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This article presents back analyzed results from experimental full-scale field test zones involving unreinforced
and geocell-reinforced layers with unbound aggregate infill subjected to in-situ Benkelman Beam test (BBT). The
field tests were conducted on experimental test zones during the construction of a new highway. Two types of
Unbound Granular Materials (UGM), placed on layers of various thicknesses, were employed in unreinforced and
geocell-reinforced pavement zones. Deflection measurements were collected for the different pavement structure
layers using the BBT. The main objectives of the testing program were (1) to back calculate the elastic moduli on
all test zones in both unreinforced and reinforced layers; (2) to determine the improvement in elastic modulus of
the UGM, as quantified by the Modulus Improvement Factor (MIF), which results from geocell reinforcement; (3)
to compare the measured MIF with MIF values reported in the literature under similar conditions; and (4) to
evaluate the accuracy of available analytical methods to estimate the MIF. The results demonstrated a significant
improvement in the elastic modulus of the UGM using geocell reinforcement, with MIF values ranging from 2.6
to 3.3, depending on the fill material. One analytical method used to calculate MIF values was found to have
good predictive capability, confirming its potential to the design of pavements with geocell-reinforced layers.

Introduction

Geocells are geosynthetic products with civil engineering applica-
tions ranging from erosion protection to soil reinforcement [1-6,44].
Their implementation has increased in recent years due to their effec-
tiveness in addressing various engineering problems, particularly those
related to soil reinforcement for transportation infrastructure [7-11].

The improvement in the mechanical properties of aggregate infill can
be attributed to the increased confinement provided by the geocells’
honeycomb structure. Specifically, residual stresses are locked in within
the cell pockets allowing the geocell-reinforced layer to behave as a
prestressed concrete mat [12,13]. Besides providing lateral confine-
ment, geocells can stiffen the Unbound Granular Material (UGM)
pavement layer and thus improve its performance in pavement struc-
tures [14]. A parameter that accounts for the ability of a geocell to stiffen
the aggregate layer is the Modulus Improvement Factor (MIF), defined
as the ratio between the modulus in a geocell-reinforced soil to that in an
unreinforced soil as shown in equation (1).
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The MIF could be determined using several experimental techniques,
including small- and large-scale laboratory experiments; experimental
full-scale tests track; back analysis of monitoring data from roads and
railroads; and numerical simulations, such as Finite Element Analysis
(FEA). Typically reported MIF values range from 1.5 to 5.0 in laboratory
experiments, and from 2.0 to 3.5 in experimental full-scale tests and
back analyses of field works [11,15-18]. Due to its usefulness in design,
the use of the MIF is adequate for designing transportation infrastructure
involving geocell reinforcement, as it allows for directly inputting the
modulus of a reinforced layer in methods such as the Mechanistic-
Empirical Pavement Design Method (MEPDM). An analytical method
to estimate the MIF was recently developed by Garcia and Avesani Neto
(2021) [13], which facilitates the simple incorporation of the geocell
reinforcement in MEPDM analysis and in designs using the Layered
Elastic Theory (LET) software.

Despite the MIF successful application to several transportation
infrastructure projects, lack of information on the design and life cycle
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Nomenclature

E Elastic Modulus (Young’s modulus) (MPa)
Geocell wall stiffness

Si Stiffness Index.

0 Poisson’s ratio (dimensionless)

Y Soil specific weight (kN/m®)

¢’ Soil friction angle (°)

c Effective cohesion parameter (dimensionless)

k Duncan et al. (1980) modulus number for loading

(dimensionless)
ku Duncan et al. (1980) modulus number for unloading
(dimensionless)
n Duncan et al. (1980) modulus exponent (dimensionless)
Rf Duncan et al. (1980) failure ratio (dimensionless)

performance of geocell-reinforced flexible pavements has hindered its
use. Currently, specific guidelines are not readily available for designing
and constructing geocell-reinforced pavements, most likely due to the
limited availability of field performance data. This limitation hinders the
establishment of a comprehensive database for referencing the con-
struction, post-construction, and long-term performance of such pave-
ments under field conditions [19].

