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Abstract: Geogrids are widely used in civil engineering
projects to reinforce road and railway structures. This
paper presents research on the shearing strength of
soil samples that have been reinforced with geogrids.
The relationship between soil and geogrids is explored
and evaluated by modeling the mechanical behavior
of heterogeneous materials. For the purposes of this
research, data obtained from tests of unreinforced sand
samples with triaxial cells were compared with the data
obtained from tests of reinforced sand samples. It was
found that the shearing strength for reinforced samples
was higher (from 9% to 49%) compared to unreinforced
samples. Some damage to the geogrid was detected during
the experiment, and for this reason, the same tests were
numerically simulated for both unreinforced samples and
samples reinforced with geogrids. Numerical simulations
revealed the main reasons for damage to the geogrids
during triaxial testing.

Keywords: geogrid; sand; shearing strength; angle of
internal friction; cohesion.
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1 Introduction

Geogrid is a geosynthetic material used as reinforcement
in construction works, which increases the bearing
capacity and equalizes displacements in sand conditions.
-4 Geogrid typically includes a mixture of polypropylene
(PP), high-density polyethylene (HDPE), and polyester
(PET). Geogrid can be either flexible or rigid in nature;
the manufacturing process, manufacturing technology,
and the behavior of grids will vary depending on the
type of synthetic materials used. Thus, it is important to
understand the technical specifications for a particular
geogrid.

One of the main properties of geogrids is its nominal
tensile strength in both a machine direction and a cross-
machine direction. The declared geogrid tensile strength
depends on the degree of strain. This is important to know
when evaluating the use of geogrids as soil reinforcement.
Usually, the strength values of design geogrids are
calculated according to the strain: 1%, 2%, 5%, and
10%. Strains in excess of 10% require the use of typical
tensile strength and strain curve.® The design value of
tensile strength is determined during the geogrid tests
when loads and strains are being measured, although it is
important to note that tests are performed on the geogrid
without any interaction with the surrounding soil.

In general, all of the necessary geogrid properties are
evaluated with partial safety factors!®-® whose application
ensures safety of the entire geotechnical construction,
which is reinforced with geogrid during storage,
installation, loading, durability, etc.®

Research conducted in recent decades has shown that
different types of geosynthetic reinforcements are widely
used to improve the shear strength of soil materials.
Such research has identified the main factors affecting
mechanical behavior, including the number of geotextile
layers, their arrangement in specimens, confining
pressure, particle size distribution, geotextile type, and
the relative density of samples. Diverse experimental
approaches have investigated the productive effects
of geotextile reinforcement in geotechnical projects.
Some researchers employed full-scale, reduced scale
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models of geotextile-reinforced soil or an experimental
approach, such as compression triaxial and direct shear
equipment, to evaluate the effects of reinforced horizontal
geosynthetic layers in soil. Nair and Latha® carried out
triaxial experiments with granular subbase samples
reinforced with multiple layers of geogrid and geotextile
reinforcements. They concluded that reinforced systems
carried more stresses than unreinforced systems at the
same strain level. The benefit of geocell reinforcement
was evident only at high strains, whereas planar
reinforcement was effective at much lower strain levels.
Stiffness reduction was found to be low for geocell-
reinforced samples compared with the samples reinforced
with planar layers of geogrid. Sakleshpur et al.l”
indicated that the improvement in shear strength of an
unreinforced soil aggregate sample due to the placement
of biaxial geogrid with an aperture of 33 x 33 mm and a
tensile strength of 4 KN/m at 2% strain at the interface is
greater for relatively softer subgrades compacted at water
content above the optimal than for subgrades compacted
at the optimal water content. Large-scale direct shear
tests were conducted to study the interaction between
sand and 3-D geogrid under direct shear mode. Medium
and fine fractions of clean, dried river sand were used in
the study. Compared to planar geogrid, a 16% and 22%
improvement in interface shear strength was provided by
medium sand reinforced with 3-D geogrids of triangular
and rectangular pattern, respectively. The interface shear
strength coefficient of 3-D geogrid-reinforced fine sand
was lower compared to 3-D geogrid-reinforced medium
sand.™ Other researchers have performed the triaxial tests
on reconstituted specimens of dry, natural sand prepared
at a loose relative density (Dr = 30%) with and without
geotextile layers and consolidated to three levels of
confining pressures, 50, 100, and 200 kPa, where differing
numbers and arrangements of reinforcement layers were
placed at different heights of the specimens (zero, one,
and two layers). The geotextile inclusion improves the
mechanical behavior of sand; thus, a significant increase
in the shear strength and cohesion value is obtained by
adding layers of reinforcement. Also, the results indicate
that the value of the strength ratio is bigger for samples
which are subjected to a low value of confining pressure.
The results obtained reveal that a high value of confining
pressure can restrict the sand dilatancy when shearing.
A series of consolidated undrained triaxial compression
tests for investigating the shear behavior of geotextile-
reinforced clay were conducted. The experimental results
revealed that during consolidation, non-woven geotextile
as a permeable material reduced the time of consolidation;
however, it induced a higher volume change. During
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undrained loading, the shear strength and excess pore
water pressure of the reinforced clay increased with the
number of geotextile layers due to the restraint of the
lateral deformation resulting from the mobilized tensile
force of reinforcement layers. This study demonstrated
that the reinforcement is more effective in enhancing
additional confining pressure than increasing excess pore
water pressure, 4

