
FIGS. 7A, 7B, and 7C show mesh geometric properties and
evaluation using strain energy. Specifically, FIG. 7A shows
a top view of the mesh employed in the analysis. FIG. 7B
shows an example Investigated geogrid region. FIG. 3C
shows the isometric view of the mesh.
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[0109] Geogrids are placed at the mid-height (32 cm).
Surface displacement was applied (6 mm, 12 mm). FIG. 7D
shows example geogrids evaluated in the analysis. Table 2
shows the results of the analysis.

TABLE 2
Total Strain
normalized Energy Volume
When Az/B = strain energy Difference  Volume  difference
3.75% (kPA) (%) (em®) (%)
Triangular 6.22 — 17.80
geogrid
InterAx-shaped 6.32 [1.58] 17.81 0.06
geogrid
Optimzied 5.54 12.27 17.12 3.97
SpiderAx
[0110] A surface displacement (Az) of 12 mm was applied

to a 32 cm diameter (B) loading plate. Geogrid layers were
placed at a depth of B below the loading plate. Differences
are relative to Triangular Geogrid. In Table 2, the result in
the bolded bracket indicates the value for the InterAx-
shaped geogrid has higher surface displacement (poorer
performance), while the results shown in bold for the
optimized geogrid show lower surface displacement (better
performance).

[0111] Soil gradation analysis. FIGS. 8A-8F shows mod-
eling of soil gradation and corresponding analysis. Specifi-
cally, FIGS. 8A and 8B show additional modeling
approaches using 3D DEM for soil gradation analysis. FIG.
8C shows unreinforced (sub-panel A), reinforced (sub-panel
B), and full lateral reinforced (sub-panel C) models. Grids
can only partially restrict the lateral displacement of aggre-
gates. To quantify the maximum enhancement achievable
using grid stabilization, the device has to laterally lock a
layer. For the model, particles (e.g., aggregates) within a
specified range can be allowed to have translation blocked in
the x and y directions but free rotations in all directions and
translation in z direction.

[0112] FIGS. 8D and 8E show the results of the DEM
analysis. Force was applied for 100 cycles. FIG. 8D (sub-
panel A) shows a visualization of the piston displacement for
the unreinforced (sub-panel A), reinforced (sub-panel B),
and full lateral reinforced (sub-panel C). FIG. 8E shows the
rutting performance (sub-panel A) for the three models of
FIG. 8D, the horizontal displacement performance (sub-
panel B), and the vertical displacement performance (sub-
panel C).

[0113] FIG. 8F shows an analysis of the force distribution
to the various geogrid (triaxial, uniaxial, and hexagonal).
Subpanels A, B, and C show a plot of the normalized axial
force as applied the structure. Subpanel D shows a plot of the
distribution of axial force from the distance of the center
points. Sunpanel E shows the cumulative distribution of
axial forces.

[0114] FIG. 9A shows that aggregates have gradations
(subpanel B). For a certain sieve opening, a percentage of
aggregates will pass (Subpanel A). FIG. 9B shows the DEM
model employed in the study. FIG. 9C shows the geogrid
configuration evaluated. FIG. 9D shows the results. Axial
stress of 200 kPa was applied, and lateral deformation
profiles (parallel to the x-axis) for the boundary (minx/left
part) were drawn for cases with/without geogrids.
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[0115] The soil deformation in the x-axis direction for
different heights was recorded for all types of geogrids that
were tested. In the figure below, the soil deformation after
different geogrid applications is illustrated. Based on the
figure below, the soil continuum is constrained more with
the application of spider-web inspired geogrid compared to
the commercially available geogrid geometries. FIG. 9E
shows soil deformation performance between the interAx
(subpanel A) and a configuration of the spider-web-inspired
geogrid (subpanel B). It can be observed per subpanel-C that
the spider-web-inspired geogrid has better performance in
restricting the movement of aggegrates.

[0116] Printable Protoypes. The study fabricated geogrid
samples measuring 0.2 m (8 inches) by 0.2 m (8 inches)
through 3D printing using the Original Prusa i3 3D printer.
Both polypropylene (PP) filament and polylactic acid (PLA)
filament were employed in manufacturing the bench-scale
testing samples. FIGS. 10A-10C show the properties of each
fabricated geogrid. In FIGS. 10A-10C, each geogrid was
assigned a short name per Table 3. The number in the short
name represents the opening size.

