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EXECUTIVE SUMMARY

Introduction

Response and performance evaluations and related design
benefits of geogrid stabilization in unbound aggregate layers
have been studied for Indiana paved roads as part of the Indiana
Department of Transportation (INDOT) SPR-4723 research
project. The current AASHTOWare Pavement Mechanistic—
Empirical Design (PMED), as implemented in the state of
Indiana, rely on overly conservative assumptions while design-
ing geosynthetic-stabilized pavement layers. As a result, stabi-
lization effects are neglected, and the unbound granular layers
(referred to as “aggregate base” throughout the report) is often
modeled as a nonstabilized aggregate without appropriate consid-
eration for the benefits of a mechanically stabilized layer (MSL)
commonly associated with a geogrid inclusion. These limita-
tions have been addressed through a rigorous in-situ testing and
evaluation research effort in a road reconstruction project on U.S.
Route 20 (US 20) in Elkhart County, Indiana, for quantifying
stiffness improvements and stress distribution behavior in geog-
rid-stabilized pavement base courses. A data informed modeling
framework is also developed to integrate these benefits into the
mechanistic—empirical (ME) pavement design methodology.

The primary objective of this research was to quantify the
performance advantages offered by geogrid stabilization under
field conditions that reflect actual traffic loading and seasonal
environmental changes. Through extensive field testing and use
of embedded sensor data, the study sought to establish the MSL
role of a biaxial geogrid, when placed in mid-depth and at bot-
tom of base, for improving repeated load response, preserving
base stiffness over time, and mitigating overstressing the sub-
grade. A secondary objective was to translate these observations
into resilient modulus (M,) inputs for the base course through
a sublayering method applicable to the ME design framework.

Findings

Field testing revealed a measurable benefit attributable to
geogrid stabilization that was associated with improved repeated
load response behavior and localized stiffness gains in the aggre-
gate bases. Measurements from Bender Element (BE) shear
wave transducer field sensors indicated up to 30% increase in
layer modulus in geogrid-stabilized sections compared to the
nonstabilized control section. These improvements were partic-
ularly pronounced in near geogrid zone-of-influence. Automated
Plate Load Testing (APLT) was performed, and earth pressure
cell data was collected during repeated load applications further
demonstrating that geogrid inclusion consistently reduced the
magnitude of vertical stress transmitted on subgrade.

Over the course of one year of monitoring and as measured with
BE field sensors, geogrid-stabilized layers maintained or improved
their stiffness, while the control section exhibited progressive
stiffness degradation. Furthermore, during spring thaw condi-
tions under which pavement foundation performance is typically

most vulnerable, stress transmission on subgrade was minimized
consistently in sections with geogrid stabilization at mid-depth of
the aggregate layer. These findings confirm and quantify benefits of
MSL and its retention of pavement foundation performance attri-
butes under the effect of traffic and environmental loadings.

Implementation

To implement these quantifiable response and performance
benefits into pavement design practice, a finite element (FE)
modeling-based framework was developed by incorporating
the in-situ testing and sensor data into the U.S. Army Corps of
Engineers’s Flexible Pavement Analysis (C-FLEX) solution
engine. The C-FLEX FE analysis modeled the full-scale pave-
ment test section geometry and layer material characterizations
by properly incorporating nonlinear, stress-dependent resilient
modulus behavior in the base courses studied. To represent the
MSL in the geogrid-stabilized sections, the aggregate base layer
was discretized into sublayers, and each sublayer was assigned
the Mechanistic-Empirical Pavement Design Guide (MEPDG)
resilient modulus model parameters calibrated to predict the mea-
sured pavement responses under APLT. These MEPDG model
parameters could accurately predict the load response behavior
of the aggregate bases including stiffness characteristics and
stress sensitivities. The MEPDG M, model parameters were first
derived for the control section from the APLT data of the unbound
aggregate layer. Then, geogrid influence zones were taken into
consideration and modelled by adjusting the unbound aggre-
gate M, model parameters using scalar multipliers to simulate
varying degrees of localized stiffness increases associated with
the geogrid-aggregate interlock controlling the MSL. Finally, the
FE analysis results were validated by matching them against the
field-measured deflections and shear wave velocity data.

The integration of field instrumentation with the sublayering
approach offers a path forward for incorporating the benefits of
geogrid stabilization into routine design practice. While current
Pavement Mechanistic-Empirical Design (PMED) limits the
number of layers that can be modeled, future iterations are recom-
mended to incorporate multilayer modeling. The MSL concept
can also be accounted for in the analysis for ME design by assign-
ing enhanced MEPDG M, model parameters to the base layer
in a similar manner reported for sublayers in the study, although
the gradual increase/decrease towards/away from the geogrid
location would not be properly modeled then. The findings from
C-FLEX FE analyses, referred to herein as the parametric study
on typical INDOT pavement systems, indicated geogrid place-
ment at either the mid-depth of the base or the base—subgrade
interface can reduce critical pavement response, resulting in quan-
tifiable modulus enhancement ratios. These ratios reflect not only
immediate performance gains but also the potential for extended
service life and improved pavement durability when paired with
stiffness retention observations made with BE field sensors from
the experimental sections on US 20 over the monitoring period.

Overall, the study provides a comprehensive data-informed
methodology for quantifying, modeling, and implementing geog-
rid benefits in pavement foundations. The findings support the
incorporation of geogrid effects into INDOT’s ME design frame-
work and offer guidance for future research and implementation.
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1. INTRODUCTION
1.1 Background and Problem Statement

Aggregate base layers are a critical component of pavement
systems, providing structural support, load distribution, and
drainage for overlying asphalt and concrete surfaces. The long-
term performance of these layers under repeated traffic loading
and environmental stressors depends on their ability to retain
stiffness and resist deformation. In unbound aggregate materi-
als, stiffness is not constant but varies with traffic-induced stress
levels, confinement conditions, and moisture content. These
factors create challenges for pavement engineers seeking to
accurately characterize layer behavior in support of mechanis-
tic—empirical (ME) design procedures. To improve the perfor-
mance and service life of aggregate base layers, geosynthetic
stabilization, particularly with geogrids, has gained wide-
spread interest. Geogrids are engineered materials with an
open aperture structure that enable enhanced mechanical inter-
lock within aggregate base layers. When placed strategically
within the base course, geogrids can restrain lateral aggregate
movement, reduce deformation, and enhance load distribution.
While these benefits have been demonstrated in laboratory
testing and accelerated pavement test tracks (Al-Qadi et al.,
2006; Byun & Tutumluer, 2017; Giroud, 2009; Kwon et al.,
2009), there remains considerable uncertainty about how to
quantify pavement response and performance effects in full-
scale field evaluations and associated with proper mechanical
stabilization mechanisms, especially in a way that is compati-
ble with current pavement design practices used by the Indiana
Department of Transportation (INDOT).

Current INDOT pavement analysis and design consideration
for unbound aggregate base layers rely on inputting a fixed
resilient modulus (M,) of 15 ksi, selected conservatively with-
out accounting for layer mechanical stabilization benefits, in
AASHTOWare Pavement ME Design software. Use of the same
modulus value for both the geogrid-stabilized and nonstabilized
unbound aggregate layers results in an underutilization of the
improved structural layer characteristics by a geogrid inclusion.
The lack of mechanistic guidance on how to adjust M, values
based on geogrid placement depth, or field conditions remains
a key barrier to the wider adoption of geogrid stabilization in
INDOT pavement systems.

Part of the impediment to wider optimal design practices lies
in the limitations of existing field evaluation tools. Traditional
surface deflection measurements, such as those obtained using
a Falling Weight Deflectometer (FWD), provide an overview of
pavement response but lack the depth profile spatial resolution
and sensitivity required to isolate the effects of geogrid stabili-
zation within the base layer. Moreover, these tests typically rely
on unrealistic assumptions during estimation of layer moduli
values instead of a direct measurement. Therefore, embedded
sensing technologies that can directly measure changes in local
stiffness and stress distribution within the aggregate base, par-
ticularly near the geogrid layer, are gaining interest among the
pavement research and professional communities. This research
project implements an in-situ testing and sensor data informed

approach at a full-scale in-service road section constructed as
part of the U.S. Route 20 (US 20) reconstruction project in
Elkhart County, Indiana. The study integrates repeated loading
tests using an Automated Plate Load Testing (APLT) device
with embedded Bender Element (BE) field sensors and sub-
grade pressure cells toward capturing local stiffness character-
istics and critical pavement responses under varying load and
environmental conditions.

Through the field evaluation paired with calibrated finite ele-
ment method analyses scheme, the project sought to quantify
the benefits of geogrid mechanical stabilization and to develop
a framework for incorporating these findings into INDOT’s
pavement design procedures. By translating observed improve-
ments in aggregate subgrade (referred to as “aggregate base”
or “base” throughout the rest of the report) layer stiffness or
modulus behavior, and reduction of subgrade vertical stress into
actionable design inputs, this work aims to support more accu-
rate pavement designs that recognize the value of geosynthetic
stabilization. The findings are intended to reduce uncertainty in
current practice, improve the representation of base layer per-
formance in ME design, and provide INDOT with a roadmap
for implementing geogrid technologies in a systematic and evi-
dence-based manner.

1.2 Objectives and Scope

The overarching objective of this research project was to
quantify the resilient modulus improvement in pavement base
layers due to geogrid stabilization under in-service traffic load-
ing and environmental conditions. The study focused on evalu-
ating local and composite stiffness characteristics of unbound
aggregate base layers constructed with and without geogrid sta-
bilization, with the goal of enhancing the mechanistic analysis
tools and a better understanding of stiffness evolution and load
distribution behavior in such systems.

To achieve this, a full-scale experimental site was constructed
along a reconstructed segment of US 20 in Elkhart County,
Indiana. The site included three test sections: a control section
with no geogrid and two geogrid-stabilized sections where
geogrids were placed either at the base—subgrade interface or at
mid-depth within the aggregate base layer. These sections were
instrumented with embedded BE field sensors and earth pres-
sure cells to measure changes in stiffness and subgrade vertical
stress over time and relate the measurements to seasonal and
environmental changes through moisture and temperature sen-
sor data also collected from the field experiments. The specific
objectives of the study were to:

1. Establish baseline stiffness properties of geogrid-stabilized and
nonstabilized base layers immediately after construction using
BE sensors and APLT-derived composite moduli.

2. Characterize resilient modulus behavior of base layers through
paired instrumentation and surface deflection measurements
under varying stress states.

3. Assess stress-dependent layer stiffness trends to determine the
influence of geogrid inclusion on modulus enhancement across a
range of loading conditions.

10 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2025/37



4. Monitor seasonal/environmental conditions and traffic-induced
changes in pavement foundation response through long-term
pressure cell and BE sensor data collection.

5. Develop design recommendations for incorporating geogrid sta-
bilization effects into INDOT ME design practices, including
the proposed resilient modulus enhancement ratios for different
geogrid configurations.

1.3 Organization of the Report

This report is organized into six chapters, each addressing a
critical component of the research and its relevance to pavement
design practices in Indiana. The structure reflects the logical
flow of the project from its motivation and technical foundation
through implementation-focused conclusions.