For addressing the need for field performance data on full-scale
geocell systems, this study involves the back analysis of deflection
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results from Benkelman Beam Tests (BBT) on both unreinforced and
geocell-reinforced UGM layers constructed within a highway pavement
structure. Specifically, a full-scale field-testing program of highway test
zones was undertaken to evaluate the improvements observed from
geocell reinforcement to stiffen two typical UGM layers used as base and
subbase in pavement structures. An LET-based software was employed
to determine the modulus for both reinforced and unreinforced layers,
enabling the quantification of geocell improvements in terms of MIF
under field conditions. Comparisons were also made with the MIF
analytical method used in highway design as well as with a similar MIF
obtained by previous publications.

Experimental full-scale field test

A series of full-scale field test zones were installed in a highway
under construction in the Brazilian southern region. The overall zone
measured 170 m in length and 12 m in width and was divided into four
test zones with an unreinforced and geocell-reinforced base and subbase
layers. Each zone was designed to be 50 m in length to allow for a
comprehensive evaluation of the deflectometer test using the Benkel-
man beam test (BBT).

Fig. 1 presents a plan view and a cross-section of the four zones
evaluated in this study. Fig. 1A displays that zones 1, 2, and 3 were
positioned in the same highway direction, with a distance of 10 m be-
tween each, while zone 4 was placed in the opposite highway direction.
Fig. 1A and Fig. 1B show that zone 1 served as the control, comprising an
unreinforced pavement structure consisting of a 250 mm subbase layer
of crushed stone subbase (CSS) and a base layer with a height of 150 mm
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Fig. 1. Schematic illustration of the experimental full-scale field test zones. (A) Plan view with the position of the zones (dimensions in m). (B) Cross-sections
indicating the layers thicknesses, the materials, the reinforcement, and the series of BBT conducted (dimensions in mm).
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of granular base material (GBM). Zones 2, 3, and 4 were geocell-
reinforced pavement structures (Fig. 1B). In zone 2, the geocell was
placed in the subbase layer, resulting in a geocell-reinforced crushed
stone subbase (CSSg — where ‘g’ denotes a geocell-reinforced layer).
Zones 3 and 4 were constructed with the geocell positioned in the base
layer, creating a geocell-reinforced granular base material (GBMg).
Fig. 1B illustrates that all zones were designed using the same materials
and thicknesses, differing only in the inclusion and positioning of the
reinforcing layer. Additionally, Fig. 1B displays the positions of the BBT
conducted in each structure layer, referred to as “series”. Series A de-
notes the BBT performed directly over the local subgrade. Series B and C
represent the BBT conducted respectively on the unreinforced subbase
(CSS) and base (GBM) pavement layers. Series Bg and Cg indicate the
BBT conducted respectively on the geocell-reinforced subbase (CSSg)
and base (GBMg) pavement layers.

Subgrade

The test zones subgrade consisted of the in-situ material at the
project site. The local subgrade is a lateritic silty clay, with its particle
distribution curve presented in Fig. 2. The in-situ water content was
determined to be 1.55 % at the time of construction, and the specific
gravity of solids was measured at 2.77. Additionally, the Liquid Limit
(LL) and Plasticity Index (PI) were determined to be 77 % and 40 %,
respectively. The subgrade is classified as A-7-5 (9) according to the
AASHTO Soil Classification System soil classification system, and high
plasticity silty (MH) according to the Unified Soil Classification System
(USCS).

Crushed stone subbase (CSS)

The subbase material corresponds to a well-graded aggregate,
referred to as CSS. This material, commonly used for roadway subbase
courses in Brazil, is often identified as macadam. Macadam is composed
of angular fragments of crushed stones in various sizes, ranging in
diameter from 12 to 85 mm, and is known for its good durability,
resilience, and non-reactive characteristics. The CSS particle distribu-
tion curve is shown in Fig. 2. This material is classified as A-1-a ac-
cording to the AASHTO Soil Classification System and GP according to
the USCS.
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Granular base material (GBM)

The base layer was a typical GBM composed of a graded base; its
particle distribution curve is presented in Fig. 2. This material is clas-
sified as A-1-a and GW according to the AASHTO Soil Classification
System and USCS Soil Classification Systems, respectively. The
maximum dry density obtained was 2.18 kg/cm®, with an optimum
water content of 4.6 %, as determined by the compaction curve using
samples from the local soil obtained in the laboratory Modified Proctor
compaction test. Additionally, the California Bearing Ratio (CBR) test
resulted in a value of 102 %.

