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Abstract: A series of laboratory and large-scale field model footing tests were conducted to assess the
modulus and stress distribution behavior of a clayey soil foundation, both with/without geogrid
reinforcement, deviating from the conventional approach of evaluating the strength performance,
such as bearing capacity. The modulus was evaluated at three settlement ratios of s/B =1, 3, and
5%, while the stress distribution angle («) was estimated at three applied surface pressures of
234 kPa, 468 kPa, and 936 kPa. The results indicated a stiffer load-settlement response when geogrid
reinforcement was included. The modulus of reinforced clayey soil remained nearly constant for test
sections with the same reinforced ratio, with the modulus improvement increasing as the reinforced
ratio (R;) increased. The modulus improvement also increased with the settlement ratio (s/B). These
results demonstrated that the stress distribution improvement decreased as the surface pressure
increased. Generally, both the modulus and stress distribution improvement exhibited an increase
with an increase in the tensile modulus of the geogrid. While laboratory model tests consistently
provided a higher improvement in the modulus than large-scale field model tests in this study due to
a higher reinforced ratio, the stress distribution improvement was similar for both.

Keywords: geogrid; reinforced soil; modulus; modulus improvement factor; stress distribution angle;
stress distribution improvement factor; reinforced ratio; reinforcement spacing

1. Introduction

The application of geogrid-reinforced soils to support shallow foundations can be
dated back to as early as the 1970s. Over the past half-century, significant research efforts
have been directed toward exploring the performance of geogrid-reinforced soil founda-
tions (RSFs) across various soil types [1-14]. Varied parameters in these studies include
the top layer spacing, number of geogrid layers, vertical spacing between layers, length of
geogrid reinforcement, tensile modulus, footing shapes, soil types, etc.

The literature widely recognizes and documents the benefit of geogrids in improving
the ultimate bearing capacity of footings [15-18]. Studies have identified that the pri-
mary mechanism of geogrid reinforcement is the confinement effect or lateral restraint
effect [19,20]. This confining effect is akin to increasing the effective confining stress of the
soil. Since most soils are stress-dependent materials, geogrid reinforcement can enhance
the shear strength /modulus of soil through this lateral restraint effect.

Based on this reinforcing mechanism, various numerical and analytical solutions
have been developed to assist engineers in estimating the ultimate bearing capacity of
a reinforced soil foundation [19-22]. Settlement prediction is always a challenging task,
even for an unreinforced soil foundation. However, in many cases, the settlement of the
footing is a critical factor in the design of a shallow foundation system and is often a major
contributor to structural damage, e.g., a bump at the end of the bridge (Figure 1), rutting in
a flexible pavement structure, and settlement cracks of buildings. Huang [23] and Huang
and Hong [24] developed analytical solutions to estimate the settlement of a RSF at the
ultimate load.
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Figure 1. Bridge end bump problem caused by settlement of an embankment fill.

Recently, artificial intelligence has gained popularity in the research community, with
Raja and Shukla [25] creating a multivariate adaptive regression splines model to predict
the settlement of reinforced sandy soil foundations at ultimate loads. However, these
studies have not adequately addressed the requirements of serviceability limiting the
state design, specifically the allowable settlement. Khosrojerdi et al. [26] utilized the
results of a numerical parametric study to develop a regression model for estimating the
maximum settlement of a RSF under applied static loads ranging from 50 to 600 kPa.
Raja and Shukla [27] developed a hybrid Al model for estimating the settlement of a RSF
under service loads. It is worth noting that the studies in the literature primarily focus
on estimating immediate settlement, representing a limitation, especially in the context of
long-term performance considerations.

In this study, data from previous research conducted by the author are utilized to
evaluate the modulus of geogrid-reinforced clayey soil, a parameter frequently required
for immediate settlement predictions, and the stress distribution angle, a parameter often
needed for estimating the consolidation settlement of underlying weak soils.

2. Model Footing Tests
2.1. Material Properties and Test Setup

The author conducted a series of model footing tests, encompassing both laboratory
and large-scale field experiments, on a clayey soil foundation reinforced with geogrid [15].
The clayey soil used in this study had a liquid limit of 31 and a plastic index of 15, classified
as CL (clay of low-plasticity) according to the Unified Soil Classification System (USCS).
The Standard Proctor test determined an optimum moisture content of 18.75%, and the
maximum dry density was found to be 1670 kg/m?.