® Chapter I-Introduction: Outlines the motivation for the study,
defines the project objectives, and presents the scope of work. It
also introduces the organizational structure of the report.
Chapter 2—Literature Review: Summarizes existing research and
technical knowledge relevant to geogrid stabilization, stiffness
characterization methods for unbound materials, and the applica-
tion of specialized instrumentation such as BE sensors and APLT
device. The chapter identifies critical gaps in current standards
and practice that this study seeks to address.

Chapter 3—Construction of Pavement Test Sections: Details the
development of full-scale test sections constructed along US 20
in Elkhart County. The chapter describes the pavement structure,
geogrid placement configurations, instrumentation layout, and
data acquisition procedures used to monitor early-age and long-
term pavement foundation response.

Chapter 4—Research Findings: Presents the results of preliminary
and long-term performance evaluations, including dynamic cone
penetrometer (DCP) and light weight deflectometer (LWD)-based
site characterization, analysis of repeated load APLT and earth
pressure cell data, and interpretation of stiffness trends captured
through BE sensors. This chapter highlights stress dependent
modulus behavior and evaluates changes in response under sea-
sonal and traffic-induced loading.

Chapter 5—Implementation of Research Results: Translates the
findings into practical guidance for INDOT implementation. It
proposes enhancement ratios for resilient modulus input in geog-
rid-stabilized base layers, introduces a mechanistic framework for
representing mechanically stabilized layers, and discusses impli-
cations for typical INDOT pavement configurations.

Chapter 6—Conclusions and Recommendations: Summarizes
the study’s major findings and their relevance to improving
pavement design accuracy and material selection strategies.
Recommendations for INDOT practice and future research
directions are provided to support the ongoing integration of
geogrid stabilization into agency specifications and modeling
platforms.

2. LITERATURE REVIEW

A comprehensive understanding of the mechanical behavior
of pavement foundation layers is essential for the development
of effective design practices, particularly when incorporating
innovative stabilization techniques such as geogrid stabiliza-
tion. Over the past two decades, the transportation geotechnics

community has produced a substantial body of research explor-
ing the performance, benefits, and limitations of geogrid-
stabilized unbound aggregate layers. This chapter synthesizes
relevant literature to provide a technical foundation for the
present study and to frame its contribution within the broader
context of ME pavement design.

2.1 Mechanisms of Geogrid Stabilization in Pavement Bases

Geogrid stabilization of unbound aggregate base layers is
increasingly recognized as a viable means of improving pave-
ment foundation performance. The underlying mechanisms by
which geogrids enhance structural response are rooted in their
ability to interact mechanically with surrounding aggregate par-
ticles, resulting in improved load distribution, increased confine-
ment, and localized stiffness enhancement. These improvements
are particularly relevant under traffic-induced loading, where
repeated shear stresses tend to induce permanent deformation in
untreated granular layers (Tutumluer, 2008).

When placed within or at the interface of an aggregate base
layer, geogrids function as in-plane stabilization elements that
resist lateral movement of aggregate particles. This restriction
of lateral displacement, often described as a ‘“confinement
effect,” increases the aggregate layer’s load-carrying capacity
by promoting a denser, more interlocked structure (Qamhia
& Tutumluer, 2021; Zornberg, 2012). The geogrid’s aperture
geometry and tensile stiffness contribute to the development of
passive resistance against particle movement, thereby reduc-
ing the potential for shear-induced deformation. This behavior
has been well documented in laboratory and full-scale stud-
ies, which consistently report reductions in vertical and lateral
strains in geogrid-stabilized sections compared to unstabilized
controls (Byun et al., 2023; Kwon et al., 2009; Leonardi et al.,
2020).

Another critical mechanism involves the formation of a
mechanically stabilized layer (MSL), characterized by a zone of
increased stiffness and reduced stress sensitivity surrounding the
geogrid inclusion. The development of the MSL is influenced
by geogrid placement depth, aggregate gradation, compac-
tion quality, and the stiffness of underlying subgrade materials
(H. Lee, 2017; Qamhia & Tutumluer, 2021). The enhanced
performance attributed to the MSL is not merely a result of
increased modulus but also a function of improved aggregate
structure, reduced particle reorientation under load, and better
preservation of layer integrity over time (Zornberg, 2012).

Numerical and analytical studies further support these find-
ings by demonstrating that geogrid-stabilized bases exhibit
modified stress paths and attenuate load transmission to the
subgrade (Kwon & Tutumluer, 2009). These modifications can
reduce critical pavement responses, such as vertical subgrade
strain or stress, which is directly linked to rutting as a long-term
pavement performance indicator. However, despite these bene-
fits, geogrid-stabilized systems remain underutilized in mecha-
nistic—empirical design frameworks due to limited guidance on
quantifying their effects in terms of resilient modulus or other
standard inputs (Giroud, 2009).
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2.2 Interlocking and Confinement Effects

Interlocking and confinement are two fundamental mech-
anisms through which geogrid stabilization improves the
mechanical behavior of unbound aggregate base layers. These
mechanisms operate simultaneously to enhance aggregate par-
ticle interaction and restrict deformation under traffic-induced
stresses. Their contribution to improved pavement perfor-
mance has been substantiated through experimental studies,
mechanistic modeling, and field observations (Al-Qadi et al.,
2012; Byun & Tutumluer, 2017; Husain et al., 2024; Leonardi
et al., 2020; Suku et al., 2017).

Interlocking refers to the mechanical engagement that occurs
when angular aggregate particles strikethrough and bear against
the apertures of a geogrid. This interaction transfers load from
the aggregate to the geogrid, enabling tensile forces to develop
within the geosynthetic. The extent of interlocking is influ-
enced by the relative size and shape of the aggregate parti-
cles, the aperture geometry of the geogrid, and the method of
installation. For instance, open-aperture geogrids with a high
rib stiffness and appropriate junction integrity provide better
mechanical interlock than flexible, fine-mesh materials. When
properly embedded, the geogrid promotes a stable aggregate
skeleton by inhibiting particle rotation and translation, which
in turn reduces strain accumulation under repeated loading
(Husain et al., 2024; H. Lee, 2017; Liu et al., 2016).

Confinement, on the other hand, results from the lateral
restraint imposed by the geogrid on the surrounding aggregate.
As vertical loading is applied on the pavement surface, aggregate
particles tend to move outward and downward. A geogrid placed
within or at the bottom of the base layer disrupts this movement by
providing lateral stiffness, thereby generating a confinement that
reduces deformation of the aggregate mass. This lateral confine-
ment increases the shear strength of the base layer and delays the
onset of plastic deformation. Furthermore, the confinement effect
contributes to a stiffer, more stable base layer that is better able to
resist rutting and distribute loads over a broader area of the sub-
grade (Husain et al., 2025; Kwon et al., 2009; Wayne et al., 2011).

These mechanisms are not isolated in practice. Rather, they
operate synergistically to develop what is often referred to as
an MSL. The MSL exhibits distinct material behavior charac-
terized by enhanced stiffness, reduced stress sensitivity, and a
higher resistance to permanent deformation. Laboratory cyclic
triaxial and full-scale pavement tests have both demonstrated
that geogrid-stabilized sections show marked reductions in per-
manent strain accumulation and improved resilient response
compared to unstabilized controls (H. Lee, 2017; Nazzal, 2007).

It is important to note that the efficacy of interlocking and
confinement is dependent on proper construction practices,
including appropriate placement depth, adequate compaction,
and control of particle size distribution (Wang et al., 2023).
Misplacement or poor aggregate-geogrid contact can signifi-
cantly reduce the magnitude of stabilization benefits. Therefore,
a robust understanding of these mechanisms is essential for
translating laboratory-scale insights into effective field applica-
tions and for informing ME design strategies that aim to incorpo-
rate geosynthetic stabilization effects.

2.3 Characterization of Pavement Foundation Stiffness

Accurate characterization of the stiffness of pavement foun-
dation layers is essential for ME pavement design. Foundation
stiffness influences stress distribution, deflection behavior,
and long-term pavement performance under repeated traffic
and environmental loading. In particular, the M, has emerged
as the main input property that represents the elastic response
of unbound aggregate bases and subgrade soils under repeated
loading conditions (Seyhan & Tutumluer, 2002; Tutumluer &
Seyhan, 1999). Defined as the ratio of recoverable stress to
recoverable strain, the resilient modulus captures the nonlinear,
stress-dependent behavior of geomaterials, allowing for more
accurate modeling of layered pavement systems.

Traditional methods for stiffness characterization often rely
on laboratory repeated load triaxial (RLT) testing, conducted in
accordance with AASHTO T 307 or similar standards. While
such tests provide valuable insight into the stress-strain response
of unbound materials under controlled conditions, they do not
always capture the complex in-situ conditions encountered in the
field, including construction variability, boundary confinement,
and moisture fluctuations (Hicks & Monismith, 1971; Seed et al.,
1967; Seyhan & Tutumluer, 2002; Tutumluer & Seyhan, 1999).
Furthermore, laboratory-prepared specimens may not accurately
replicate the aggregate structure or particle interlock achieved
during field compaction, especially in stabilized layers.

To address these limitations, field data-based modulus estima-
tion techniques have gained prominence. These include dynamic
tests such as the FWD, LWD, and APLT, which estimate stiffness
by analyzing surface deflections or load-settlement responses
under applied loads (White et al., 2018). These methods are
increasingly favored for their ability to provide in-situ data that
reflect field compaction, moisture content, and actual boundary
conditions. Among them, the APLT has shown promise for eval-
uating the stiffness characteristics of base layers with or without
stabilization, as it allows repeated loading sequences to simulate
traffic-induced stress paths and permits integration with embed-
ded sensors for simultaneous monitoring (White et al., 2018;
White & Vennapusa, 2017).

In addition to multilayer stiffness assessments, localized stiff-
ness characterization is crucial for detecting variations within
pavement layers, especially in mechanically stabilized layers
where geogrid placement may lead to depth-dependent behavior.
Shear wave velocity (Vs) measurements obtained through BE
Field sensors have been adopted to estimate small-strain stiffness
in both laboratory and field applications (Byun & Tutumluer,
2017). These sensors provide high-resolution, localized data that
can help quantify the influence of geogrid placement and inter-
lock development over time. Because Vs is directly related to the
elastic shear modulus and less sensitive to large-scale deforma-
tion (J.-S. Lee & Santamarina, 2005; Santamarina et al., 2001),
BE testing complements deflection-based methods by provid-
ing insight into early-stage degradation and long-term stiffness
evolution.

Advancements in data acquisition and sensor technologies
have also enabled long-term monitoring of stiffness behavior
under real-world loading and climatic conditions. The integration
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of pressure cells, BE sensors, and moisture-temperature probes
in full-scale test sections facilitates continuous tracking of stiff-
ness evolution and provides empirical data for validating mech-
anistic models (Kang, 2023). These datasets are essential for
capturing stress redistribution effects and understanding the role
of geogrids in moderating seasonal and traffic-induced variabil-
ity in base layer performance.

In summary, the characterization of pavement foundation
stiffness has evolved from conventional laboratory testing
toward integrated field-based and sensor-informed approaches.
These tools are particularly critical when evaluating geogrid-
stabilized systems, where localized confinement and enhanced
particle interaction may lead to complex, spatially variable
mechanical responses. A comprehensive assessment requires
both global and local stiffness measurements that account for
stress dependence, environmental effects, and stabilization
mechanisms, forming the basis for improved design and long-
term performance predictions.