Drained triaxial tests on encased and non-encased
samples of gravel were performed to study the influence
of encasement on the behavior of stone columns. This
improvement is more significant for low confining
pressure.'” Different layers of reinforcements including
one, two, and three geotextile layers were placed in the
reinforced calcareous soil samples and sheared in drained
conditions. The results show that confining pressure has a
significant effect on the efficiency of reinforcements. It is
evident from this study that increasing the reinforcement
layers decreases the particle breakage of the calcareous
soils.¥ To make a precise comparison between the
behavior of reinforced siliceous and carbonate sand, the
authors performed triaxial tests on both types of sands.
Results indicated that geotextile inclusion increases the
peakstrength and strain at failure and significantly reduces
the post-peak strength loss of carbonate specimens. The
strength enhancement of reinforced carbonate sand is
greater than the corresponding siliceous sample at high
axial strains.™

Thus, the purpose of this article is to determine the
shearing strength of quartz sand reinforced with flexible
and rigid geogrids by using the triaxial compression test.
Numerical modeling provided a better understanding of
the distribution of stress in the soil specimen reinforced
with geogrid, especially in the plane with geogrid.
Numerical analysis also showed the influence of geogrids
on stress—strain distribution in soil samples.

2 Experimental setup

2.1 Soil properties

The mineralogical composition of sand wused for
investigation was determined by AmSiejus et al., wherein
sand was found to contain ~85% of quartz and ~6% of
feldspar, with theremaining part contributed by carbonate,
mica, and some other minerals.'® The determined
density of particles was p_ = 2.65 g/cm’. The sphericity
of investigated soil particles was quite high (S,, = 0.836),

and the form coefficient was K, = 0.702.1"" According to
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Table 1. The main properties of flexible and rigid geogrids (taken from the technical brochures of suppliers).

Properties Basetrac® Grid PP 40 Secugrid 40/40 Q1 Basetrac® Grid PET 40

Nominal tensile strength 240 kN/m 240 kN/m 240 kKN/m

(machine direction),

nominal tensile strength

(cross-machine direction)

Strain at nominal tensile 7% 10%

strength 7%

Durability Predicted to be durable for a Predicted to be durable for a Predicted to be durable for a
minimum of 100 years in natural minimum of 100 years in natural minimum of 100 years in natural
soils with 4 < pH <9 and soil soils with 4 < pH < 9 and soil soils with 4 < pH < 9 and soil
temperatures <25 Cif covered temperatures <25 C if covered temperatures <25 C if covered
within 30 days after installation within 30 days after installation within 30 days after installation

o 100 2.2 Geogrid properties

b
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Figure 1. Granulometric curve of the investigated soil.