TABLE 3
Label Description
“Tr” Traditional triaxial geogrids
“y” Y geogrids
“Heg” or “NegHeg” Hexagon geogrids
“Trg0” Traditional triaxial geogrids having
an opening size of 0.8 inches
[0117] Additional suffixes, such as “_t” for thicker ribs or
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_w” for wider ribs, were used to denote variations from
standard geogrids. “_L” signifies a larger Y structure,
“_exL” denotes an extremely large Y structure, and “_small”
indicates a smaller Y structure compared to normal Y
geogrids. Other flags in the short name may indicate special
materials; for instance, “_PLLA” denotes PLA geogrids. If
not specified, the geogrid is assumed to be a normal PP
geogrid.

[0118] Discussion. Certain parameters in the modified
spider-web-inspired geogrid can allow it to deform less
compared to triaxial geogrid under the same load applica-
tion. Distribution of the apertures can provide one such
benefit. Many commercially available geogrids consist of
only one aperture size and shape (biaxial geogrids: square,
triaxial geogrid: triangle); however, typical coarse-grained
soil, unless they are perfectly uniform, has a gradation. To
incorporate the effect of soil gradation, it is contemplated
that geogrids should also have an opening size distribution.
The difference between the opening sizes of triaxial geogrid
and modified spider-web-inspired geogrid is depicted in
FIG. 6D, in which the same areas are shown with the same
color in each geogrid.

[0119] As noted above, the ribs that are perpendicular to
the edge, and therefore, in this case, perpendicular to the
applied force at that edge, can be more effective in limiting
the movement in the geogrid. For the other two geogrids that
are tested, almost all ribs connect the outer edge to the
interior part, which may be a reason for them have a
maximum grid deformation compared to the modified spi-
der-web inspired geogrid.
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Discussion

[0120] It is to be understood that the methods and systems
are not limited to specific synthetic methods, specific com-
ponents, or particular compositions. It is also to be under-
stood that the terminology used herein is for the purpose of
describing particular implementations only and is not

intended to be limiting.

[0121] As used in the specification and the appended
claims, the singular forms “a,” “an” and “the” include plural
referents unless the context clearly dictates otherwise.
Ranges may be expressed herein as from “about” one
particular value, and/or to “about” another particular value.
When such a range is expressed, another implementation
includes from the one particular value and/or to the other
particular value. Similarly, when values are expressed as
approximations, by use of the antecedent “about,” it will be
understood that the particular value forms another imple-
mentation. It will be further understood that the endpoints of
each of the ranges are significant both in relation to the other
endpoint, and independently of the other endpoint.

[0122] “Optional” or “optionally” means that the subse-
quently described event or circumstance may or may not
occur, and that the description includes instances where said
event or circumstance occurs and instances where it does
not.

[0123] Throughout the description and claims of this
specification, the word “comprise” and variations of the
word, such as “comprising” and “comprises,” means
“including but not limited to,” and is not intended to
exclude, for example, other additives, components, integers
or steps. “Exemplary” means “an example of” and is not
intended to convey an indication of a preferred or ideal
implementation. “Such as” is not used in a restrictive sense,
but for explanatory purposes.

[0124] Disclosed are components that can be used to
perform the disclosed methods and systems. These and other
components are disclosed herein, and it is understood that
when combinations, subsets, interactions, groups, etc. of
these components are disclosed that while specific reference
of each various individual and collective combinations and
permutation of these may not be explicitly disclosed, each is
specifically contemplated and described herein, for all meth-
ods and systems. This applies to all aspects of this applica-
tion including, but not limited to, steps in disclosed methods.
Thus, if there are a variety of additional steps that can be
performed it is understood that each of these additional steps
can be performed with any specific implementation or
combination of implementations of the disclosed methods.
The following patents, applications and publications as
listed below and throughout this document are hereby incor-
porated by reference in their entirety herein.
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What is claimed:

1. A geogrid comprising:

a substantially planar layer of polymeric material having
a pattern formed therein to provide lateral confinement
of a geotechnical environment to restrict displacement
of aggregates, wherein the pattern comprises a plurality
of interlocking beam members to form a repeating set
of polygonal unit cells, wherein the repeating set of
polygonal unit cells has (i) a center and (ii) a plurality
of repeating apertures formed in between the interlock-
ing beam members,

wherein each of the repeating sets of polygonal unit cells
has a center interconnection at the center to which
multiple continuous ribs members and associated aper-
tures extend and connect to lateral members, defining
radial transect boundaries.