For the laboratory model footing tests, a 1.5 m (length) x 0.91 m (width) x 0.91 m
deep steel box was utilized. The model footings, 25.4 mm thick steel plates with dimensions
of 152 mm x 152 mm, were tested on soil with an in situ moisture content ranging from
18.0-18.5% and a dry density from 1640-1709 kg/m?.

In the large-scale model footing tests, the model footing utilized comprised steel-
reinforced precast concrete blocks, with a thickness of 203 mm and dimensions of
457 mm x 457 mm. The test sections measured 3.658 m (length) x 3.658 m (width) x
1.829 m (height). The in situ dry densities of the soil ranged from 1760-1808 kg/m?, with
moisture contents varying between 15.8% and 16.8%.

Figure 2 schematically illustrates a typical reinforced soil foundation testing section.
The footings underwent loading through a hydraulic jack against a reaction steel frame
(Figure 3). The testing protocol adhered to the ASTM (American Society for Testing and
Materials) D 1196-93 (2004) procedures [28], with load increments that were applied and
sustained until the settlement rate remained below 0.03 mm/min for three consecutive
minutes. Measurement of the load and the corresponding footing settlement was conducted
using a ring load cell and two dial gauges, respectively.
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Figure 2. Geogrid-reinforced soil foundation.
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Figure 3. Model footing test setup. (a) Laboratory model test setup; (b) Large-scale field model
test setup.

Three types of geogrids, designated as GG1, GG2, and GG3, were employed in this
investigation. The physical and mechanical properties of these geogrids, as furnished by
the manufacturers, are detailed in Table 1.

Table 1. Properties of the geogrids.

a b
Reinforcement  Polymer Type MD ¢ T% kNim o~ D E”, kN/m pi glngt;:;
GGl geogrid Polypropylene 3.6 5.1 182 255 33 x 33
GG2 geogrid Polypropylene 5.5 7.4 274 372 33 x 33
GG3 geogrid Polypropylene 8.5 10.0 425 500 25 x 30.5

? Tensile strength (at 2% strain), b Tensile modulus (at 2% strain), ¢ Machine direction, ¢ Cross machine direction.

2.2. Test Section Preparation

The clayey soil was layered and compacted for each test section. In the laboratory
model footing tests, the layer thickness varied from 25 mm to 102 mm, depending on the
spacing of the reinforcement. Test samples were prepared by hand-mixing clay and water.
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The required amount of clay for each layer was then calculated, poured into the box, leveled
with a rake, and compacted to the predetermined height using a 203 mm x 203 mm plate
adapted to a vibratory jackhammer.

In the large-scale field model footing tests, the layer thickness ranged from 102 mm
to 152 mm, depending on the reinforcement spacing. The necessary quantities of clayey
soil and water were computed for each layer. Test sections were prepared by employing a
tiller to blend the pre-weighed soil and water. The soil was uniformly distributed across
the section, leveled with a rake, and compacted to the predetermined height using a
MultiQuip plate compactor(Multiquip Inc., Cypress, USA), followed by a wacker-packer
tamper (Wacker Neuson America Corporation, Menomonee Falls, USA) to achieve the
desired densities.

Geogrid layers were positioned in the clayey soil at the desired depth. For pressure
cells, excavations were made to the predetermined depth using a hand trowel when
construction reached the level for pressure cell installation. The bottom of the hole was
leveled with a 102 mm diameter steel plate gently struck by the compaction hammer. The
pressure cell was subsequently positioned in the holes and adjusted until level with the
aid of a small bubble level placed on the pressure cell. The excavated clayey soil was then
backfilled and compacted over the pressure cells.

A nuclear density gauge was employed to assess the density of each layer. In the
laboratory model footing test sections, the measured dry densities ranged from 1640 to
1709 kg/ m3 (equivalent to a relative compaction of 98% to 102%), with moisture contents
varying between 18 to 18.5%. For the large-scale field model footing test sections, the mea-
sured dry densities ranged from 1760 to 1808 kg/m? (equivalent to a relative compaction
of 105% to 108%), with moisture contents varying between 15.81 and 16.84%.