Geocells

The specifications of the geocell reinforcement in both UGM layers
were adopted as those reported by the manufacturer. The geocells were
manufactured using High-Density Polyethylene (HDPE), measuring 150
mm in height, and had pocket sizes measuring 224 mm in width and 259
mm in length when fully opened, yielding an area of 0.0289 m2. The cell
walls were textured with holes punched in rows, each with a maximum
diameter of 10 mm. The perforated area constitutes approximately 10 %
of the total surface area of each cell. The HDPE elastic modulus under
small strains was reported equal to 700 MPa. From the HDPE elastic
modulus and the cell thickness, a tensile stiffness of 1155 kN/m was
obtained.

Table 1 provides a summary of the geocell properties [22].

Construction of the full-scale test zones

All test zones were designed with identical layers, materials, and
thicknesses, differing only in the placement of the geocell reinforcement.

Table 1

Summary of geocell properties.
Parameters Value
Material HDPE
Cell wall height (mm) 150
Expanded cell dimension (mm) 259 x 224
Cell open area (m?) 0.0289

Equivalent diameter (mm) 192
Cell thickness (mm) 1.65
Geocell stiffness (kN/m) 1155
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Fig. 2. Particle distribution curve of different materials.
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This design approach facilitated the analysis and comparison of modulus
improvements resulting from the geocell inclusion.

The zone 1 control involved an unreinforced UGM layer. The area
was excavated until the project-defined subgrade level was reached and
the initial BBT series was conducted, referred to as Series A in Fig. 1.
Subsequently, a 250-mm-layer of CSS was placed and compacted, fol-
lowed by the second BBT series (Series B). Finally, a 150-mm-layer of
GBM was placed and compacted, and the third BBT series (Series C) was
performed, concluding the testing of the zone 1 control.

The same procedures were followed for zone 2 and differed only in
the incorporation of the geocell reinforcement in the CSS layer. The BBT
tests performed on series A determined the deflections at the subgrade
level; Series Bg was conducted on the 150-mm-thick geocell-reinforced
CSS layer; and Series C was conducted on the 150-mm-thick GBM layer.

Zone 3 and zone 4 also followed similar procedures but with the
geocell reinforcement positioned in the GBM layer. BBT tests performed
on series A determined the deflections from BBTs at the subgrade level;
Series B was conducted on the 250-mm-thick CSS layer; and Series Cg
was conducted on the 150-mm-thick geocell-reinforced GBM layer.

Fig. 3 illustrates the installation steps of the geocell reinforcement in
zone 3. Fig. 3A displays the aperture and positioning of the geocell
panel. In Fig. 3B, the GBM is shown filling the geocell layer, while
Fig. 3C depicts the compaction procedure. Fig. 2D presents conducting
BBT over the geocell-reinforced granular base material (GBMg).

The test zones layers were compacted using a single smooth-drum
vibratory roller measuring 2.1 m in width to compact both the CSS
and GBM layers to 100 % of the maximum relative compaction, ac-
cording to the Modified Proctor test. The compaction equipment made
approximately four to eight passes to achieve the desired relative
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compaction and exerted a centrifugal roller drum force ranging between
133 and 234 kN. The compaction process and quality control (QC)
strictly adhered to Brazilian standards, ensuring compliance with the
required benchmarks for road construction. Quality management was
conducted according to DNIT 011-PRO [20], which outlines the guide-
lines for quality management in road construction projects, ensuring
that all stages of the project were properly monitored and controlled.
Additionally, the statistical control methodology for construction and
services was implemented following DNER-PRO 277 [21], which es-
tablishes procedures for verifying the uniformity and quality of com-
pacted materials and assessing compliance with specified requirements.

The BBT is a simple and cost-effective deflection method, commonly
employed in Brazil for construction quality control of all pavement
structure layers in distinct transportation infrastructures. The BBT is also
recommended for evaluating the benefits of geocell-reinforced pave-
ment structure layers [26]. To conduct the tests, a Benkelman beam is
positioned between the dual wheels of a Simple Axle Dual Wheel (SADT)
vehicle and subjected to an 80 kN load and 560 kPa tire pressure,
generating two equivalent circular loads spaced at a distance of 288 mm.
All pavement layers have deflection criteria determined based on road
characteristics and lifespan considerations, which BBT will measure.
The BBT procedures adopted in this study adhered to both Brazilian and
U.S. standards [27].