2. The geogrid of claim 1, wherein the plurality of
apertures of each of the repeating set of polygonal unit cells
have multiple predefined opening size distributions, includ-
ing a first opening size, a second opening size, and a third
opening size, wherein the first opening size has a first
percentage distribution, the second opening size has a sec-
ond percentage distribution, the third opening size has a
third percentage distribution.

3. The geogrid of claim 1, wherein the plurality of
repeating apertures has a range of primary axis orientations.
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4. The geogrid of claim 1, wherein the plurality of
repeating apertures comprises at least one of square-, rect-
angular-, triangular-, parallelogram-, deltoid-, and trapezoi-
dal-shaped apertures.

5. The geogrid of claim 1, wherein the center intercon-
nection includes at least six continuous ribs that extends
from the center of the repeating set of polygonal unit cell for
a polygonal unit cell having at least 6 sides.

6. The geogrid of claim 1, wherein the center intercon-
nection includes a pre-defined number of continuous ribs
that extends from the center of the repeating set of polygonal
unit cell, wherein the pre-defined number of continuous ribs
is equal to, or is a multiple of, a number of sides of the
boundary of a repeating polygonal unit cell.

7. The geogrid of claim 6, wherein the pre-defined number
of continuous ribs is twice or thrice that of a number of sides
of the boundary of a repeating polygonal unit cell.

8. The geogrid of claim 1, wherein each of the continuous
ribs of the center interconnection extent to a corner of the
sides of the boundary of a repeating polygonal unit cell.

9. The geogrid device of claim 1, wherein the repeating
set of polygonal unit cells having the plurality of repeating
apertures are aligned adjacent to one another to form a
secondary structure form.

10. The geogrid device of claim 1, wherein the repeating
set of polygonal unit cells having the plurality of repeating
apertures has a primary axis orientation for the apertures that
are aligned adjacent to one another to form a secondary
structure form.

11. The geogrid of claim 1, wherein the pattern of the
plurality of interlocking beam members has beam members
extending from the radial transect boundaries to sides of the
boundary of a repeating polygonal unit cell.

12. The geogrid of claim 1, wherein the geogrid is
employed as a retaining structure used to separate different
elevations of aggregate material.

13. The geogrid of claim 12, wherein the aggregate
structure comprises a pavement system.
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14. The geogrid of claim 12, wherein the aggregate
structure comprises a building foundation system.

15. The geogrid of claim 1, wherein the center intercon-
nection includes a first continuous rib, a second continuous
rib, and a third continuous rib that each extends from the
center of the repeating set of polygonal unit cell, wherein the
pattern includes a set of continuous ribs that are parallel of
each of the first continuous rib, the second continuous rib,
and the third continuous rib to define a set of triangular
secondary structures, and wherein each of the set of trian-
gular secondary structures are bisected by tertiary rib struc-
tures.

16. The geogrid of claim 1, wherein the center intercon-
nection includes a first continuous rib, a second continuous
rib, and a third continuous rib that each extends from the
center of the repeating set of polygonal unit cell, the center
interconnection including a plurality of radial transect
boundaries to define a plurality of radial apertures within the
center interconnection.

17. The geogrid of claim 16, wherein the pattern include
a portion of the center interconnection repeated at regions
between the radial transect boundaries and the boundary
sides of a repeating polygonal unit cell.

18. The geogrid of claim 1, wherein the center intercon-
nection includes a first continuous rib, a second continuous
rib, and a third continuous rib that each extends from the
center of the repeating set of polygonal unit cell, wherein the
pattern includes a set of ribs forming the radial transect
boundaries having a first shape, wherein boundary sides of
a repeating polygonal unit cell has a second shape, wherein
the first shape and the second shape are the same, wherein
the first shape is rotated 30 degrees from the second shape.

19. The geogrid of claim 1, wherein the geogrid was
designed by numerical analysis that optimizes the geogrid to
act stiffer to retain aggregate in place by minimizing calcu-
lated strain energy.

20. The geogrid of claim 1, wherein the interlocking beam
members include a rough surface.
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