the granulometric curve (Fig. 1), the soil investigated was
uniformly graded sand, the uniformity coefficient was C,
= 1.47, and the coefficient of curvature was C,. = 0.93. The
soil granulometric composition revealed 1.34% fine sand,
96.38% medium sand, and 2.28% coarse sand particles,
determined according to ISO 14688-1:2017."¥ Particles
of this soil are mostly of the same shape because it is
sampled from the Klaipéda seashore, where the surface
particles have been polished by the action of waves. Also,
this sand does not contain silt, clay, and gravel additives.
For the purposes of scientific testing, Klaipéda sand from
the Baltic Sea is called Lithuanian standard sand due to
its granulometric composition and particle shape.™ After
the tests, it was found that there was no effect of crushing
of soil particles.?%2!

Triaxial tests for this soil with and without geogrid
reinforcements were conducted. The results obtained
were compared while evaluating the ratio of reinforced
and unreinforced soil samples.”? This research did not
analyze the effects of particle size on the interfacial shear
strength.??

alongside threads with a mesh size of 30 x 30 mm. The
sample cross section contained a single mesh. Basetrac
Grid PET 40 is made of two round alongside threads,
whose mesh size is 25 x 25 mm. The sample cross section
contained four meshes. Secugrid 40/40 Q1 geogrid is made
of one flat thread and the mesh size is 30 x 30 mm. The
sample cross section contained one mesh.

Geogrids must be anchored in the surrounding soil
mass; a small part placed in the middle of the triaxial
sample is a rigid element compared with the soil. The
actual mechanical properties of a geogrid’s element
are not relevant because only a small piece is placed in
the sample. The strength and elongation stiffness of the
geogrid’s element are much higher than those of soil.

2.3 Triaxial test procedure

Triaxial tests were carried out using samples of 100 mm
in diameter and 200 mm in height. Due to boundary
conditions, it is suggested in the literature to test samples
of height h and diameter d in the ratio h/d = 2.%9 The
tests were chosen to run under isotropic, unsaturated,
consolidated, and drained conditions.? The conditions of
these tests simulate the natural exploitation environment
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Figure 2: Sample reinforcement with geogrid: left - flexible Basetrac® Grid PP 40 geogrid; middle — flexible Basetrac® Grid PET 40 geogrid;

right — rigid Secugrid 40/40 Q1 geogrid.

Table 2: Density of investigated samples.

Sample Density, g/cm?
Unreinforced 1.72-1.73
Basetrac® Grid PP 40 1.67-1.69
Secugrid 40/40 Q1 1.69-1.70
Basetrac® Grid PET 40 1.69-1.72

of geotechnical constructions of roads and railways. All
samples were prepared with an initial water content of
w = 6.0% by compacting in 10 layers. This water content
represents roadbed moisture. The geogrid was pressed
gently into the sand. All samples were consolidated for 30
min, and according to the consolidation time, the vertical
strain velocity 0.950%/min was calculated. Each of the
tests was continued up to maximal deformation, which is
equal to 15.0%. When choosing the cell pressure, there was
no special simulation of any case study or existing project,
so the experiments used the following cell pressures: o, =
100, 200, and 300 kPa. All investigated soil samples were
prepared with a density as uniform as possible (see Table
2). The void ratio of samples was approximately e = 0.65,
and the saturation degree was Sr = 25%.

The density of initial samples did not differ to any
significant degree because during triaxial testing for soil
sample reinforcement, only one layer of geogrid was
used (Fig. 2). The geogrid was positioned directly in the
middle of the sample, exactly 100 mm from the top and
bottom. Tests with more than one reinforcing geogrid
layer were not carried out because according to Kamel

and Chandra,®! the most significant geogrid influence
is obtained when one geogrid layer is used for triaxial
sample reinforcement.