Results and discussion
Benkelman beam test deflection results

BBTs were conducted on the subgrade and on both unreinforced and

Fig. 3. Installation steps of geocell-reinforced zone 3: A) Geocell installation; B) Geocell filling; C) Layer compaction; and D) Deflection test (BBT).
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reinforced layers, producing a total of 219 deflection measurements —
approximately 55 in each zone and 25 in each series. Table 2 presents
the BBT deflection ranges, averages, and Coefficient of Variation (COV)
for each zone and layer.

The overview BBT results of all zones indicate deflections ranging
from 0.59 to 6.29 mm, with a COV for each layer ranging between 9.5
and 36.3 %. As expected, higher deflections and maximum standard
deviation were obtained on the subgrade surface, which is attributed to
this less rigid layer and comparatively higher variability in soil char-
acteristics. The BBT results indicate that the deflection of layers de-
creases as more layers are constructed, which is reflected in the decrease
of both deflection and COV values. From the subgrade to the CSS layer,
the deflections and COV decreased by approximately 50 % and 40 %,
respectively. From the CSS to the GBM layer, the deflections decreased
by approximately 25 % with no significant change observed in the COV.
The lowest deflection and COV values were obtained for the geocell-
reinforced layers, with a COV approximately 55 % lower than those
obtained for the unreinforced layers. A COV evaluation reveals that the
subgrade can be considered almost non-uniform, the unreinforced layers
(CSS and GBM) can be classified as fair and the reinforced layers (CSSg
and GMBg) can be considered very uniform [28]. The geocell rein-
forcement was able to adequately distribute the deflections across the
layer and reduce its value.

The results in Table 2 indicate that the average deflection values
between the unreinforced and reinforced layers did not show significant
improvement when comparing Series B to Series Bg and Series C to
Series Cg. As the deflection of upper layers is influenced by subgrade
deformability, the results in Table 2 may not capture the improvement
provided by the geocell, back analyses thus needs to be carried out using
a layered elastic system. In the following section, the results of back
analyzed elasticity moduli using multi-layered elastic system software
will be presented.

Back analyses of layered elastic system

The deflections measured by the BBT are directly correlated with the
displacements obtained from the Layered Elastic Theory (LET), which
relates the stress and strain of the materials based on their elastic
modulus, Poisson’s coefficient, and layer thickness. Various approaches
can be employed to back analize layer elastic moduli from these re-
sponses, including the use of software based on LET, Finite Element
Analysis (FEA) or analytical solutions also based on LET [12,29,30].

In this study, ELLEA1 software was used to back analyze the BBT in
each layer. ELLEA1 is an LET-based software capable of calculating
displacements, stresses, and strains in up to five layers subjected to up to
two circular surface loads [31]. This software has previously been used
to analyze and evaluate road pavement structures, including those with
a geosynthetic layer [32].

The methodology used herein followed that proposed by Avesani
Neto and Rodrigues (2021) [23] and Zipoli and Avesani Neto (2022)
[24]. The BBT results were obtained in an iterative process using the LET
software. The input parameters included the thickness and Poisson’s

Table 2
BBT deflection results.
Series  Layer Zone Deflection Average cov
Range (mm) Deflection (mm) )
A Subgrade 1to4 1.15 to 6.29 3.05 36.3 %
B CSS 1,3 0.83to 2.12 1.51 22.3 %
and 4
C GBM 1 and 0.59 to 1.92 1.10 24.0 %
2
Bg CSSg 2 1.31t0 1.78 1.51 10.3 %
reinforced
Cg GBMg 3 and 0.87 to 1.31 1.04 9.5 %

reinforced 4
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ratio for each layer, as well as the position, dimensions, and magnitude
of the load applied during the BBT. The evaluations included back
analyzing the surface modulus, or equivalent modulus, (Egyf) and the
elastic modulus of each layer (Ejay), as presented in Table 3. The back
analysis process aims at determining the surface and layer elastic moduli
as a function of the BBT deflection on top of each layer. The surface
modulus is obtained by treating all layers as a single equivalent medium
with composite stiffness and calculated using a homogenized semi-
infinite elastic medium. The layers elastic moduli are obtained using
LET considering each layer of the structure. For the BBT performed
directly over the subgrade (Series A) specifically, the surface modulus is
the same as the layer elastic modulus.

At each iteration, the modulus of the layer under analysis was
adjusted until the deflection recorded in each BBT matched the target
value. The sequence of the analysis proceeded from the lower to the
upper layers: the moduli of the lower layers were obtained first for
subsequent use in the moduli back analysis of the overlying layers. For
example, the subgrade elastic modulus was first obtained using deflec-
tion results from Series A and then used to determine the CSS layer
elastic modulus from Series B.