2.3. Experimental Testing Program

Both the laboratory and large-scale model tests were carried out on unreinforced /reinforced
clayey soils under unconfined conditions (i.e., surface footing). Table 2 provides an
overview of the testing program and variables.

Table 2. Summary of model testing program.

Reinforcement u h
Configuration N mm mm
Unreinforced
Laboratory model tests GG2 1,2,3,4,5 51 51
GG2 3 51 25,51, 76,102
Unreinforced
GGl1, GG2, GG3 4 152 203
Large-scale model tests GG2 3 152 305
GG2 4 152 203
GG2 5 152 152

3. Results and Analysis
3.1. Modulus Analysis

Due to the non-linear load-settlement response, many moduli can be defined from the
plate load test results, e.g., the initial tangent, tangent, and secant modulus. In this research
study, the equivalent soil modulus, which is defined as the secant modulus at a given
settlement level, was determined from the plate load tests using the following equation:

fqBe(1—v?)

E:
s 26

)
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where f is the stress distribution factor, which is assumed as 71/2 in this study; g is the
applied pressure; B, is the equivalent diameter of a square footing, = 2B/+/7t; J is the set-
tlement of the plate at the pressure, g; and v is the Poisson ratio, =0.35 for both unreinforced
and reinforced clayey soils in this study.

A geogrid reinforced soil foundation can be considered as a two-layer system with
a stiff layer (reinforced zone) overlying a relatively soft layer (unreinforced soil). If the
modulus of the unreinforced soil is known, the modulus of the reinforced soil can then be
calculated by using the following equation:

EN3hrsiprs) + Efhusinus)
E, = ( RS ""RS’p(RS) us "ustp(us) o)

hrsiy(rs) + husipus)

where E; is the equivalent elastic modulus of the test section; Egg is the elastic modulus
of the reinforced soil; hyg is the thickness of the reinforced soil layer; Eys is the elastic
modulus of the underlying unreinforced soil; iij;5 is the thickness of the unreinforced soil
layer; i, (rs) is the position factor of the reinforced soil layer; and i,(s) is the position factor
of the unreinforced soil layer. The position factor is defined as the ratio of the Boussinesq
stress influence factor at the mid-point of the reinforced or unreinforced soil layer (I;) to the
sum of the influence factor (}_ ;).

The analysis is conducted assuming a zone of influence equal to 3B. The moduli of
unreinforced /reinforced soil estimated from the model test results at a relatively small
settlement (s/B = 1%), medium settlement (s/B = 3%), and relatively large settlement
(s/B =5%) are presented in Table 3. The modulus improvement factor (IFg) is introduced
in this study to numerically evaluate the benefit of the geogrid on the modulus behavior of
the reinforced soil. To obtain IF, the following equation was used:

ERs
IFg = —— 3)
Eus

Table 3. Moduli of unreinforced /reinforced soils from the tests.

Test Section s/IB =1% s/B =3% s/IB =5%
Geogrid N u/B h/B E, MPa E, MPa E, MPa
Unreinforced 245 13.0 9.9
GG1 4 0.444 0.444 254 15.7 12.3
Large-scale field GG2 3 0.667 0.667 25.5 14.7 11.5
model tests GG2 4 0.444 0.444 26.4 172 133
GG2 5 0.333 0.333 28.5 19.3 15.5
GG3 4 0.444 0.444 26.2 18.4 14.9
Unreinforced 17.0 9.3 6.7
GG2 1 0.333 et 244 14.8 10.6
GG2 2 0.333 0.333 224 124 9.2
GG2 3 0.333 0.333 25.6 14.9 11.1
Laboratory Model Tests GG2 4 0.333 0.333 25.6 14.5 11.2
GG2 5 0.333 0.333 254 14.8 11.1
GG2 3 0.333 0.167 25.3 17.5 14.0
GG2 3 0.333 0.5 24.8 13.3 9.6
GG2 3 0.333 0.667 21.6 12.7 9.3
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The comparison of the IFg values calculated at s/B = 1%, 3%, and 5% between the
laboratory and large-scale field model tests is presented in Figure 4 for five layers of the
GG2 geogrid. As can be seen from the figure, a significant dependency on the settlement
level was observed for IFg, by which the IFg values increase with an increasing settlement
level. The figure also shows that the estimated IFg values for the laboratory model test
results consistently exceed those for the large-scale field model tests. This suggests that
laboratory model tests may overestimate the benefit of geogrid reinforcement; however,
this overestimation decreases with an increasing settlement level. At the settlement ratio
(s/B) of 5%, IFg values of 1.65 and 1.56 are estimated for laboratory and large-scale field
model tests with five layers of GG2 geogrid, respectively.