2.4 Interpretation of results

The peak shearing strength for unreinforced and
reinforced soil samples was determined by the maximum
ratio of tangential and normal stresses 7/0” = max. For
unreinforced soil samples, the Mohr—Coulomb criterion
T = ¢’ tangp” + ¢ was applied. Line parameters such as
the angle of internal friction tan¢” and cohesion c¢ were
determined by using the least squares method. The Mohr—
Coulomb failure criterion was also applied to evaluate
the peak shearing strength of samples reinforced with
geogrids. Most of the reinforced soil samples exhibited
apparent cohesion, so the Mohr—Coulomb equation was
used to calculate the shear strength improvement of the
geosynthetic reinforced soil composites. In this case, the
influence of geogrid on shearing strength was evaluated
as with apparent cohesion ¢” and the friction angle of
geosynthetic reinforced soil with tang”.??

3 Analysis of experimental results

Firstly, soil tests without any geogrid reinforcement were
performed. The sample failure shape obtained was very
common with the shapes presented in the literature.
29311 Next, a series of tests was carried out with samples
reinforced using flexible and rigid geogrids. In this case,
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Figure 3: Sample failure shape (from left to right): unreinforced; reinforced with Basetrac® Grid PP 40 geogrid; reinforced with Basetrac®

Grid PET 40 geogrid; reinforced with Secugrid 40/40 Q1 geogrid.
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Figure 4: Dependence of stress deviator on the vertical strain of unreinforced and reinforced soil samples with geogrids when the cell

pressure g, =100 kPa.

the sample failure shape was not the same where there
was no reinforcement (see Fig. 3).

For samples with no geogrid reinforcement, the
failure plane was obtained from the top of the sample to
its bottom, with the failure shape corresponding to the
theoretical dependence with the angle of internal friction.
The shape was not valid for samples reinforced with
geogrids; instead, soil samples reinforced with flexible
and rigid geogrids produced up to 10 failure planes
which started from the top of the sample and extended
to the geogrid positioned in the middle of the sample.
For this reason, the measured max stress deviator (01—03)
values were higher for samples reinforced with geogrids.

Dependence of stress deviator on the vertical strain of
unreinforced and reinforced soil samples with geogrids is
presented in Figs 4-6.

From the results presented in Figs 4-6, it is evident
that when the cell pressure o, = 100 and 200 kPa, the
resistance and residual strength of samples reinforced
with flexible or rigid geogrids are much more higher than
unreinforced samples. The flexible geogrids Basetrac Grid
PP 40 and Basetrac Grid PET 40 and rigid Secugrid 40/40
Q1 are equivalent in their reinforcing properties (Table 1)
because the nominal tensile strength 240 kN/m is the same
for all geogrids investigated. When the cell pressure is o,
=300 kPa, resistance of the unreinforced sample at peak
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Figure 6: Dependence of stress deviator on the vertical strain of unreinforced and reinforced soil samples with geogrids when the cell

pressure g, =300 kPa.

strength is almost similar to that of reinforced samples
with geogrids. This phenomenon can be explained by the
high cell pressure applied (o, = 300 kPa) during the test.
High cell pressure has an influence on stress distribution
in the sample.’? Nevertheless, residual strength of
unreinforced samples is smaller than that of reinforced
samples, when the cell pressure is o, = 300 kPa. See Table
3 for a detailed comparison of peak shearing strength.
Residual shearing strength results were already reported
by Skuodis and Dirgéliené.P

On comparing the peak shearing strengths presented
in Table 3, it is evident that unreinforced soil samples
reach peak shearing strength at twice smaller vertical

strain when compared with reinforced soil samples with
geogrids. This tendency is valid only for soil samples
tested under the cell pressure o, = 100 and 200 kPa. When
the cell pressure is 0, =300 kPa, the difference is not so
obvious. It is noticeable that by increasing the confining
pressure, the geogrid reinforcement effect on the sand
sample decreases. Geotextile has low productivity at a high
confining pressure, yet the shear strength is considerably
increased at a low confining pressure. Geotextile layer
decreases the dilative behavior of sand and has a confining
effect on specimens. In high confining pressures, the
geotextile has a low confining effect on specimens,
which leads to a low increase in the shear strength.™
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Table 3: Unreinforced and reinforced soil with geogrid shearing strength.