2.4 Applications of BE Field Sensor and APLT

The mechanical behavior of pavement foundation materials
under repeated loading is governed not only by their intrinsic
properties, but also by environmental factors and construction
practices. To evaluate this behavior in a realistic and quantifi-
able manner, researchers and practitioners have increasingly
adopted in-situ and laboratory testing methods capable of cap-
turing the evolving stiffness of unbound aggregates. Among
these, BE Field sensor and APLT have gained recognition for
their complementary roles in assessing both small-strain and
operational-scale modulus characteristics.

BE testing is a nondestructive method used to determine the
Vs of geomaterials, from which the small-strain shear mod-
ulus (G, ) can be inferred (Byun et al., 2019; Santamarina
et al., 2001). In pavement applications, embedded BE sensors
can be installed in laboratory specimens or in field test sections
to monitor stiffness evolution over time. Because Vs reflects
the speed at which shear waves propagate through a medium, it
serves as a sensitive indicator of material structure, particle con-
tact conditions, and confinement. This makes BE measurements
particularly useful for assessing the effects of geogrid stabiliza-
tion, which influences lateral restraint and aggregate interlock,
especially in the vicinity of the stabilization layer (Byun et al.,
2019).

In recent years, field-deployable BE sensors, as shown in
Figure 2.1, have enabled researchers to measure shear wave
velocities at multiple depths and locations within constructed
pavement layers, thus providing valuable insights into the spa-
tial and temporal variations in stiffness induced by environ-
mental cycles or repeated traffic loading (Kang et al., 2021).
These data have been instrumental in identifying the formation
and persistence of an MSL in geogrid-stabilized base sections.
Additionally, periodic BE testing has been used to quantify stiff-
ness retention over freeze-thaw cycles and to isolate the influ-
ence of geogrid placement depth on small-strain behavior.

While BE testing offers high-resolution, local stiffness
characterization at small strains, APLT provides a more global

assessment of the load-deformation behavior of pavement lay-
ers under applied surface loads. The APLT device, as shown in
Figure 2.2, applies a series of static and cyclic loads to a rigid
plate while recording corresponding deflections with high
precision (Husain et al., 2025; White & Vennapusa, 2017).
Unlike traditional plate load tests, APLT is automated and
allows for multiple loading-unloading cycles that more closely
simulate traffic conditions. This enables the extraction of non-
linear modulus values change with loading and the evaluation of
stress-dependent behavior.

The backcalculation of resilient modulus information from
APLT data, typically performed through layered elastic anal-
ysis or finite element modeling, allows practitioners to evalu-
ate effective composite stiffness values across pavement layers.
When coupled with spatial sublayering and iterative parameter
calibration, APLT results can be used to derive resilient modulus
inputs for ME design tools, such as the AASHTOWare PMED.
In geogrid-stabilized bases, APLT data have been used to
demonstrate depth-dependent stiffness improvements, reflect-
ing the confinement and load-spreading effects introduced by
geogrids (Husain et al., 2025; White & Vennapusa, 2017).

Together, BE and APLT methods can provide a comprehen-
sive understanding of pavement foundation behavior. BE test-
ing captures localized changes in stiffness at very small strains,
which are critical for understanding structural integrity and
early-stage degradation. APLT, on the other hand, reflects sys-
tem-level responses under operational loading ranges, making
it a valuable tool for calibrating design inputs and validating
structural models. When used in tandem, these methods enable
multiscale evaluation of geogrid-stabilized systems, from par-
ticle-scale stabilization effects to aggregate-layer modulus
enhancement and stress redistribution.

2.5 Summary of Previous Research and Identified Gaps

Extensive research over two decades has investigated the
performance benefits of geogrid-stabilized unbound aggre-
gate layers in pavement systems. Laboratory studies, full-scale
tests, and numerical modeling show enhanced load distribution,
reduced rutting, and improved stiffness under traffic loading.
However, measuring, interpreting, and incorporating these
benefits into design frameworks remains challenging. Previous
experimental work suggests developing an MSL in geogrid-
stabilized sections, characterized by increased lateral restraint,
reduced vertical deformation, and altered shear stress distribu-
tions. These effects are more pronounced under repeated load-
ing. Yet, current design practice relies on simplified modulus
characterization or assuming no effect by neglecting geogrid
stabilization influence or lateral restraint.

Testing methodologies include cyclic plate load testing, large-
scale triaxial testing, and field measurements. These approaches
are useful for comparative analysis but lack resolution to cap-
ture stress-dependent and spatially varying behaviors within the
base layer. Laboratory specimens may not fully represent in-situ
compaction, moisture variation, and field construction prac-
tices. Recent advancements in sensor-based techniques, such as
BE Field sensors and APLT, offer new opportunities for in-situ
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Figure 2.1 BE Field Sensor (a) Detailed Drawing of Sensor Showing a Characteristic Signal From Kang (2023) and Kang et al. (2021), and
(b) Installed BE Field Sensor in the US 20 Reconstruction Project Pavement Test Section With Geogrid. Note: All measurements in inches
(1 in. =25.4 mm).

stiffness characterization under realistic loading conditions. the literature lacks integration between these data streams, lim-
These methods provide complementary perspectives on pave- iting their utility in design calibration and model validation.

ment response, with BE sensors capturing localized stiffness Another major gap involves translating geogrid-related
and APLT yielding operational-scale modulus values. However, performance enhancements into design inputs. Agencies
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Figure 2.2 Photo Showing APLT Device (Insert: Load Plate and
Linear Variable Differential Transformers [LVDTs]).

like INDOT assign uniform resilient modulus values to both
geogrid-stabilized and nonstabilized bases in ME design pro-
cedures, neglecting observed stiffness gains and strain reduc-
tions. This practice results in conservative designs that may not
fully capitalize on mechanical stabilization. While studies have
investigated geogrid placement depth, type, and embedment
conditions, there is no consensus on optimal configurations
under different subgrade conditions or traffic loads. Long-term
monitoring studies that evaluate performance under seasonal
and traffic-induced variations are limited, especially those using
high-frequency sensor measurements to capture stiffness and
stress responses over time. In summary, while the literature
confirms geogrid stabilization improves pavement foundation
performance, current research lacks bridging the gap between
experimental findings and practical design implementation.
Key limitations include insufficient spatial resolution of stiff-
ness characterization, limited integration of sensor-based data
streams, lack of depth-specific modulus calibration, and under-
representation of long-term field performance. Addressing
these gaps is essential for adopting more refined and perfor-
mance-based pavement design practices that reflect adequately
structural contributions of geogrid-stabilized systems.

3. CONSTRUCTION OF PAVEMENT TEST SECTIONS
3.1 Overview of the US 20 Test Site in Elkhart County

This chapter presents the construction and instrumenta-
tion of full-scale pavement research sections developed along
a reconstructed segment of US 20 in Elkhart County, Indiana.
The objective of this test site was to generate high-fidelity field
data that could be used to evaluate the structural response and

mechanistic performance of geogrid-stabilized and unstabilized
pavement foundations under realistic construction and service
conditions. The site was designed to support both short-term
and long-term monitoring efforts aimed at quantifying stress
dependent stiffness behavior, vertical stress on subgrade, and
the development of MSLs in geogrid-enhanced base courses.

The test sections were established within a larger highway
reconstruction project, providing a unique opportunity to embed
sensors and conduct field testing in an operational roadway sub-
ject to representative construction practices and vehicular loads.
A total of three test sections were constructed: one control sec-
tion without geogrid and two geogrid-stabilized sections with
varying placement depths. Each section incorporated identical
pavement structures except for the presence and location of
geogrid stabilization within the aggregate base layer. The mate-
rials used, including the INDOT No. 53 dense-graded aggre-
gate base and B-Borrow subgrade replacement, were selected
to reflect typical INDOT practice and ensure compatibility with
field instrumentation.

An integrated instrumentation plan was developed to sup-
port both immediate postconstruction testing and long-term
performance monitoring. Embedded sensors included BE
Field sensors for measuring local stiffness, earth pressure cells
for capturing vertical stress on top of subgrade and DCP for
characterizing stiffness and penetration resistance. The APLT
device was employed to induce controlled loading sequences
while capturing layered pavement response in conjunction with
Sensor measurements.

3.2 Pavement Structure and Geogrid Installation

The full-scale research test site was established on a recon-
structed portion of US 20 in Elkhart County, Indiana, between
the intersections with State Route 15 (SR 15) and County
Road 21. This location was selected in collaboration with INDOT
to facilitate embedded instrumentation and performance eval-
uation as part of a routine reconstruction effort. Incorporating
the research into an active INDOT project allowed field testing
and long-term monitoring to be carried out under representative
construction and service conditions.

Several key considerations informed the selection of this
site. First, the US 20 corridor is a major east—west freight route
with substantial truck traffic, making it a suitable candidate for
evaluating the stress-sensitive behavior of pavement founda-
tion layers. According to INDOT’s 2021 records, this segment
of the highway carried an average annual daily traffic (AADT)
of approximately 19,040 vehicles, with commercial trucks
accounting for 26.9%. By 2024, updated counts recorded an
AADT of 13,214 vehicles with 18% truck traffic, still represent-
ing substantial structural loading over the pavement foundation.
These real-world traffic conditions establish a basis for inter-
preting load response and performance trends over time.

Second, the location provided geotechnical conditions of
interest. During pavement reconstruction, the original swampy
and peaty subgrade was excavated and replaced to a depth of
approximately 15 ft using INDOT B-Borrow material. This sand
sized uniform granular material was used across the test sections,
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supporting consistent subgrade behavior that enhances the reli-
ability of comparisons made between the control and geogrid-
stabilized sections. These efforts to minimize variability also
facilitated meaningful interpretation of DCP, LWD, and pressure
cell data, which are further analyzed in Section 4.1 (Preliminary
Site Characterization) and Section 4.2 (APLT Data Analysis).

As shown in Figure 3.1, the total research testbed length
was approximately 750 ft (228.6 m), divided into three consec-
utive 250 ft (76.2 m)-long segments: a Control Section (CS),
Geogrid Section 1 (GG1), and Geogrid Section 2 (GG2). Each
section was constructed with the same pavement cross-section,
consisting of a portland cement concrete (PCC) surface, hot-
mix asphalt (HMA) drainage layer, HMA base course, a 12-in.
(30.5-cm) subgrade treatment type 1C (INDOT No. 53 aggre-
gate), and the engineered B-Borrow foundation. It should be

GEOGRID SECTION 1

250 FEET

(20}

GEOGRID SECTION 2

250 FEET

noted that the data collected took place prior to the placement of
HMA base. Therefore, for the purpose of this study, both unsta-
bilized subgrade type IC and geogrid stabilized subgrade layers
are referred to as “aggregate base” or simply “base” throughout
the result discussion and interpretation portion of the report.

Detailed cross-sectional layouts and particle size distribution
of No. 53 aggregate material for the three research sections are
shown in Figure 3.2 and Figure 3.3 respectively, The only vari-
ation among the three sections was the placement of the biaxial
geogrid: GG1 featured a single layer of biaxial geogrid at the
base—subgrade interface, while GG2 incorporated geogrid at the
mid-depth of the aggregate base. The control section did not
include geogrid.