The thickness of each layer was predetermined based on the con-
structed experimental full-scale field tests and is summarized in Table 3.
The applied load was consistent with that used for the BBT as detailed in
Section 2.5. The Poisson’s ratio of each layer was assumed based on
values reported in the literature; they are dependent on the material
characteristics presented in Table 3 [34-37]. For the geocell-reinforced
layers, a Poisson’s ratio of 0.25 was adopted as adopted by similar
studies [11,38].

Surface elastic modulus (Egp)

Prediction of the surface elastic modulus (Egyf) is deemed relevant
because it is related to the subgrade reaction modulus (K). Regardless of
the number of layers, the surface elastic modulus, as does the subgrade
reaction modulus, directly correlates the applied load on the surface to a
deflection. The values of Eg,s obtained from back analyses are shown in
Table 3.

As shown in Table 3, the surface elastic moduli values, obtained
during the construction of the layers, range from 23 to 76 MPa, with the
lowest value associated with the subgrade. As comparatively stiffer
layers were added during the construction process, the surface modulus
is observed to increase. The back analyzed value of the subgrade surface
modulus shown in Table 3 (23 MPa), is similar to values reported for
materials characterized as silty clay [39,40].

The subsequent construction of the 250-mm CSS unreinforced layer
resulted in a surface elastic modulus of 49 MPa, representing an

Table 3
Input parameters for each layer and moduli values back-analyzed from BBT
average results.

Series  Layer Zone  Thickness Poisson’s Surface Layer
(mm) ratio (v) moduli elastic
Equt moduli
(MPa) Ejay
(MPa)
A Subgrade 1to © 0.45 23 23
4
B css 1,3 250 0.35 49 283
and
4
C GBM 1 150 0.35 67 215
and
2
Bg CSSg 2 250 0.25 52 723
reinforced
Cg GBMg 3 150 0.25 76 656
reinforced and
4
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improvement exceeding 100 %, as observed in results from using
deflection data from the BBT test in Series B. This is because the CSS
layer is more rigid than the subgrade. As the applied load is supported
partially by this layer and partially by the subgrade, the deflection is
reduced, resulting in a higher surface (equivalent) modulus. The same
observation can be made for the BBT deflection of the 150-mm obtained
from testing conducted on the unreinforced GBM layer (Series C), for
which the surface modulus obtained was 67 MPa. This value is 190 %
higher than the subgrade surface modulus and 36 % higher than the CSS
surface modulus.

The reinforced zones, such as zone 2 to zone 4, demonstrated a
similar pattern to control one (zone 1). However, a greater magnitude of
the improvement could be observed. Use of geocells to reinforce the CSS
layer (Test Series Bg) resulted in a surface elastic modulus of 52 MPa,
which is 126 % higher than the subgrade surface modulus (Series A) and
6 % higher than the unreinforced CSS (Series B). The reinforced GBMg
layer (Series Cg) yielded a surface elastic modulus of 76 MPa, which is
230 % higher than the subgrade surface modulus (Series A), 55 % higher
than the CSS surface modulus (Series B) and 13 % higher than the un-
reinforced GBM surface modulus (Series C). It can therefore be
concluded that the inclusion of a geocell reinforcement in a UGM layer
can facilitate an increase in the surface modulus over the subgrade.

The Egyf result derives from field measurements of displacements in
stages, meaning that the results are incremental. Consequently, direct
quantitative comparison of the surface modulus of CSS and GBM is
unrealistic due to the difference in each layer thickness and the fact that
the GBM overlays the CSS. Only a qualitative comparison between
surface modulus is appropriate, in addition to a comparison between the
reinforced layer and its equivalent unreinforced one.

Layer elastic modulus (Ejqy)

The layer elastic moduli values obtained from back calculations are
presented in Table 3. As the subgrade was considered a uniform elastic
medium, Table 3 shows that from the BBT performed directly on the
subgrade (Series A), the back analyzed modulus equaled 23 MPa — the
same surface elastic modulus value obtained in the analyses presented in
the previous section.