1.7

@ Laboratory
@ Large-Scale Field

1.6

1.5

1% 3% 5%
Settlement Ratio (s/B)

Figure 4. Comparison of IFg values between laboratory and large-scale field model test sections with
five layers of GG2 geogrid (N =5, u/B = h/B = 0.333).

Figure 5 presents the IFg values obtained from the laboratory model tests with various
layers of GG2 geogrid. It is interested to note that the IFg values are almost constant
regardless of the number of layers of geogrid, especially for three or more layers of geogrid.
This may be explained by the concept of the reinforced ratio (R;) [20], which is defined as:

R, = _ErAR
EusAgs

(4)

where Ey is the elastic modulus of the reinforcement = J/tg; | is the tensile modulus of
reinforcement; Ap is the area of reinforcement per unit width = Nt x 1; tr is the thickness of
the reinforcement; N is the number of reinforcement layers; Eyjs is the modulus of elasticity
of soil; Ags is the area of reinforced soil per unit width =d x 1; and d is the total depth of
the reinforced zone = u + (N — 1)h. Since the top layer spacing u is equal to the vertical
spacing between layers / for the laboratory model tests with various layers of GG2 geogrid,
Equation (4) in this case can be further simplified as R, = |/ Eygh, which is independent of
the number of layers. Therefore, for laboratory model test sections with various layers of
GG2 geogrid in this study, the reinforced ratio of the reinforced zone remains constant. The
only difference among the test sections is the depth of the reinforced zone. In other words,
the modulus of the reinforced zone is directly related to the reinforced ratio.
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Figure 5. [Fg values at different settlement ratios (s/B) for laboratory model test sections with various
layers of GG2 geogrid (u/B = h/B = 0.333).

Figure 6 presents the IFg values calculated at s/B = 1%, 3%, and 5% for four layers
of different types of geogrids. The figure apparently demonstrates that the modulus of
reinforced soil increased with the increasing tensile modulus of the geogrid. At a settlement
ratio (s/B) of 3%, an increase in IFg from 1.21 with a GG1 geogrid to 1.42 with a GG3
geogrid was calculated. A similar trend was observed for a relatively large settlement
(s/B =5%). In this case, the IFg values increased from 1.24 with a GG1 geogrid to 1.51 with

: -
M \ \

1% 3% 5%
Settlement Ratio (s/B)

Figure 6. IFg values at different settlement ratios (s/B) for large-scale field model test sections with
different types of geogrids (N =4, u/B = 0.333, /B = 0.444).
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The variations of IFg values with reinforcement spacing ratios (/B) obtained at
settlement ratios of s/B = 1%, 3%, and 5% are shown in Figure 7 for a GG2 geogrid.
The figure shows that the IF values decreased with increasing /1/B. Similar trends were
observed for both laboratory and large-scale field model tests at various levels of settlement
ratios (s/B). It is also noted that while most of the geogrid reinforcement benefit was
achieved at medium settlement (s/B = 3%), only a small benefit from the geogrid was
observed at a relatively small settlement (s/B = 1%). As noted earlier, the reinforced ratio
is inversely proportional to the vertical spacing of reinforcement (/). In other words, the
smaller the vertical spacing of reinforcement, the higher the reinforced ratio. Consequently,
the modulus of the reinforced zone is positively related to the reinforced ratio.