This testbed configuration supports multiple aspects of the
study’s experimental goals. It enabled the evaluation of base

4
% CONTROL SECTION

250 FEET

Figure 3.1 Satellite Imagery Showing the Location of the Three Pavement Test Sections (Maps Data: © Google).
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Figure 3.2 Layer Configurations for (a) CS, (b) GG1, and (c) GG2 (1 in. = 25.4 mm).
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Figure 3.4 Locations of Installed Pressure Cells and BE Field Sensors and APLT Testing: (a) Plan View and (b) Longitudinal Cross-Section or
Profile View (1 ft = 30.48 cm).
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3.3.1 Instrumentation Objectives

The primary objectives of the instrumentation plan were to:

® Monitor vertical stress magnitudes on top of subgrade using
embedded dynamic earth pressure cells during the APLT loading.

® Quantify the stiffness improvements in the aggregate base layer
due to geogrid stabilization using BE Field sensors during the
APLT loading.

® Monitor environmental factors, that is, moisture and temperature,
to account for seasonal changes and climatic conditions.

® Support the interpretation of field modulus and stress sensitivity
characterization of nonstabilized and geogrid stabilized aggregate
layers and establish performance trends in relation to traffic and
seasonal influences.

® Enable direct comparison between geogrid-stabilized and nonsta-
bilized sections under identical pavement configurations.

3.3.2 Earth Pressure Cells

Two semiconductor-type earth pressure cells were installed in
each test section at the interface between the base and subgrade
layers. These sensors were designated to capture vertical stress ()
as a function of applied loading during both short-term controlled
loading via the APLT and monitoring-term traffic-induced loading.

® APLT-Linked Acquisition: High-frequency data (100 Hz) were
collected during APLT stages to capture transient stress responses
under repeated loading (see Section 4.2).

® Long-Term Monitoring: Low-frequency data (collected every
10 min) were logged over the full monitoring period between
November 2023 through April 2025 to evaluate seasonal and traf-
fic effects.

Sensor readings enabled evaluation of geogrid-induced stress
distribution improvements and were colocated with BE sensors
and surface test locations for integrated response interpretation.
Figure 3.5 illustrates the earth pressure cell installation proce-
dure adopted during the field instrumentation.

3.3.3 BE Field Sensors

A total of four BE field sensors were installed in each sec-
tion. These sensors operate by transmitting and receiving shear

waves through the aggregate base, enabling computation of Vs,
a direct indicator of small-strain stiffness.

® In geogrid-stabilized sections (GG1 and GG2), two BE sensors
were positioned adjacent to the geogrid layer to monitor local
mechanical stabilization effects.

One sensor was placed near the top of the base layer and another
near the base—subgrade interface in all three sections to track
stiffness gradients.

In the control section, one sensor was specifically positioned at
the base—subgrade interface to monitor potential long-term inter-
mixing effects.

The installation of BE sensors immediately following
aggregate compaction ensured that the data represented initial
stiffness characteristics. These measurements are essential for
assessing stress sensitivity and modulus enhancement ratios
(introduced later in Section 4.5) and contributed to calibration
of the sublayering approach discussed in Section 5.3.

3.3.4 Site Characterization

In addition to embedded instrumentation, the following char-
acterization tests were colocated with sensor locations:

® DCP tests were performed adjacent to pressure cell locations
to evaluate subgrade stiffness and penetration resistance. These
measurements supported interpretation of pressure cell readings
(see Section 4.1).

® LWD testing was performed in each section to evaluate imme-
diate postcompaction modulus of the base layers. Both point
deflection values and deflection basins were used to compare load
distribution trends.

3.3.5 Data Logging and Integration

All instrumentation was connected to a centralized data
acquisition via Campbell Scientific CR6 datalogger programmed
for two modes of operation: (1) high-frequency event-based
acquisition during APLT testing, and (2) long-term autonomous
logging for seasonal and traffic analysis. All data were time-syn-
chronized across sensors to allow interpretation of stress-strain
behavior under variable field conditions. This integrated sensor

Figure 3.5 Earth Pressure Cell Installation Procedure. Left to Right: Marking Location for Each Sensor, Trench and Ensure Fit, Prepare a
Uniform Base for the EPC With Mason Sand, Installing the Sensor and Covering With Subgrade Material. Finally, Each Sensor is Geo-Referenced.
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Figure 3.6 BE Field Sensor Installation Procedure. From Left to Right: Mark Location of the Sensor, Prepare Trench, Install the Sensor Frame in
Trench Ensuring Uniform Placement Depth, and Finally, fill Sensor and Cable Trenches.

framework enabled detailed mechanistic interpretation of pave-
ment foundation response, forming the empirical basis for the
results and calibration presented later in the report.

3.4 Description of Testing Protocols

This section outlines the field-testing protocols used to
evaluate the stiffness and stress response characteristics of
the pavement foundation layers constructed at the US 20 test
site. The protocols were selected to ensure both depth-resolved
and integrated characterization of the pavement base and sub-
grade layers. Embedded sensors, nondestructive surface tests,
and load-deformation-based methodologies were combined to
obtain a comprehensive understanding of pavement behavior
under applied loading.

3.4.1 BE Field Sensor Setup

The BE Field sensors used in this study were embedded hor-
izontally at various depths within the aggregate base layer in all
three test sections. Each sensor consisted of a paired piezoceramic
source and receiver encapsulated in waterproof housing. The
source element generated shear waves through voltage-induced
mechanical deformation, and the receiver recorded wave arrivals
at high resolution. Sensor positions were carefully selected to
capture gradients in shear wave velocity across the base layer. In
the geogrid-stabilized sections, sensors were placed immediately
above and below the geogrid layer to evaluate localized stiffness
enhancement due to geogrid-induced confinement. In the control
section, sensors were distributed at the top, mid-depth, and bot-
tom of the base layer, including at the base—subgrade interface to
detect any long-term material intermixing.

Field deployment was carried out immediately following
base layer compaction, as shown in Figure 3.6, highlighting the
BE field sensor installation procedure. After placement, each
sensor was tested for signal clarity and continuity. Data were
recorded intermittently using an oscilloscope-based acquisition
system configured to capture waveforms over a burst period suf-
ficient for clear shear wave identification. Shear wave velocity

was computed using the known travel distance between the
source and receiver and the measured time of wave arrival.
These measurements provided direct estimates of small-strain
stiffness and were later used to assess modulus enhancement
and stiffness retention in the geogrid-stabilized layers.

3.4.2 APLT Procedure

APLT was used as a repeated load testing methodology to
assess both resilient and permanent deformation characteristics
of the base layers in all test sections. The APLT device applied
a sequence of vertical stresses through a circular plate with a
known footprint. A repeated haversine loading waveform was
employed with loading levels ranging from 6 psi to 40 psi,
representative of field-relevant stress conditions. Each load
sequence was programmed to run through multiple cycles with
prescribed durations and rest periods, typically 0.2 s of loading
followed by a 0.8 s rest interval before next set of loading pulse
is applied. Deflection sensors captured the vertical rebound and
permanent deformation at the center of the load plate after each
cycle. These values were then used to calculate composite resil-
ient modulus. During selected APLT stages, BE field sensors
and earth pressure cells were actuated simultaneously to cap-
ture synchronized stiffness and stress response data. This paired
instrumentation approach allowed for direct interpretation of
modulus evolution, stress transmission, and the formation of
mechanically stabilized layers in geogrid-stabilized sections.
Detailed multistress staging of APLT loading is tabulated in
Table 3.1.

3.4.3 DCP and LWD Testing

A suite of nondestructive and penetration-based tests was
conducted at key stages of construction to support interpreta-
tion of base and subgrade mechanical properties. The DCP test
was used to evaluate the penetration resistance of the subgrade
directly below each test section. Tests were conducted adjacent
to embedded pressure cells to contextualize the stress response
data. DCP readings also provided layer strength indices that
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TABLE 3.1
Multi-Stress Sequence Applied During APLT Testing.

Repeated Vertical
Number of Stress, O epested? Min. Vertical Stress, Max. Vertical Stress,

Stage No. Cycles, N psi (kPa) G ins PSI (KPa) G v PSI1 (KPa)
Conditioning 500 13 (89.6) 2(13.8) 15(103.4)

1 100 4(27.6) 2(13.8) 6(41.4)

2 100 8(55.2) 2(13.8) 10 (68.9)

3 150 13 (89.6) 2(13.8) 15(103.4)

4 200 18 (124.1) 2(13.8) 20 (137.9)

5 250 28 (193.1) 2(13.8) 30 (206.8)

6 250 38 (262.0) 2(13.8) 40 (275.8)

assisted in identifying spatial variability in subgrade stiffness.
The LWD test was performed after placement of each lift of
base layer to evaluate postcompaction stiffness. The device used
a falling weight to apply transient loads through a small circular
plate, and the resulting deflections were recorded using a geo-
phone. These deflection measurements were used to calculate
modulus estimates and consistency in load distribution trends
across sections.

4. RESEARCH FINDINGS
4.1 Preliminary Subgrade and Base Characterizations

Establishing baseline aggregate layer conditions is essential
for interpreting the effects of geogrid stabilization and evalu-
ating long-term pavement response. During and immediately
after construction of the base layer, the pavement foundation
layers were characterized with in-situ testing and sensor mea-
surements. This section summarizes the results of DCP testing
performed after construction.

Pavement aggregate layers for all three test sections, one
control and two geogrid-stabilized, were constructed within two
weeks during September 2023 and under consistent weather and
site conditions without a rainfall event. INDOT No. 53 gravel
aggregate material was used as the base material for the recon-
struction project including research test sections. Per standard
INDOT specifications, quality control (QC) was performed on
site by INDOT engineering team using a Zorn LWD deflection
device and a deflection threshold of 50 mils was not exceeded
for each lift of the No. 53 aggregate layer. The entire 12-in. layer
was constructed in four 3-in. lifts, and for QC, LWD drops were
performed in three locations every 50 ft of section length.

DCP testing was conducted in each of the three pavement
test sections following completion of base construction and sen-
sor installation. Three soundings per section were performed at
locations adjacent to sensor locations where APLT tests were per-
formed. DCP data, therefore, could offer complementary exposi-
tion to APLT stiffness response data. The DCP results, presented
in Figure 4.1, provide depth-profile of penetration resistance
based on the number of blows per unit depth of DCP penetration.
A lower penetration index (PI; in in./blow or mm/blow) reflects
stiffer materials, while a higher PI indicates reduced resistance.

For this study, average PI values were calculated separately
for the full depth of the base layer and the upper 12 in. (30.5
cm) of the subgrade. The geogrid-stabilized sections (sections
GG1 and GG2) consistently exhibited lower PI values within
the aggregate base layer compared to control, indicating
improved penetration resistance near and above the geogrid
interface. These trends suggest the presence of an MSL, where
aggregate interlock and lateral restraint contribute to increased
stiffness. This behavior is consistent with past studies on geog-
rid-stabilized layers (Al-Qadi et al., 2006; Kwon & Tutumluer,
2009).

As shown in Figure 4.2, the average PI for the aggregate base
layer was 0.16 in./blow (4.0 mm/blow) in the control section,
compared to 0.11 in./blow (2.8 mm/blow) and 0.12 in./blow
(3.1 mm/blow) in GG1 and GG2, respectively. Subgrade PI val-
ues also followed a similar trend, with slightly lower indices
in the stabilized sections. The similarity between geogrid sec-
tions confirms consistent construction and geogrid performance
across replicates. However, a softer subgrade in control could
skew the APLT measurements, thereby impeding the ability to
isolate geogrid benefits.