Peak strength
Test conditions Cell pressure  Max stress deviator ~ Vertical strain  Angle of internal  Cohesion Shearing strength ratio
g, kPa 0,-0,, kPa £ % friction ¢', ° c, kPa (reinforced/unreinforced)
Unreinforced 104.54 380.67 1.5810
202.98 627.85 1.5758 40.77 0.00
305.39 1202.45 3.4799
Basetrac® Grid 106.68 484.87 3.3234 1.31
PP 40 204.78 966.78 3.4615 42.28 22.82 1.31
305.30 1308.82 4.4283 1.12
Secugrid 40/40 106.20 521.38 3.0033 1.43
A 205.65 916.87 3.3232 39.78 43.47 1.31
305.13 1233.04 3.6346 1.09
Basetrac® Grid 107.01 526.76 3.3171 1.32
PET40 206.10 908.43 5.0638 41.90 20.27 1.27
306.44 1328.61 4.1152 1.11

The cohesion evaluated for soil samples reinforced with
geogrids should be interpreted as apparent cohesion c .
Normally, for noncohesive soils reinforced with geogrids,
some values of cohesion are established.?®

Alsoinvestigated in this study was the wear of geogrids
before and after tests. Irregularities were obtained for the
flexible Basetrac Grid PP 40 and the rigid Secugrid 40/40
Q1 geogrids; however, some changes in geogrid condition
were observed before and after triaxial tests for Basetrac
Grid PET 40 geogrid (see Fig. 7).

Fig. 3 shows that Basetrac Grid PET 40 geogrid has
four openings. This means that such connections are
orientated close to the external surface of the sample. It is
in this zone that the higher stress deviator values appear
during tests, which leads to some damage to geogrid
connections. The other two geogrids investigated (flexible
Basetrac Grid PP 40 and rigid Secugrid 40/40 Q1) have
only one opening, in which case the geogrid connections
are located close to the middle of the sample where the
stress deviator is lower than at the edge of the sample
cross section. This explains why there was no damage to
flexible Basetrac Grid PP 40 and rigid Secugrid 40/40 Q1
geogrid connections. The numerical simulation section
(Section 4) presents a detailed explanation of damage to
geogrid connections.

4 Analysis of numerical simulation
results

Numerical modeling is used to evaluate the processes
that take place in soil and the nature of these processes.
B4 Numerical simulation of triaxial tests was achieved
using the PLAXIS 3D program which evaluates stress
distribution in the simulated sample, especially in the
plane with the geogrid. A small portion of the geogrid is
rigid and inserted with a small deformation in comparison
with the soil. The calculated stiffness of such small
geogrid fragments will be almost equal. Hence, for small
geogrid fragments, the concept of flexibility does not
apply. For this research, the essential factor is the amount
of geogrid lines in the cross section of the sample. The
sample size for numerical simulation chosen was 10 times
the size of the real sample, which was possible when
model dimensions were entered using the SI system unit,
meter (m). When the sample size is chosen in meters, the
stresses are given in kilopascals, which makes it easier to
evaluate their size and nature of their distribution. The
strong correlation with actual experimental tests results
confirms the suitability of the choice. Standard soil tests
were simulated and the results were compared with those
from actual laboratory tests. The shape and dimensions
of the numerical model corresponded to the laboratory
sample. A plastic calculation was used to conduct
an elastic-plastic deformation analysis according to



348 —— Sariinas Skuodis, Neringa Dirgéliené, Jurgis Medzvieckas

§ sciendo

Figure 7: Basetrac® Grid PET 40 geogrid condition: left — geogrid without damages before test; right — geogrid damages after test.