For the unreinforced CSS layer (Series B), Table 3 shows an elastic
modulus of 283 MPa, obtained by considering an average of the de-
flections from zones 1, 3 and 4. Back calculation of the unreinforced CSS
elastic modulus using only the individual BBT deflections for each zone
resulted in 279, 308 and 263 MPa, respectively, for zones 1, 3 and 4,
with a small dispersion among the results (COV less than 10 %). For the
GBM unreinforced layer (Series C), the back analyzed elastic modulus
obtained was 215 MPa considering the average BBT deflections from
zones 1 and 2. Also in this case, the unreinforced GBM elastic modulus
using only the individual BBT deflections was back-calculated, resulting
in 206 and 223 MPa, respectively, with a small dispersion among the
results (COV about 5 %).

The magnitudes of these back analyzed moduli are consistent with
the ranges recommended by several studies and transportation agencies
for typical CSS and GBM layers that classify as GP-GW by the USCS
classification system [35,36,39,40]. Several MEPDM recommend an
elastic modulus within a range of approximately 200 to 300 MPa for the
aforementioned CSS and GBM, which is nearly identical to the range
obtained in the experimental full-scale field test. The NCHRP 1-37A
(2004) [32] recommends a range of 228 to 290 MPa (typical of 265
MPa) for these UGM. Saride et al. (2022) [15] reported an elastic
modulus of 254 MPa for base layers based on long-term pavement per-
formance. The Australian transportation guideline Austroads (2019)
[33] suggests 250 MPa as a typical value for these materials, while the
Sao Paulo City MEPDM manual IP-08 (2004) [30] indicates an
approximate elastic modulus value of 250 MPa for CSS and GBM
installed directly above the subgrade.

The results in Table 3 reveal that the use of a geocell reinforcement in
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the UGM significantly enhanced the layer elastic modulus. The back
calculation for the reinforced layers (Series Bg and Cg) provided moduli
of 723 and 656 MPa, respectively, for the CSSg and GBMg geocell-
reinforced composite. For Series Cg (GBMg), the value of 656 MPa
presented in Table 3 is the average of the back calculation of zones 3 and
4, the individual results for which were 593 and 719 MPa, respectively.
The UGM elastic moduli in the geocell-reinforced zone showed signifi-
cant improvement over the moduli obtained for the control zone,
ranging from approximately 150 to 230 %, due to the confinement
generated by the geocell reinforcement. Because the mechanical
behavior of UGM is highly sensitive to its stress state, higher confine-
ment led to higher strengths and stiffness, especially after larger
compaction-induced stresses. A comparison of the moduli of unrein-
forced and reinforced layers are utilized to obtain the MIF and detailed
in the next section.

Modulus improvement factor (MIF)

The MIF is a relevant parameter to quantify the improvement in a
material from the inclusion of a geocell. Since it allows for direct
consideration of the elastic modulus of a reinforced layer, using the MIF
is probably the best approach to facilitate and to increase the inclusion
of geocells as reinforcements in transportation infrastructure designs
and works. In MEPDM analyses and evaluations, the reinforced modulus
is obtained by multiplying the MIF by the unreinforced one (Eef = MIF x
Eun) so that only the improved elastic modulus and thickness are
required as inputs for the reinforced layer.

Modulus improvement factor values were back calculated for the
experimental full-scale test results for the CSS and GBM separately, and
are presented in Table 4. Table 4 also shows information on the char-
acteristics of the geocells used in the experiments: raw material, height,
pocket size equivalent diameter, and wall stiffness (J). The MIF value for
the CSS was calculated using the ratio between the reinforced elastic
modulus from zone 2 and the average unreinforced elastic modulus from
zones 1, 3 and 4. The MIF values for the GBM were calculated consid-
ering the reinforced moduli from zones 3 and 4 individually divided by
the unreinforced elastic modulus average calculated from zones 1 and 2.

The results in Table 4 show an MIF ranging from 2.6 to 3.3 obtained
for the three reinforced zones. The geocell-reinforced CSSg (Series Bg in
zone 2) generated an MIF of 2.6, and the geocell-reinforced GBMg (Se-
ries Cg) generated MIFs of 2.8 and 3.3 for zones 3 and 4, respectively.
Considering the previously discussed variation observed in the CSS un-
reinforced elastic modulus, with moduli equal to 279, 308 and 263 MPa
for zones 1, 3 and 4, respectively, the geocell-reinforced MIF for this fill
material was equal to 2.3, 2.6 and 2.7 for the same zones, respectively.
These MIF values are very similar, particularly considering the inherent
variability in an experimental full-scale field test conducted under less
controlled conditions. The maximum absolute and relative differences
were 0.4 and less than 10 %, respectively. In the case of GBM used as fill
material, zones 1 and 2 produced unreinforced moduli respectively
equal to 206 and 223 MPa, while an extreme range, between 2.7 and 3.5,
was obtained for the geocell-reinforced MIF considering the smallest
reinforced modulus with the highest unreinforced modulus and vice-
versa. The calculated MIF results were within the range reported by
several studies [11,15-18,25].