Therefore, DCP results support qualitative assessment of
relative stiffness and confirm enhanced resistance in stabilized
layers. They do not directly provide input parameters for mech-
anistic analysis. Further analysis using APLT and BE sensor
data is presented in the following sections to evaluate stress
dependent behavior and small-strain stiffness characteristics to
directly quantify geogrid benefits.

4.2 APLT and Pressure Cell Measurements

The APLT was employed to evaluate the geogrid-aggregate
composite layer repeated load response in all three instru-
mented road test sections. APLT direct measurements include
target stress applied using a hydraulic loading actuator and
surface deflections measured using linear variable differential
transformers (LVDTs). During APLT loading, Earth Pressure
Cell (EPC) data were collected to provide insights into vertical
stress transmission through the pavement layers on the sub-
grade. Together, these measurements offer a better understand-
ing of pavement foundation behavior and influence of geogrid
stabilization.
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The APLT loading was applied using an 18-in.-diameter +M—
rigid plate centered over embedded sensor locations in succes-
sive increments to simulate standard laboratory repeated load
testing protocols, with multiple load repetitions in each step.
Deflection beneath the plate was measured using displacement
sensors mounted at the plate center. Surface deflection data
were then used to backcalculate the composite resilient modu-
lus of the pavement foundation using the Boussinesq equation,

Equation 4.1
as shown below in Equation 4.1, assuming one-layer elastic and
homogeneous support condition.

where v, and v, are Poisson’s ratios for the base and sub-
grade, g, is the applied stress, / is the thickness of the base layer,
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r is the plate radius, and f is the shape factor. For this study, a
shape factor of 8/3 was selected as recommended by (White &
Vennapusa, 2017). Figure 4.3 presents rebound deflection mea-
sured on top of the loading plate during the multistress staging of
the APLT device. The control section exhibited greater deflec-
tions at comparable load levels relative to the geogrid-stabilized
sections, indicating a reduced stiffness response later quanti-
fied as lower composite resilient modulus. Modulus estimates
derived from these deflections, therefore, confirmed enhanced
stiffness in the stabilized sections, particularly under higher
load steps. Across all tests, the geogrid sections demonstrated
composite resilient modulus values approximately 20-35%
higher than the control section, as illustrated in Figure 4.4.

The enhanced stiffness response observed in the geogrid
sections is attributed to the formation of an MSL, where lat-
eral confinement improves aggregate load distribution and
reduces vertical deformation. The increase in composite
modulus was most pronounced during initial load steps and
stabilized with increasing load repetitions, suggesting effec-
tive load transfer and minimized layer disruption in stabilized
zones. To confirm this, vertical stress on top of subgrade was
evaluated using EPCs embedded at the interface between the
base and subgrade. EPCs recorded real-time vertical stress
during each APLT load step. Figure 4.5 shows the measured

stress attenuation through the pavement layers. In the control
section, EPCs consistently recorded higher subgrade stress
magnitudes compared to the geogrid-stabilized sections. This
indicates a larger proportion of applied surface stress being
transmitted downward in the absence of geogrid, whereas the
geogrid sections demonstrated more effective lateral disper-
sion of stress.

On average, peak vertical stresses at the subgrade inter-
face in the control section were 20-25% higher than those
recorded beneath the geogrid sections under equivalent sur-
face loads. This reduction in stress transmission corroborates
the hypothesis that geogrid stabilization improves aggregate
layer stiffness mitigating critical pavement response on top of
subgrade, potentially reducing long-term deformation accu-
mulation and resulting in rutting distress development.

Collectively, the APLT and EPC results confirm that
geogrid stabilization enhances the load-bearing capacity of
the pavement foundation by increasing overall stiffness and
reducing vertical stress transferred to underlying subgrade
soil. These improvements are directly linked to performance
benefits in terms of rutting resistance and structural lifespan,
which are explored in more detail in subsequent sections. It
should be noted that the contribution of the subgrade layer
in composite layer measurements is significant, therefore, the
benefits established from APLT-EPC measurements should be
conservatively treated in design. In accordance, the following
section reports on the findings from the embedded BE Field
sensor measurements for a direct quantification of geogrid
benefits.

4.3 Local Stiffness Trends from BE Field Sensors

BE Field sensors were embedded within the aggregate base
layers of the test sections to measure Vs over time. These measure-
ments allow estimation of G, , providing a sensitive indicator of

local stiffness changes in response to compaction, environmental
effects, and traffic loading. Compared to surface testing methods,
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Figure 4.5 Pressure cell Measurements Under APLT Repeated Loading for (a) CS With Insert Showing Repeated Load Pulses Measured at

Subgrade, (b) GG1, and (c) GG2.

BE sensors enable continuous, localized monitoring of stiffness
evolution at specific depths with minimal disturbance.

Sensors were installed at two to three depths within each
section, that is, near the top of base, mid-depth, and at the base—
subgrade interface. Data were collected periodically using a
custom field acquisition protocol, ensuring consistent exci-
tation and signal interpretation over the study duration. The Vs
was calculated from the first-arrival travel time between trans-
mitter and receiver pairs, with known offset distances.

Subsequent sections present the interpretation of stress depen-
dent stiffness behavior in the pavement foundation layers based
on composite surface response and localized Vs measurements.
The analysis draws on paired data obtained from the APLT
device and the embedded BE Field sensors. While APLT pro-
vides information on composite stiffness under increasing static
and repeated loading, BE sensors offer depth-specific stiffness
characterizations through the measurement of shear wave veloc-
ity. This paired testing methodology was specifically designed to
address limitations in surface testing and to directly quantify the
MSL influence zone associated with geogrid stabilization.

4.3.1 Baseline BE Shear Wave Velocity Measurements

Immediately following construction and compaction of
the base layers, BE sensors embedded at three depths were

activated to measure baseline shear wave velocities across
all test sections. These measurements were taken prior to the
placement of HMA and Portland Cement Concrete Pavement
(PCCP) layers, or application of any surface loading to
capture the as-constructed stiffness profile. As shown in
Figure 4.6, the mid-depth Vs measurements made in the
control section were slightly lower than those in the geog-
rid-stabilized sections. All sections, however, exhibited
similar Vs values, attributable to the lack of composite
geogrid-aggregate interlock mobilization after construction
under no stress conditions.
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Figure 4.6 Shear Wave Velocities (V) Measured at the Mid-Depth
of the Aggregate Layer in Three Test Sections (1 in./s = 0.0254 m/s).
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4.3.2 Paired Testing Under APLT Loading

To evaluate the effect of APLT loading on stiffness devel-
opment in the road test sections, a paired testing protocol was
employed. APLT loading was conducted directly above embed-
ded BE sensors, and shear wave velocity measurements were
taken under two defined target stress levels:

® 13 psi (90 kPa) representing low stress/conditioning load
® 38 psi (262 kPa) simulating high service-level repeated loading

For each loading stage, BE signals were recorded and filtered
to isolate the first-arrival shear wave. Time-of-arrival calcula-
tions were performed to derive Vs values under load. To quan-
tify the stiffness improvement due to geogrid inclusion, a BE
enhancement ratio (ER ) can be defined as:

ERy, = M Equation 4.2
(s.control)

At the 13-psi conditioning stress, both geogrid sections
exhibited ER,, values near 1.11, indicating an 11% increase
in local stiffness relative to the control. At the 38-psi repeated
load level, ER,, decreased to approximately 1.07, reflecting
a well-documented unbound aggregate behavior, that is, as
applied stress increases, all materials experience stiffness gain,
reducing the relative difference between geogrid-stabilized and
non-stabilized sections. Figure 4.7 summarizes direct stiffness
measurements across both stress levels under repeated loading.

These results confirm that geogrids improve local stiffness most
effectively under low to moderate loads and that its relative effect
diminishes as aggregate layers experience higher stress. It should
be noted that the typical field stress conditions expected are signif-
icant below the APLT applied target stress levels. Additionally, the
sustained advantage in Vs even under high load highlights the role
of the geogrid in forming a structurally resilient MSL.

4.3.3 Stress—Modulus Trends from APLT and BE
Measurements

Composite modulus values backcalculated from APLT data
also increased with applied stress in all sections, confirming the
stress dependent nature of foundation stiffness. However, the
geogrid-stabilized sections consistently demonstrated higher
initial modulus and a more stable modulus progression with

u CS (Top of Base)

@
g

u GG1 (Bottom of Base {Near Geogrid})

load compared to the control. These trends, shown in Figure 4.4,
reflects reduced sensitivity to applied stress, consistent with
the confinement benefit observed in BE data. When interpreted
together, the APLT and BE results demonstrate that:

® Geogrid-stabilized layers have higher initial stiffness, both at the
surface and locally at a depth near the geogrid.

® Stress dependent stiffness changes are less pronounced in geogrid
sections, resulting in reduced bulk stress sensitivity.

® BE sensors effectively capture geogrid-induced improvements in
local stiffness and their evolution under loading.

The findings underscore the importance of integrating both
composite and local measurements to capture the full struc-
tural benefit of geogrid stabilization. The multilayered stiffness
response observed here reinforces the concept of an MSL and
supports its consideration in mechanistic design frameworks.

4.4 Seasonal and Traffic-Induced Stiffness Variations

The velocity profiles with depth are presented in Figure 4.8,
illustrating a clear localized enhancement in stiffness at or near the
geogrid placement depth in both GG1 and GG2. These measure-
ments were made after the placement of HMA and PCCP layer
in November 2023. The development of MSL can be ascribed to
in-situ static loading due to overburden, and initial shakedown
during construction traffic movement along with moisture reduc-
tion postconstruction. The measurements confirm and demon-
strate the capability of BE sensors to capture geogrid-induced
enhancements within the internal aggregate layer structure.

The long-term behavior of unbound aggregate layers is influ-
enced by seasonal moisture-temperature cycles and cumulative
traffic loading. These external factors alter both stress trans-
mission and stiffness within pavement foundations, and their
combined effects can accelerate performance degradation, par-
ticularly in control sections. For geogrid-stabilized systems, it
is critical to understand how initially observed benefits evolve
under field conditions. This section presents findings from an
extended in-situ monitoring program designed to assess these
effects through integrated sensor data collected from the US 20
highway reconstruction project in Elkhart County, Indiana.

Embedded instrumentation included EPCs at the base—subgrade
interface and BE Field sensors within the base layer. The goal was to
evaluate the impact of traffic and environmental cycles, particularly
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Figure 4.8 BE Shear Wave Velocity Profiles for (a) CS, (b) GG1, and (c) GG2.

freeze-thaw and wet-dry transitions, on stress attenuation and stiff-
ness retention. Performance was assessed across a control section
and two geogrid-stabilized sections (GG1 and GG2), the latter dif-
fering by geogrid placement depth.

4.4.1 EPC Observations Under Seasonal and Traffic Loading

EPCs provided continuous profiles of subgrade stress. As
shown in Figure 4.9, stress levels were initially low across all
sections during winter due to subgrade stiffening under frozen
conditions. However, during spring thaw, as subgrade materi-
als became more compliant, stress levels converged across sec-
tions, temporarily reducing the differential benefit of geogrid
stabilization.