small deformation theory. After defining the initial
phase, the numerical test was modeled and compressed
isotropically using confining pressure 0,. Next, the axial
pressure 0, was increased, while the radial pressure o,
was kept constant. The distributed loads on vertical and
horizontal planes were used to model pressure o, and
o,. Different pressure o, levels were activated in each
calculation phase. Following the successful completion of
a calculation phase, a new phase with increased pressure
0, was initiated. For an unsuccessful calculation, a failure
situation was indicated. The last value of pressure o, of the
modeled numerical tests can be seen in Table 4.

Stress states at failure are described using the Mohr—
Coulomb failure criterion. The elastic-plastic Mohr-
Coulomb model involves effective strength parameters:
angle of internal friction ¢’, cohesion c¢’, dilatancy angle
¥ for soil plasticity, effective stiffness parameter Young’s
modulus E’, and Poisson’s ratio v’ for soil elasticity. In
the finite element program PLAXIS, the exact form of
the full Mohr—Coulomb model is implemented using a
sharp transition from one yield surface to another.®”
For stress states within the yield surface, the behavior
is elastic. For simulation, soil parameters such as the
angle of internal friction ¢’ = 41, cohesion ¢’ = 1 kPa,
dilatancy angle ¥ = 9, Young’s modulus E’ = 40 MPa,
and Poisson’s ratio v’ = 0.3 were applied. The software
developers recommend taking the value of the cohesion,
but not zero, i.e. slightly higher than zero. The dilatancy
of sand depends on both density and the angle of
internal friction. For sand, the magnitude of the angle
of dilatancy is about ¥ = ¢’-30°.0% The calculations
performed under drained conditions means that the
influence of water was not evaluated.

Numerical simulations provided for two different
types of geogrids: Basetrac Grid PP 40 and Basetrac Grid
PET 40, which were simulated because they have different
number of openings in the triaxial sample cross section.
It is difficult to assess the exact difference between
the flexible Basetrac Grid PET 40 geogrid and the rigid
Secugrid 40/40 Q1 geogrid with the same grid openings,
so rigid Secugrid 40/40 Q1 geogrid was not simulated.
The shape of simulated geogrids, their dimensions, and
cross-sectional area were in accordance with the data
from experiments and based on the scale 1:10 (the same
magnification as for the sample size).

The main problem in the numerical simulation
appears when assigning a modulus of elasticity for the
geogrid. The tensile modulus of the PP is about 1.2 GPa; in
another source, itis given as 1.3-14.9 GPa.”** The PLAXIS
3D program contains models for the linear and nonlinear
behavior of structural elements. The authors of this paper
chose the linear behavior for geogrid elements. Since the
area of the geogrid fragment occupies a considerable
cross-sectional area of the sample, the plate elements (in
PLAXIS-named floor) are used to model geogrid elements.
The area occupied by the geogrid fragments is presented
in Figs 9, 12, and 13 (area marked in green). The width
(b = 7.0 x 10 mm) of the geogrid lines corresponded to
the numerical simulation ratio. The behavior of these
elements is defined using elastic stiffness properties.
The floor element is used to model horizontal (two-
dimensional) structures in the ground with significant
rigidity (bending stiffness). Before the creation of geogrid
fragments, the corresponding contour needs to be created
using geometry lines. The basic parameters include the
thickness (for the numerical simulation, d = 1.0 x 10 mm),
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Table 4: Simulated unreinforced and reinforced soil shearing strength with PLAXIS 3D.