2.2 ¢ 2.2
2.1 F ® s/B=1% 2.1 ¢ ® s/B=1%
2.0 ® s/B=3% 2.0 ¢ ® s/B=3%
1.9 A s/B=5% L9 ¢ A s/B=5%
1.8 1.8
1.7 1.7
£ 1.6 £ 1.6
1S 15
1.4 1.4
1.3 1.3
1.2 | 1.2
11 ; 1.1 F .\.\r_.
1.0 ———— E— e ! 1.0 :
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
Reinforcement Spacing Ratio (h/B) Reinforcement Spacing Ratio (h/B)
(a) (b)

Figure 7. Variation of IFg with 1/B at different settlement ratios (s/B) for test sections with a GG2
geogrid. (a) Laboratory model tests; (b) Large-scale field model tests.

Figure 8 illustrates the variation of IFg values with the reinforced ratio. As expected,
the IFg values increased with an increase in the reinforced ratio. Interestingly, the laboratory
and large-scale field model tests do not seem to follow the same trend. This discrepancy
may be attributed to the fact that the reinforcement spacing in laboratory model test sections
is less than 102 mm while the reinforcement spacing for field model test sections is 152 mm
and above. Depending on the reinforcement spacing, the interaction between neighboring
reinforcement layers can range from full interlayer interactions (i.e., composite behavior)
when closely spaced to zero interlayer interactions (i.e., non-composite behavior) when
spaced further apart [29]. George et al. [29] determined that full interactions occur when
the reinforcement spacing is less than 200 mm, while zero interactions occur when the
spacing is greater than 400 mm. The boundary values to separate composite behavior
and non-composite behavior are recommended for cases where the coefficient of the
soil-geosynthetics interaction exceeds 0.8. The boundary values could be lower for the
soil and geogrid used in this study as the coefficient of interaction, determined by a large,
direct shear test, is around 0.7 [30]. The disparity in the modulus performance between the
laboratory model tests and the large-scale field model tests is thus not surprising. It is also
noted that the reinforced ratio of the laboratory model test sections is much higher than
that of the large-scale field model test sections. Therefore, the laboratory model tests could
overestimate the modulus benefit of geogrid reinforcement.
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Figure 8. Variation of IFg with the reinforced ratio (R;). (a) s/B = 1%; (b) s/B = 3%; (c) s/B = 5%.

3.2. Stress Distribution Analysis

With the increased modulus of the reinforced soil mass, not only is the compressibility
of the soil in the reinforced zone reduced, but the applied load can also be distributed to a
wider area in the soil below the reinforced zone. Applying the concept of approximate stress
distribution to the measured stress data, the stress distribution angle («) can be estimated
from the model footing tests on reinforced clayey soil. In this study, the stress distribution
angle («) for the reinforced clayey soil was estimated using the stresses measured under
the center of the footing with the following equation:

P

—_— 5
(B +2d tana)? ©

pi =
where P is the applied load at the surface; B is the width of the footing; d is the thickness of
the reinforced zone; « is the stress distribution angle; and p; is the vertical stress at the top
of the underlying unreinforced soil. In the calculation, it is assumed that the stress outside
the zone of influence delineated by the value « is zero.
Similar to the modulus analysis, the stress distribution improvement factor (IF,) is
introduced in this study to numerically evaluate the benefit of the geogrid in terms of a
wider stress distribution. To obtain IF,, the following equation is used:

IF, = 2RS 6)
&ys

where aRg is the stress distribution angle in reinforced soil; and a;g is the stress distribution
angle in unreinforced soil.
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Figure 9 presents a comparison of IF, values calculated at g = 234 kPa, 468 kPa, and
936 kPa between laboratory and large-scale field model tests for five layers of GG2 geogrid.
As seen in the figure, a significant dependency on the pressure level was observed for IF,,
with values decreasing as the surface pressure level increased. The figure also indicates
that the estimated IF, values for laboratory model test results are similar to those for
the large-scale field model tests. These behaviors observed for the stress distribution are
different than those observed for the modulus in this study. At a surface footing pressure
of 234 kPa, an IF, value of 1.50 is estimated for five layers of GG2 geogrid.

1.70

B Laboratory

160 [ Large-Scale Field

1.40

IFa

1.30

1.20

234 kPa 468 kPa 936 kPa
Surface Footing Pressure (kPa)

Figure 9. Comparison of IF, values between laboratory and large-scale field model test sections with
five layers of GG2 geogrid (N =5, u/B =h/B = 0.333).