After the roadway opened to traffic in June 2024, divergence
in subgrade stress levels emerged. GG2 consistently exhibited
the lowest vertical stress transmission, followed by GG1, with
the CS transmitting the highest stress. These differences became
most evident during summer and early fall, when higher tem-
peratures and increased subgrade moisture made load distri-
bution more critical. Figure 4.10 illustrates monthly subgrade
stress variation, showing clear performance stratification: GG2
<GG1 <CS.

Stress levels reconverged in the following winter months due
to temperature-induced stiffening of the subgrade. However, the
ranking persisted during transitional periods, reaffirming the
ability of mid-depth geogrid placement (GG2) to attenuate sub-
grade stress more effectively.
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Over the Extended Study Period.

4.4.2 BE Field Sensor Trends in Stiffness Evolution

Periodic Vs measurements provided insights into base layer
stiffness evolution. Measurements were taken postconstruction
and then at key seasonal milestones: pretraffic, posttraffic, late
summer, and postwinter. As shown in Figure 4.11, both GG1
and GG2 retained or increased their Vs values over time, indi-
cating preserved or improved small-strain stiffness. In contrast,
the control section exhibited a steady decline in Vs, suggesting
degradation due to environmental cycling and traffic loading
in the absence of lateral restraint. GG2 showed the most pro-
nounced gain in stiffness, consistent with its reduced subgrade
stress and better load distribution. Further, the differences in

stiffness retention were amplified after the combined seasonal
and traffic effects were experienced in March 2025. During
this time, relatively higher ambient temperatures and increased
traffic movement caused further reduction in the control section
subgrade support leading to a reduced layer integrity and perfor-
mance. Meanwhile, the GG1 and GG2 sections experienced sig-
nificant modulus retention and recovery owing to the presence
and functionality of MSL.

These Vs trends confirm that geogrid stabilization, partic-
ularly at mid-depth—a critical location from pavement design
input perspective, supports the long-term mechanical integrity
of the aggregate base layer, even under repeated environmental
and traffic stresses.
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4.4.3 Interpretation of Combined Sensor Data

The combined analysis of EPC and BE sensor data for var-
ious stress states and over an extended time offers a holistic
picture of pavement foundation performance. The concurrent
reduction in subgrade stress and retention (or gain to a certain
degree) in Vs measurements in geogrid sections confirm the
formation and retention of an MSL, which plays a critical role
during vulnerable periods such as spring thaw, when subgrade
support weakens and nonstabilized systems are most suscepti-
ble to stress amplification and deformation leading to distress
development.

Data from GG2 demonstrated that placement of the geog-
rid at mid-depth was more effective than subgrade-near instal-
lation (GG1) in enhancing base layer stiffness and attenuating
stress transmission to subgrade. However, GG1 performed at
par with GG2 in terms of modulus retention. These findings
support a design overhaul for geogrid stabilization consider-
ing initial and long-term performance gains under variable
field conditions.

4.5 Summary of Observations

This chapter presented the results of a comprehensive field
investigation designed to evaluate the structural behavior of
unbound aggregate base layers with and without geogrid stabili-
zation. The findings are based on in-situ testing and continuous
instrumentation data collected from three instrumented pave-
ment sections constructed as part of the US 20 highway recon-
struction project in Elkhart County, Indiana. Data were obtained
using DCP soundings, APLT, BE Field sensors, and EPCs over
an extended monitoring period. The following key observations
were made from the analysis:

® Uniformity in Construction Conditions: Baseline DCP testing
confirmed that all three sections were constructed over subgrade
soils of comparable stiffness. This uniformity in foundation con-
ditions provides confidence that performance differences observed
across sections are attributable to the presence and configuration
of the geogrid stabilization.
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Enhanced Composite Modulus from Surface Testing: Composite
modulus values backcalculated from APLT loading demonstrated
that geogrid-stabilized sections exhibited increased stiffness
relative to the control section. This enhancement was most evi-
dent during initial load stages and was sustained across repeated
loading cycles.
Depth-Specific Stiffness Improvement: BE sensor measure-
ments indicated higher shear wave velocities in the geogrid-sta-
bilized sections, particularly at and near the geogrid elevation.
These results confirm the formation of an MSL characterized by
improved particle interlock and lateral restraint.
® Stress-Dependent Stiffness Behavior: Paired APLT-BE test-
ing under incremental loading showed that while all sections
exhibited increasing stiffness with stress, the geogrid-stabilized
sections demonstrated higher initial stiffness and reduced stress
sensitivity, suggesting a more resilient structural response.
® Attenuation of Subgrade Stress under Seasonal and Traffic
Loading: Long-term EPC data revealed that geogrid-stabilized
sections, and especially the section with mid-depth placement
(GG2), consistently transmitted lower vertical stresses to the
subgrade compared to the control section. These benefits were
most pronounced during periods of increased subgrade vulner-
ability, such as spring thaw and post-rainfall softening events.
® Preservation of Stiffness over Time: Periodic BE measurements
indicated that the control section experienced a decline in small-
strain stiffness over the monitoring period. In contrast, both
geogrid-stabilized sections maintained or slightly improved
their stiffness characteristics, supporting the role of geogrid in
promoting long-term mechanical stability.
® Influence of Geogrid Placement Depth: The section with mid-
depth geogrid placement (GG2) consistently outperformed both
the shallow-placement (GG1) and control sections in terms of
stress attenuation and stiffness retention. However, both geogrid
placement strategies prevented modulus degradation observed
in control section. This finding highlights the importance of
optimizing geogrid location within the base layer to achieve
maximum performance benefit.

Collectively, these observations demonstrate that geog-
rid stabilization contributes to both immediate and sustained
improvements in the mechanical behavior of aggregate base
layers. The integration of high-resolution sensor data has
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enabled a mechanistic interpretation of performance trends
under realistic environmental and traffic loading conditions.
These findings provide critical empirical support for the
use of geogrid-stabilized bases in ME pavement design and
lay the groundwork for the development of practical design
recommendations.

5. IMPLEMENTATION OF RESEARCH FINDINGS INTO
INDOT PAVEMENT DESIGN PRACTICE

ME pavement design relies on accurate characterization
of pavement foundation materials, particularly the resilient
modulus of unbound aggregate base layers. However, current
design procedures often treat geogrid-stabilized and non-
stabilized bases as equivalent, typically assigning a fixed
modulus value regardless of geogrids. This approach over-
looks the stiffness enhancement and stress distribution bene-
fits introduced by geogrid inclusion.

Field testing conducted in this study, including APLT, BE
shear wave velocity measurements, and pressure cell data,
revealed both global and localized stiffness improvements
in geogrid-stabilized sections. To translate these observa-
tions into design inputs, a modeling framework was estab-
lished using the C-FLEX finite element program, developed
for the US Army Corps of Engineers (Luo et al., 2021) to
predict pavement responses. The C-FLEX analysis incor-
porates stress dependent behavior, sublayer discretization,
and adjustment of Mechanistic-Empirical Pavement Design
Guide (MEPDQG) resilient modulus parameters to simulate the
effects of mechanical stabilization.

This chapter presents the modeling configuration, param-
eter calibration procedures, validation using field measure-
ments, and a parametric study exploring the influence of
geogrid placement and pavement structure on subgrade
response. The outcomes provide a pathway for incorporat-
ing geogrid-related benefits into pavement design through
adjusted resilient modulus model parameter inputs or benefit
ratios.

5.1 Modeling Framework and Objectives

The primary objective of the modeling effort was to quan-
tify the stiffness enhancements provided by geogrid stabiliza-
tion and to establish a practical methodology for incorporating
these enhancements into ME pavement design procedures.
Field testing results, including APLT-derived deflections and
BE sensor shear wave velocity measurements, revealed that
geogrid inclusion modifies both the magnitude and stress sen-
sitivity of resilient modulus behavior within the aggregate base
layer. However, to utilize these findings in design practice, a
structured modeling framework is needed to translate observed
in-situ responses into input parameters.

To address this need, a sublayering-based finite element
modeling approach was developed using the C-FLEX pro-
gram, a nonlinear layered elastic analysis tool capable of
representing stress dependent, cross-anisotropic aggregate

behavior (Luo et al., 2021). The model was configured to reflect
the geometry, layer thicknesses, and material characteristics of
the instrumented test sections constructed along US 20, with
particular focus on capturing the mechanical effects of geogrid
placement at different depths.

The framework was designed to support the following tech-
nical objectives:

® Simulate the formation of an MSL through depth-dependent
modulus adjustment within the aggregate base.

® Calibrate the resilient modulus model parameters (k,, ky, k) for

unbound layers based on backcalculated APLT field data.

Apply localized modulus adjustment factors to reflect geogrid-in-

duced confinement and stress redistribution.

Validate model predictions using in-situ sensor data, including

BE-measured shear wave velocities and pressure cell-derived

subgrade stress.

Quantify geogrid performance benefits using subgrade strain

metrics and compute corresponding benefit ratios relative to con-

trol conditions.

This modeling framework serves as the foundation for a more
refined treatment of geogrid-stabilized layers in ME design and
provides a path toward incorporating observed field benefits
into performance-based pavement specifications.

5.2 Finite Element Modeling Framework and Parameter
Calibration

To support the translation of field-measured responses into
design-relevant parameters, a finite element modeling frame-
work was developed using the C-FLEX flexible pavement
analysis tool. Originally created by the U.S. Army Corps of
Engineers, C-FLEX enables simulation of nonlinear, stress-
dependent behavior of pavement foundation layers and is well
suited for evaluating the influence of geosynthetic stabilization
on unbound aggregate performance.

The primary goal of the modeling effort was to simulate
observed stiffness variations in geogrid-stabilized sections by
incorporating depth-specific adjustments to resilient modulus
parameters, and to validate the resulting pavement responses
against field data from APLT and BE sensors.

5.2.1 Model Configuration and Sublayering Strategy

The finite element mesh was configured to replicate the
full-scale pavement test sections constructed as part of the US
20 field project. Each test section consisted of a 12-in.-thick
aggregate base layer (INDOT No. 53 aggregate) underlain by
a compacted natural sand subgrade. The modeled pavement
cross-section reflected field dimensions and layer thicknesses
to preserve the fidelity of load transfer mechanisms across
interfaces. To capture localized stiffness enhancements associ-
ated with geogrid inclusion, the 12-in. base layer was discret-
ized into six sublayers, each 2 in. thick. This approach enabled
spatial variation in modulus values within the base and facili-
tated modeling of the MSL formed in proximity to the geogrid.
For the geogrid-stabilized test sections (GG1 and GG2), the
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MSL was centered around the known geogrid depth, allowing
parameter modifications to be applied to specific sublayers
surrounding the geogrid. In all simulations, the geogrid itself
was not modeled as an explicit structural element. Rather, its
mechanical effect was represented through modulus enhance-
ment factors applied to the sublayers near the geogrid. This
approach offers flexibility for modeling geogrid-induced con-
finement without introducing complex interface behavior or
requiring high mesh density around the geogrid.

5.2.2 Material Model

Unbound aggregate materials were modeled using the
MEPDG nonlinear stress dependent resilient modulus model:

ky ky
M, =kp, (i] (1 + h] Equation 5.1
p P,

a

where 0 is the bulk stress, t,, is the octahedral shear stress,
pa is atmospheric pressure (reference stress), and k,, k,, and
k, are model parameters representing modulus magnitude (or
constant term), bulk stress sensitivity, and shear stress sensi-
tivity, respectively. Field-derived deflection measurements
from APLT were used to backcalculate the resilient modulus
for each section using a forward—inverse approach. The back-
calculation procedure employed a layered elastic solution
to match measured surface deflections with model outputs.
An optimization routine minimized the mean squared error
between observed and predicted deflections to yield the base-
line k , k,, k, values for the control section.