Test conditions Experimental results

Simulation

Cell pressure Max stress deviator Cell pressure Max stress deviator
o, kPa 0,-0_, kPa g, kPa 0,-0_, kPa
Unreinforced 104.54 380.67 100.0 365.0
202.98 627.85 200.0 740.0
305.39 1202.45 300.0 1110.0
Basetrac® Grid PP 40 106.68 484.87 100.0 470.0
204.78 966.78 200.0 960.0
305.30 1308.82 300.0 1410.0
Basetrac® Grid PET 40 107.01 526.76 100.0 510.0
206.10 908.43 200.0 910.0
306.44 1328.61 300.0 1460.0

unit weight of the floor material, Young’s modulus, shear
modulus, and Poisson’s ratio (v,, = 0.1). Distinct stiffness
can be specified for a different floor direction by selecting
the model parameters E and E,. Young’s modulus was
accepted to be equal in both directions (E = E, = 5.7 x
107 kPa). The shear modulus is related to the Young’s
modulus according to Hooke’s law of isotropic elasticity.
The element allows for plane deflection due to shearing,
as well as bending and changes in length when axial
forces are applied. The basic material parameters should
be chosen in such a way that the resulting stiffness would
be equivalent to the stiffness of the small geogrid element.
Geometric dimensions should match the selected model
ratio, in which event the resulting rigidities and shear
stiffness of the geogrid element should be dependent
on the chosen value of Young’s modulus. The small
element of the geogrid is a highly rigid insert with a small
deformation in comparison with the soil. In this case,
different calculations were conducted with various values,
i.e. 5.7 x 10°, 5.7 x 105, and 5.7 x 107 kPa. A perfect match
with experimental test results was obtained when the
simulated geogrid modulus of elasticity was 5.7 x 10" kPa.
After finding all matches for numerical and experimental
tests, an assumption was made that the stress state in the
numerical model is equal to the stress state in the real
sample. From numerical simulations, the stress deviator
values (0,-0,) at the sample failure were found (Table 4).
Distribution of the stress deviator in the vertical and
horizontal cross section at the failure stage of the samples
is given in Figs 8 and 9. Here, porous stone influence at the
top and bottom of the sample horizontal strain restriction
on unreinforced soil is obtained and additional influence

on the middle of the cross section of reinforced samples
with geogrid is indicated.

Analysis of the distribution of stress deviators
presented in Figs 8 and 9 shows that maximum stress
deviator concentrates in the zones where there is no
reinforcement. Smaller stress deviators are obtained
where the sample comes into contact with porous stone
and also in the zone of reinforcement with the geogrid.
At the point of failure, the ultimate stress deviator zone is
much larger in the unreinforced sample. The distribution
of approximately uniform stresses is more flat in the
reinforced specimen. The area of ultimate stress deviators
is much smaller, but the stresses are much larger (Fig.
8), the distribution of which depends on the amount
of reinforcement in the cross section. For the sample
reinforced with Basetrac Grid PET 40 geogrid, distribution
of the stress deviator is more uniform in the entire cross
section.

Stress deviator increment appears in the geogrid
connections, which damaged the Basetrac Grid PET
40 geogrid connections during experimental testing.
Maximum axial tension forces appear in the middle of
cross section (Fig. 10).

Maximum tension forces appear in the middle of
the cross section when the Basetrac Grid PET 40 geogrid
is simulated. For different cell pressures (03 = 100 and
300 kPa), average tension forces which form in geogrids
difference are minimal. In geogrid tape (which is in the
center of the cross section), extreme tensile force is
present; but this decreases when the geogrid tape is moved
away from the center of the cross section. Maximum shear
forces appear at the geogrid’s connections (Fig. 11).
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Figure 8: Distribution of stress deviator in vertical cross section when the cell pressure o, = 100 kPa: left — unreinforced sample; middle -
sample reinforced with Basetrac® Grid PP 40 geogrid; right — sample reinforced with Basetrac® Grid PET 40 geogrid.
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Figure 9: Distribution of stress deviator in the horizontal plane at the geogrid position when the cell pressure o, =100 kPa: left — unreinforced
sample; middle — sample reinforced with Basetrac® Grid PP 40 geogrid; right — sample reinforced with Basetrac® Grid PET 40 geogrid.