The estimated stress distribution angles for the different test sections are presented
in Figure 10. As shown in the figure, a smaller stress distribution improvement factor
(IF,) was estimated for the test section with the lower tensile modulus geogrid GG1. In
this case, the stress distribution improvement factor (IF,) decreased from 1.23 for the
surface pressure of 234 kPa to 1.08 for the surface pressure of 936 kPa. The test section
with the higher tensile modulus geogrid GG3 indicated a stress distribution improvement
factor (IF,) of 1.37 for the surface pressure of 234 kPa and 1.14 for the surface pressure of
936 kPa, respectively.

1.60

BGGl B8GG2 ®GG3

234 kPa 468 kPa 936 kPa
Surface Footing Pressure (kPa)

Figure 10. IF, values at different surface footing pressures for large-scale field model test sections
with different types of geogrids (N =4, u/B = 0.333, h/B = 0.444).
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3.3. Discussion

The total settlement of a soil foundation consists of three main components: immediate
settlement, consolidation settlement, and secondary settlement. The proposed modulus
improvement factor (IFg) and stress distribution improvement factor (IF,) can assist
engineers in estimating the immediate and consolidation settlement of a reinforced soil
foundation.

The immediate settlement can be estimated as:

s faB(1-v?)

o, @)

The equivalent elastic modulus Es can be estimated using Equation (2), where the
modulus of reinforced soil can be derived from the modulus of unreinforced soil by
Ers = IFgEys.

The consolidation settlement (s.) of the underlying unreinforced clay layer for a square
footing can be calculated as:

_ CeHy, 0+ P/[B+ 2Htan(IF,ays)]?
14+ €o § 0’7/}0

®)

Sc

where C, is the compression index of the underlying unreinforced clay layer; Hy is the
thickness of the underlying unreinforced clay layer; ey is the initial void ratio of the
underlying unreinforced clay layer; 07, is the initial effective stress; P is the total load on
the footing; and B is the width of the footing.

4. Conclusions

Based on the results of the model footing tests on reinforced clayey soils, the following
conclusions can be drawn:

e A stiffer load-settlement response was observed when geogrid reinforcement was
included, indicating that the reinforced soil in this study exhibited a higher modulus
compared to the unreinforced soil. This modulus improvement increased with the
settlement ratio (s/B). At a settlement ratio of 5%, the modulus of the clayey soil
increased up to 65% and 56% with the inclusion of geogrid reinforcement for laboratory
and large-scale field model tests, respectively.

e Laboratory model tests consistently showed a higher improvement in the modulus
than the large-scale field model test in this study. For laboratory model tests with
five layers of GG2 geogrid, the modulus improvement factor (IFg) ranged from 1.49 at
a settlement ratio of 1% to 1.65 at a settlement ratio of 5%. In comparison, the modulus
improvement factor (IFg) of large-scale field model test sections with five layers of
GG2 geogrid varied from 1.16 to 1.56 as the settlement ratio increased from 1% to 5%.

e  The modulus of the reinforced clayey soil exhibited a good correlation with the
reinforced ratio, remaining almost constant for test sections with the same reinforced
ratio and increasing with an increase in the reinforced ratio.

e  The disparity in the modulus performance between laboratory and large-scale field
model tests may be attributed to the reinforcement spacing, which affects the degree
of interaction among neighboring reinforcement layers.

e  The reinforced ratio for laboratory model test sections is much higher than that for
large-scale field model test sections. The laboratory model tests could thus overesti-
mate the modulus benefit of geogrid reinforcement.

e  The stress distribution angles («) estimated for the reinforced sections were higher
comparted to the unreinforced sections. The stress distribution improvement de-
creased as the surface pressure increased. The stress distribution improvement factor
(IFy) ranged from 1.50 at a surface pressure of 234 kPa to 1.30 at a surface pressure
of 936 kPa with the inclusion of five layers of GG2 geogrid for both laboratory and
large-scale field model tests.



Geotechnics 2024, 4 52

e  Both the modulus improvement and stress distribution improvement of the reinforced
clayey soil increased with an increase in the tensile modulus of the geogrid.

e  The proposed modulus improvement factor (IFg) and stress distribution improve-
ment factor (IF,) can assist engineers in estimating the immediate and consolidation
settlement of a reinforced soil foundation.
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