Comparatively higher MIF values were obtained for the geocell-
reinforced mattress filled with GBM when compared to layers with
CSS. This trend was expected since the MIF can be represented as a
function of the soil-reinforcement relative stiffness index, S; [13],
defined as the ratio between the geocell wall stiffness (J) and the soil
modulus number (k) in the hyperbolic constitutive soil model [42]
multiplied by the atmosphere pressure (P,) and the equivalent cell
diameter (deq), as shown in Equation (2) below. The soil-reinforcement
relative stiffness index is the most influential parameter for obtaining
the MIF in direct proportionality. According to Garcia and Avesani Neto
(2021) [13], a 10-fold increase in S; can generate MIF increments greater



L.X. Feng et al.

Transportation Geotechnics 49 (2024) 101444

Table 4
MIF calculation from BBT test results reported by Zipoli and Avesani Neto (2022) [24] and predicted from Garcia and Avesani Neto (2021) [13] equation.
Study Geocell Infill MIF
terial
Material ~ Height / equivalent diameter J (kN/ faterta Back analysis of Analytical
(mm) m) experimental results
BBT' PLT' PLT®  Garcia and Avesani Neto (2021)
[13]
This article HDPE 150 / 192 1188 CSS 2.6 - - 2.9
HDPE 150 /192 1188 GBM 2.8 - - 3.2
HDPE 150 /192 1188 GBM 3.3 - 3.2
Zipoli and Avesani Neto (2022) NPA 120 /178 1162 GBM 2.5 2.1 2.5 2.6

[24]

! Using ELLEA1 LET software.
2 Using Avesani Neto’s (2019) [12] two-layered elastic system solution.

than 60 %. As CSS is a more rigid material than GBM [36,39,41], the MIF
for CSS is expected to be less than that for GBM.

2J

5" e,

@

Table 4 also presents MIF results reported by Zipoli and Avesani Neto
(2022) [24] from a similar experimental full-scale field test performed
on an airfield pavement structure to expand their comparison and an-
alyses. The authors back calculated MIF from BBT and Plate Load Tests
(PLT) using LET software and several two-layer elastic system solutions.
The MIF reported in their study are comparable to those obtained
herein, especially for the CSS as fill material [36,39,41]. The authors
selected a different geocell for their field test, made of Novel Polymeric
Alloy (NPA) and with distinct geometric characteristics, particularly
height and thickness. A GBM with higher rigidity (greater soil modulus
value) was also used to fill the cells.

The MIF value estimated using the analytical formulation proposed
by Garcia and Avesani Neto (2021) [13] are also presented in Table 4. To
calculate the MIF using this analytical method, CSS and GBM hyperbolic
parameters were adopted based on in situ and laboratory tests and
recommendations from the literature [42,43] as follows: y = 20 kN/m3,
¢’ =0, ¢ =45° Rf= 0.8, k =900 to CSS and 600 to GBM, k,/k = 1.2
and n = 0.4. The geocell parameters and characteristics presented in

Table 1 were adopted for the MIF analytical method. The stress gener-
ated by the compaction process was estimated using the methodology
proposed by Ehrlich and Mitchell (1994) [37] considering procedures
and equipment previously cited in Section 2.5.

As shown in Table 4, MIF values of 2.9 and 3.2 were obtained using
the analytical method for geocell-reinforced CSS and GBM layers,
respectively. These values are close to those obtained in the experi-
mental full-scale field test. For the CSS, the absolute and relative dif-
ferences between the MIF obtained from experiments and that
calculated were 0.3 and 7 %, respectively. The absolute and relative
differences between the MIF obtained from experiments and that
calculated for the GBM were 0.1 to 0.4 and 3 to 13 %, respectively.
Table 4 also shows the analytical MIF, calculated by Zipoli and Avesani
Neto (2022) [24], as 2.6, which corresponds to their experimental field
test. These results indicate a good prediction was provided by the
analytical method.

Fig. 4 provides a comparison of the MIF values experimentally ob-
tained with those analytically calculated for the experimental full-scale
field test presented herein. The figure also shows the same comparison
between experiments and calculated MIF results by other authors
[13,25].