For both simulated geogrids, bending moments are
less than 0.2 kN m and are not actual when compared with
tension (Fig. 10) and shear (Fig. 11) forces. Differences
in the distribution of shear forces in the geogrids are
minimal when the cell pressure is o, = 300 kPa. The
maximum concentration of shear forces is at the geogrids’
connections and at the ends of geogrids. Concentrations

of shear forces for Basetrac Grid PET 40 geogrid explain
the damages that occurred during experimental testing
(Fig. 7). See Fig. 12 for distribution of volumetric strains in
the horizontal plane at the failure stage.

In the evaluation of volumetric strains and when
the cell pressure is g, = 300 kPa, the difference between
unreinforced samples and samples reinforced with
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Figure 10: Distribution of tension forces along axis 1 in the geogrids when the cell pressure o, = 300 kPa: left — sample reinforced with
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Figure 11: Distribution of shear forces in the geogrids when the cell pressure o, = 300 kPa: left — sample reinforced with Basetrac® Grid PP
40 geogrid; right — sample reinforced with Basetrac® Grid PET 40 geogrid.
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Figure 13: Distribution of total volumetric strains € when the cell pressure o, = 300 kPa: left — unreinforced sample; middle - sample
reinforced with Basetrac® Grid PP 40 geogrid; right — sample reinforced with Basetrac® Grid PET 40 geogrid.

geogrids is minimal (see Fig. 13). Volumetric strains vary
between 18 x 102 and 30 x 107, Differences in strains
between unreinforced samples and samples reinforced
with geogrids increase when comparison is made with
the cell pressure at ¢, = 100 kPa. Volumetric strains vary
between 5.2x 102 and 40 x 10~ (see Fig. 12). The distribution
of changes in strains can explain experimentally obtained
minimal differences in stress deviators (when the cell

pressure g, =300 kPa) between unreinforced samples and
samples reinforced with geogrids (see Fig. 6).

Stresses and strains (Figs 8-13) explain the behavior of
soil and soil reinforced with geogrids, whereas numerical
simulations reveal failure character, which was obtained
during experimental testing. Numerical simulations also
prove that the quantity of geometry and openings of
geogrids are very important for the distribution of stresses
and strains in the sample.
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5 Conclusions

The following conclusions can be drawn about the
reinforcement of samples with geogrids and their
influence on triaxial tests results:

(1) Geogrids have a positive influence on the
reinforcement of geotechnical constructions. On
comparing the shearing strength ratio for reinforced/
unreinforced samples, shearing strength increment
from 1.09 to 1.43 was obtained for reinforced soil
samples.

(2) The angle of internal friction varies from 39.78° to
42.28° for reinforced samples with flexible and rigid
geogrids, and it is equal to 40.77° for unreinforced
samples. The apparent cohesion in the evaluation of
reinforced samples with geogrids has increased up to
43.47 kPa.

(3) Unreinforced soil samples reach peak shearing
strength at less than twice the vertical strain compared
to reinforced soil samples with geogrids. The fact
that the peak shearing strength will be reached at
higher strains promotes better design in geotechnical
constructions.

(4) In the connections of geogrids, the shearing forces
appear. According to the values of shearing forces and
the shape of geogrids during experimental testing,
some damages appeared only for Basetrac Grid PET
40 geogrid.

(5) When the samples are tested with a high cell pressure
(0,=300 kPa), low efficiency of geogrid reinforcement
is obtained in the sample. The difference in the
stress deviator at the point of failure is very small in
comparison with unreinforced soil sample.

Notwithstanding, it may not be possible to directly apply
the results of this research to geotechnical construction
design because the research analyzed only the behavior
of the soil samples tested with a triaxial test device and
this does not validate the scale factor with the polygon
testing results. Despite these differences, the test data
provide useful and insightful information to gain a better
understanding of the behavior and failure mechanism of
reinforced soil. The results and discussion in this paper
are useful to more clearly understand the shear behavior
and stress distribution in soil samples reinforced with
geogrids.
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