To determine the resilient modulus model parameters
k., k,, and k, for the aggregate base layer, a multistep
backcalculation protocol was developed using field measure-
ments from the APLT loading program and the associated
instrumentation. The procedure began with estimating the
resilient modulus of the subgrade, Mg, for each loading
stage using the AASHTO (1993) equation for a homoge-
neous half-space:

(1-v*)P

nr's

M —

R(sg)

Equation 5.2

rr'

where P is the applied cyclic load, v is the assumed
Poisson’s ratio of the subgrade (taken as 0.40), r'is the radial
distance three times the loading plate radius, and 6(”,) is the
measured rebound deflection at that offset. For each stress
level, modulus values were averaged over the final five load-
ing cycles to mitigate transient effects and establish repre-
sentative subgrade behavior.

With the subgrade modulus fixed, the next step involved
estimating the resilient deflection at the center of the load-
ing plate using an analytical solution for a two-layer elastic
system based on Boussinesq theory. The formulation used is
given as follows:

3, (1—v2)crorf

Equation 5.3

In this equation, v, and v, represent the Poisson’s ratios for
the base and subgrade, respectively, o, is the applied surface
stress, r is the loading plate radius, % is the base layer thick-
ness, and fis a shape factor taken as 8/3 per convention (White
etal., 2018). During the calibration, M Rse WAS held constant while
M 445y Was iteratively adjusted using Microsoft Excel Solver.
The Solver routine minimized the mean squared error (MSE)
between the measured and calculated rebound deflections, yield-
ing a best-fit modulus value for each APLT stress stage.

Following this deflection matching process, the fitted base
moduli were plotted against their corresponding stress states to
calibrate the MEPDG resilient modulus model parameters. The
bulk stress was computed as the sum of the applied deviator
stress and the overburden pressure, using an assumed lateral
earth pressure coefficient K= 0.5 and the known unit weight of
the base material. All stress terms were consistently evaluated at
the mid-depth of the aggregate base layer to ensure comparabil-
ity across sections.

The final backcalculated values of k, k,, and k, for each sec-
tion are presented in Table 5.1. The results show a clear influ-
ence of geogrid inclusion on base layer behavior. Compared to
the control section, the geogrid-stabilized sections GG1 and
GG2 exhibited increased modulus constant term (higher k) and
reduced stress sensitivities (lower values of k, and k,). These
trends confirm that geogrid stabilization enhances the resilient

TABLE 5.1

Estimated MEPDG Model Parameters for Each Test Section.
Section k, k, k,
CS 2611.3 0.61 -0.78
GGl 3312.4 0.37 -0.53
GG2 2897.1 0.29 -0.37
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response of the base and reduces its stress dependency under
loading.

These parameter sets were subsequently used to derive sca-
lar multipliers, a, -p, and -y, to quantify the relative enhance-
ments attributed to geogrid stabilization. These multipliers were
implemented in the sublayer-based modeling framework to sim-
ulate localized stiffness behavior within the MSL, as described
in the following section.

5.2.3 Modeling of Geogrid Influence Zone

To account for the localized nature of stiffness enhancement
in geogrid-stabilized pavement layers, a sublayer-based mod-
eling approach was developed. This framework discretized the
12-in.-thick unbound aggregate base into six uniform sublayers,
each 2 in. thick. The primary goal of this discretization was to
simulate the nonuniform modulus distribution induced by geog-
rid inclusion, especially within the MSL, defined as the 4-in.
zone surrounding the geogrid, 2 in. above and 2 in. below the
geogrid plane. This formulation allowed the model to reflect
spatially varying confinement and interlock effects, which are
typically most pronounced near the geogrid and diminish with
increasing distance from its location.

The control section, which lacked geogrid stabilization, was
used as the baseline for comparison. This section was modeled
using a constant set of resilient modulus model parameters
across all sublayers: k, = 2611.3, k, = 0.61, and k, = -0.78. In
contrast, the geogrid-stabilized sections (GG1 and GG2) were
assigned depth-varying model parameters, derived from scaling
the control section MEPDG resilient modulus model parame-
ters using adjustment factors a, -f3, and -y. These scaling factors
were first computed from the ratio of backcalculated average
parameters in GG1 and GG2 relative to the control section. For
example, the backcalculated k; for GG1 was 3312.4, resulting
in an enhancement ratio of approximately 1.27 compared to the
control. Recognizing that this ratio represents a layer-averaged
effect, a spatial weighting scheme was applied to emphasize the

MRC ontrol

M ,,Control
Confinement/Interaction R

B

Low Partial High

Interaction = 0

Interaction = 0

6 €{a,—B,—v}

localized stabilization benefit near the geogrid plane. Sublayers
intersecting the geogrid were assigned an interaction multiplier
of 0.75, adjacent sublayers (2 in. above or below) were given a
reduced multiplier of 0.25, and sublayers further away retained
the unmodified control section MEDPG resilient modulus
model parameters.

The final depth-adjusted model parameters for each sublayer
were computed using the following relation:

k,= (1 +[8x interaction]) x Jecomrel

Equation 5.4
whered {a,—B,—y}

where the interaction i multiplier varies based on the sublay-
er’s proximity to the geogrid, and i denotes the sublayer index.
Figure 5.1 illustrates the sublayer configuration and interaction
zones.

To refine these adjustments, an iterative optimization frame-
work, as shown in Figure 5.2, was developed in Microsoft
Excel using Solver. This model was tasked with reproducing
the load-dependent composite modulus values derived from
the APLT measurements. The seed moduli for the six sublay-
ers were then converted into an overall effective layer modulus
M Rre) Using a harmonic mean formulation shown below, which
was then fitted against APLT measured base modulus using a
harmonic mean formulation:

(52

i=1 i

Equation 5.5

Here, h,is the thickness of sublayer i, and E, is its computed
resilient modulus value computed using the localized MEPDG
parameters. To isolate the impact of modulus variation, bulk and
shear stress inputs were held constant across n sublayers, using
the average values calculated at the mid-depth of the base. This
simplification allowed the calibration process to focus on refin-
ing the depth profile of stiffness without the added complexity
of recalculating internal stress distributions.

kl( ‘ontrol sz ontrol k3(‘ ontrol

k I( ontrol kZC ontrol k3C ontrol

k, = (1 + [8xinteraction])xk§ontrol

Figure 5.1 Sketch Showing the Division of Aggregate Base Layer Into 2-in. Sublayers With Varying Degrees of Confinement and Associated

Changes in MEPDG Model Parameters.
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|
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Output: Local stiffness and stress sensitive M g
model parameters for MSL

Figure 5.2 Implementation Algorithm for Sublayer Stiffness
Assessment.

Solver was used to adjust the scaling factors a, -p, and -y
for each geogrid section. The optimization minimized the MSE
between the predicted composite modulus and the APLT-derived
modulus at each stress stage. This calibration was performed
independently for the GG1 and GG2 sections to ensure accurate
representation of the distinct geogrid configurations. The result-
ing sublayer model parameters were then input into the finite
element program C-FLEX to solve for pavement responses and
further evaluate the accuracy and practicality of the proposed
modeling approach.

By enabling spatially resolved adjustment of resilient modu-
lus model parameters, this sublayer-based modeling framework
provides a mechanistic analysis approach and a consistent means
of capturing the confinement and interlock effects introduced by
geogrid stabilization. It offers a significant improvement over
the traditional single-layer or averaged-parameter approaches
by more accurately reflecting the true distribution of stiffness
enhancements within the stabilized base.

5.2.4 Model Validation and Preparedness for Design
Application

Consistent with field testing conditions, a uniform circular
load replicating the APLT plate (18-in. diameter) was applied at

TABLE 5.2
Model Parameter Adjustment Factors Computed After
Backcalculation.

No. 53 Adjustment Factor
Aggregate for MSL (1 + 8)
Parameter (APLT)  where,5 € {a,—f,~y} Parameter MSL
k, 2611.32 1.44 k, 3754.3
k, 0.61 0.17 k, 0.11
K, -0.78 0.17 K, -0.13

the surface in the model. The pulsed vertical stress for the plate
contact was set at 15 psi (103.4 kPa), corresponding to the con-
ditioning stress state used in the test protocol. This stress state
was selected as it had the highest number of repetitions during
APLT loading. The subgrade layer was modeled using isotro-
pic nonlinear bilinear material model parameters, extending to
a depth sufficient to avoid boundary effects. In C-FLEX, lateral
boundaries are constrained horizontally, and the bottom bound-
ary is fixed vertically far away to match negligible deformation
at the bottom of the analysis domain.

The C-FLEX pavement model served a dual purpose: (1)
validating the hypothesis that geogrid inclusion results in mea-
surable local stiffness enhancements, and (2) producing design-
ready resilient modulus inputs reflecting those enhancements.
The calibrated modulus distributions were further corroborated
against BE sensor-derived shear wave velocity trends, particu-
larly in the MSL region. This modeling framework forms the
basis for performance comparison across typical pavement
structures and enables estimation of geogrid benefits, which
quantify the improvement in critical pavement response due to
geogrid stabilization. These concepts are expanded upon in sub-
sequent sections.

The final adjustment factors and corresponding depth-spe-
cific MEPDG model parameters used to represent the geogrid
influence are summarized in Table 5.2 and Table 5.3, respec-
tively. These values were derived through iterative calibration
of sublayer moduli to match the observed composite modulus
response from APLT deflection measurements. For the sublay-
ers directly overlapping within the geogrid influence zone, the
initial stiffness enhancement backcalculated was the most pro-
nounced, with a modified k, value of approximately 3468.6 psi.
Adjacent sublayers within the MSL were assigned interpolated
parameters based on a piecewise linear distribution, reflecting
the diminishing influence of geogrid-induced confinement and
interlock away from the geogrid plane, as discussed earlier.

Table 5.2 presents the global adjustment factors, o, f3, and
Y, applied to the control model parameters for k, k,, and k.,
respectively. These were derived from the ratio of backcalcu-
lated values in the stabilized sections to those of the control
section. For instance, an adjustment factor of 1.44 was applied
to k,, indicating a 44% increase in modulus constant term in
the geogrid-stabilized zone. Meanwhile, both k, and k, exhib-
ited significant reductions within MSL, suggesting mitigated
stress dependency in the presence of geogrid stabilization.
These trends are consistent with the confinement mechanism,
wherein the geogrid restricts lateral deformation and distributes
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TABLE 5.3

Computed Sublayer MEPDG Model Parameters for a Mid-Depth Geogrid Configuration With sample Calculation for k,

k, = (1 +[8x interaction]) x kool

where 8§ € {a,fﬂ,fy}

Degree of geogrid-induced

confinement k, k, k,

No Confinement/Control 2611.32 0.61 -0.78
Partial Confinement (1 +[0.44 x 0.25]) x 2611.32 = 2897.07 0.19 -0.24
Full Confinement (1 +1[0.44 x 0.75]) x 2611.32 = 3468.57 0.084 -0.11
Full Confinement (1 +1[0.44 x 0.75]) x 2611.32 = 3468.57 0.084 -0.11
Partial Confinement (1 +[0.44 x 0.25]) x 2611.32 = 2897.07 0.19 -0.24
No Confinement/Control 2611.32 0.61 -0.78

load more uniformly, thus reducing the sensitivity of modulus to
bulk and shear stresses.