The results in Fig. 4 indicate a good agreement of the MIF values
calculated using the analytical method with those obtained from

4.0
A Garcia and Avesani Neto (2021)
O Zipoli and Avesani Neto (2022)
35 + CSSg - Zone 2
X GBMg - Zone 3
X GBMg - Zone 4
3.0
=)
8
E O
=
3 2.5
2.0 AT
A S -
1.5 AA AAZA
1.0 -
1.0 1.5 2.0 2.5

3.0 3.5 4.0

MIF (experiments)

Fig. 4. Comparison of MIF obtained in experiments and calculated via analytical method by several authors.
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experiments. Considering the significant variation in experimental
conditions included in this plot, such as test type (laboratory, full-scale
in the field and back analyzed works), applied load (static and cyclic
PLT, BBT and FWD), geocell reinforcement characteristics (various raw
materials, cell thickness, height and pocket size), fill soil (several types
of sand, crushed rocks and coarse materials) and compaction conditions,
it can be concluded that the analytical method satisfactorily estimated
the MIF. The dashed reference line represents a perfect match between
the experimental and calculated values (calculated MIF = experimental
MIF). Most of the data from Garcia and Avesani Neto (2021) [13] (tri-
angles) are distributed below the perfect match line, suggesting that the
calculated MIF values are generally lower than the experimental ones. In
contrast, the data from Zipoli and Avesani Neto (2022) [24] (circles) are
closer to the equality line, indicating better agreement between the
calculated and experimental MIFs. Regarding this study, the data from
Zone 2 (CSSg) consistently shows calculated MIF values higher than the
experimental ones. Meanwhile, in Zones 3 and 4 (GBMg), the experi-
mental values exhibit variability, with one point near and other further
from the perfect match line, reflecting a range of agreement between the
calculated and experimental MIFs. Overall, the use of analytical for-
mulations proves advantageous in determining the modulus of specific
layers during rapid assessments or preliminary analyses in projects,
especially for geocell reinforcement applications. Additionally,
employing analytical solutions can facilitate obtaining the input pa-
rameters required for MEPDM software.

Conclusion

This article presented the back analyzed results from an experi-
mental full-scale field test with unreinforced and geocell-reinforced
layers subjected to in situ deflection experiments. The full-scale field
test was performed on a highway test zone during construction. Two
Unbound Granular Materials (UGM), a Crushed Stone Subbase (CSS) and
Granular Base Material (GBM), of different thicknesses were utilized in
the pavement structure layers. A geocell made with HDPE and
measuring 150 mm in height was used as reinforcement for both fill
materials. Four different 50-meter-long zones were constructed, one of
which was unreinforced for control purposes and three of which were
reinforced to evaluate the improvement from the geocell in the CSS and
GBM layers. Deflection tests of all pavement structure layers were car-
ried out using the Benkelman Beam Test (BBT). A total of 219 BBT were
conducted across three different pavement structure layers/elevations,
over the subgrade and the unreinforced and geocell-reinforced CSS and
GBM layers. Based on the results from this investigation, the following
conclusions can be made:

o Utilizing a geocell as pavement layers reinforcement led to a signif-
icant reduction in the deflection standard deviation. The deflection
coefficient of variation was reduced to roughly 50 % in the UGM
layers when the geocell was added, changing the layer classification
from fair to very uniform.

The use of a geocell reinforcement improved the surface elastic
modulus of UGM layers over the subgrade. The surface modulus of
the geocell-reinforced GBM was 230 % higher than the subgrade
surface modulus and up to 13 % higher than the unreinforced GBM
surface modulus.

The UGM elastic moduli were significantly improved by the inclusion
of the geocell reinforcement. The Modulus Improvement Factor
(MIF) values were 2.6 for the CSS, and 2.8 and 3.3 for the GBM, all of
which are in a range similar to that reported in the literature for
comparable experiments.

The theoretical MIF estimated using the analytical method showed
good agreement with the results from the experimental full-scale
field test, thus confirming the improved predictions of this approach.

The experimental test zone was incorporated into the highway

Transportation Geotechnics 49 (2024) 101444

pavement structure and has been monitored using Falling Weight
Deflectometer (FWD) tests. In the future, back analyzed FWD results will
be compared to the BBT results to evaluate the MIF and UGM perfor-
mance over time.
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