Table 5.3 illustrates how these adjustment factors were
applied to individual sublayers. Using the scaling factor, the
parameters were depth-modulated across the base layer. For
example, in sublayers intersecting the geogrid (with an inter-
action factor of 0.75), the enhanced k, was calculated as
(1+ [0.44%0.75]) x 2611.3 = 3468.6 psi. Adjacent sublayers
received lower multipliers of 0.25, modeling enhancement
depth-profile in MSL. Sublayers beyond the MSL were assigned
the original control parameters, effectively modeling the transi-
tion from geogrid-stabilized to non-stabilized aggregate behavior.

This sublayering framework provided the means to simulate
localized zone stiffening effects of different geogrid configu-
rations. In the mid-depth geogrid section (GG2), the enhance-
ments were concentrated around the center of the base, while
in the interface geogrid section (GG1), the modifications were
applied near the bottom sublayers. This differentiation aligns
with expected geogrid-induced confinement zones and con-
firms that the magnitude and location of stiffness enhancement
depend on geogrid placement depth. The resulting parameter
distributions enable a realistic and mechanistically grounded
representation of pavement foundation behavior.

Compared to conventional approaches that apply a uniform
modulus across the entire base layer, this method allows for
refined modeling of localized geogrid effects, enabling closer
alignment with in-situ measured responses. It also improves
compatibility with finite element simulations and mechanistic
design frameworks. The calibrated MEPDG model parameters
from this process were subsequently incorporated into the finite
element program C-FLEX to solve for pavement responses and
compare them with APLT-measured deflection and modulus
trends. These efforts supported the validation of the sublay-
er-based modeling approach and demonstrated its applicability
for representing the complex, depth-dependent stiffness behav-
ior of geogrid-stabilized base layers.

5.3 Validation and Applicability to Typical Pavement Layer
Configurations

To evaluate the accuracy and practical utility of the
sublayer-based modeling framework, predicted deflection basins

generated using calibrated MEPDG parameters were compared
against field-measured deflections obtained from the APLT load-
ing program. The C-FLEX finite element platform was used to
simulate the three test sections, control (CS), geogrid at the inter-
face (GG1), and geogrid at mid-depth (GG2), under identical
loading conditions. The applied surface stress was 15 psi (103.4
kPa), consistent with the plate contact stress used during APLT
conditioning for matching purposes.

As shown in Figure 5.3, the predicted deflection basins
closely matched the measured rebound deflections for all sec-
tions, confirming the model’s ability to accurately capture both
the magnitude and shape of the surface deflection profiles.
Among the three configurations, the control section, shown
in Figure 5.3a, exhibited the deepest and broadest deflection
basin, consistent with a lower composite stiffness. In contrast,
Figure 5.3b and Figure 5.3c illustrate the narrower and shal-
lower deflection basins associated with GG1 and GG2, respec-
tively. These patterns confirm that the calibrated sublayer
MEPDG model parameters effectively reflect the increased
stiffness induced by geogrid inclusion. The strong agreement
between the measured results and model predictions validates
the sublayer model parameter adjustment strategy and supports
the physical relevance of the modified k , k,, and k, values.

To further examine the influence of geogrid stabilization
on critical pavement responses, the validated model was used
to predict vertical deviator strain and stress on top of sub-
grade under the application of surface stresses ranging from
10 psi up to 40 psi. These responses are fundamental to rutting
predictions and are central to ME pavement design methodol-
ogies. The vertical compressive strains predicted on top of the
subgrade are summarized in Figure 5.4. The geogrid-stabilized
sections exhibited consistently lower strain levels than the con-
trol section across all applied stress levels. For example, at an
applied stress of 10 psi (69 kPa), the control section exhibited
a vertical strain of 189 micro strain (pe), while GG1 and GG2
exhibited strains of 146 pe and 150 pe, respectively. These
correspond to reductions of approximately 23% for GG1 and
21 percent for GG2. This trend of strain attenuation, though
slightly less pronounced at higher stress levels, remained con-
sistent across the loading spectrum and underscores the role
of geogrid in enhancing confinement and mitigating load-
induced deformation.
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Vertical stress responses predicted on top of subgrade fol-
lowed a complementary trend. As shown in Figure 5.5, both
GG1 and GG2 exhibited lower transmitted stresses compared
to the control section. At a 30-psi (207 kPa) loading condition,
the vertical subgrade stress measured in the control section was
approximately 13.9 psi, while GG1 and GG2 recorded values of
12.5 psi and 12.3 psi, respectively. These values reflect reduc-
tions of 9.5% and 11.2% relative to the control and highlight the
improved load distribution and stress dispersion facilitated by
the geogrid-stabilized aggregate base layers. The slightly supe-
rior performance of GG2 in reducing vertical stress suggests a
more effective bridging mechanism across the aggregate layer
thickness when the geogrid is placed at mid-depth.

As an observation, the strain and stress response results empha-
size two distinct but complementary benefits of geogrid stabiliza-
tion: a significant reduction in vertical deformation and a notable
attenuation of transmitted stress to the subgrade. The enhanced
strain reduction observed in GG1 indicates stronger confinement
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Figure 5.5 Estimated Top of Subgrade Vertical Stress Reduction
With Legend Showing APLT Pulsed Stress Applied on Top of
Aggregate Layer (1 psi = 6.9 kPa).

near the base—subgrade interface, while the lower stresses
observed in GG2 suggest a broader lateral load distribution across
the aggregate matrix. These mechanistic analysis insights empha-
size the importance of evaluating multiple response metrics when
assessing the effectiveness of stabilization strategies and deter-
mining optimal geogrid placement configurations.

To corroborate these findings, field measurements from embed-
ded BE Field sensors were also examined. These sensors captured
Vs at the same locations and following each APLT load stage,
thereby providing high-resolution, independent validation of local

Medium Volume Section

Low Volume Section

1.5 in. 9.5 Surface 58S

2.5in.19 Int. 58H

8 in. HMA Base 58S

6 in. HMA Base 58S

Case]——————l

12 in. No. 53 12 in. No. 53

Case 2

Subgrade Subgrade

1.5 in. 9.5 Surface 58H W 2.5 in. Int 58E

stiffness characteristics. This paired testing approach enabled a
direct comparison between BE-derived stiffness trends and those
inferred from APLT-based modulus backcalculation and C-FLEX
simulations. At a high stress level of 38 psi (262.2 kPa), enhance-
ment ratios (ER,,) of approximately 1.07 were recorded in both
GG1 and GG?2 relative to the control, indicating a 7% increase in
shear wave velocity. Since stiffness is proportional to the square
of shear wave velocity, this corresponds to an approximate 14%
increase in local stiffness. At the lower stress level of 13 psi
(89.7 kPa), ER,, values were approximately 1.11, translating
to a 23% increase in stiffness. These BE-derived enhancement
values are in strong agreement with the strain and stress reductions
observed in the finite element modeling predictions. Specifically,
the 23% and 21% reductions in vertical strain and the 9.5% and
11.2% reductions in vertical stress observed for GG1 and GG2,
respectively, mirror the BE-measured stiffness improvements. This
consistency confirms the robustness of the calibrated MEPDG
model parameters and underscores the value of integrating multiple
sensing and modeling approaches to fully capture the mechanistic
effects of geogrid stabilization.

5.4 Evaluation of Typical Indiana Pavement Sections

To evaluate the applicability of the sublayer modeling frame-
work and geogrid influence across realistic pavement configu-
rations, a parametric study was conducted using the calibrated
MEPDG model parameters. The study considered typical
INDOT pavement designs for low-volume, medium-volume,
high-volume, and interstate classifications, as illustrated in
Figure 5.6. These pavement sections varied primarily in terms

Interstate Section
1.5 in. 9.5 Surface 58E
2.5 in. Int 58E

High Volume Section

1.5 in. 9.5 Surface 58E

10 in. HMA Base 58S
10 in. HMA Base 58S

3 in. HMA OG

— o o = == s Case ]

6 in. No. 53

——————lCaS62

12 in. No. 53

12 in. #53 Subgrade

Subgrade

Subgrade

Figure 5.6 Typical INDOT Pavement Sections Analyzed for the Parametric Study.
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Figure 5.7 Estimated Vertical Strain Reduction on Top of Subgrade

for Typical INDOT Pavement Sections With Legend Showing APLT
Pulsed Stress Applied on Top of Aggregate Layer.

of HMA thickness and base layer design. Per INDOT (2013)
Part 6, Chapter 601, Figure 601-5C, the combined HMA layer
thicknesses were modeled as 10 in. in the low-volume section,
12 in. for the medium-volume section, 14 in. for the high traffic
section, and 17 in. in the interstate section. The base layer thick-
ness remained consistent at 12 in. in the first three sections and
increased to 18 in. in the interstate design.

Like the previous investigations in this project, three model-
ing configurations were evaluated for each pavement type: (1) a
CS without geogrid, (2) GG1 with geogrid placed at the base—
subgrade interface, and (3) GG2 with geogrid positioned at mid-
depth of the base layer. The calibrated sublayer MEPDG model
parameters from earlier analyses were used as inputs. C-FLEX
was used to predict mechanistic responses under a representa-
tive equivalent single axial load (ESAL) of 18 kips with a target
stress of 80 psi distributed over 6 in. of tire contact.

Figure 5.7 shows the estimated percentage reduction in verti-
cal compressive strain on top of the subgrade. GG2 consistently
outperformed GG1 in reducing strain across all traffic classes. In
the low-volume section, GG2 yielded the highest strain reduc-
tion, exceeding 4%. This value decreased progressively with
traffic class, falling to below 2% for the interstate configuration.
In contrast, GG1 produced minimal strain reduction across the
board, with values below 1% for most designs. These findings
suggest that mid-depth placement (GG2) is more effective in
mitigating vertical deformation, particularly in sections with
thinner asphalt layers.

Figure 5.8 illustrates the top-of-subgrade vertical stress
responses for the three configurations. For the stabilized sys-
tems, there was notably a marginal improvement over the con-
trol section. The reduced effectiveness of geogrid in thicker
pavement systems may be attributed to the confining effect of
the HMA layer. In thicker HMA sections, stress attenuation is
largely governed by the asphalt layers themselves, which lim-
its the influence of MSL. Yet, mid-depth placement allows the
geogrid to directly engage with the most actively stressed por-
tion of the aggregate base, enhancing lateral load distribution
and confining response.

It is also important to recognize that while the predicted
improvements in stress and strain are more evident in the
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w
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Figure 5.8 Estimated Top of Subgrade Vertical Stress Reduction

With Legend Showing APLT Pulsed Stress on Top of Aggregate Layer
for the Typical INDOT Pavement Sections (1 psi = 6.9 kPa).

low-volume configurations, the benefits of geogrid stabilization
are not limited to short-term deflection behavior. Over time,
aggregates in control sections tend to experience stiffness degra-
dation due to particle reorientation and displacements resulting
in deformation accumulation. Geogrid-stabilized sections, how-
ever, retain modulus more effectively due to the confinement and
mechanical interlock provided by the geogrid. These long-term
performance benefits are not fully captured in finite element
method simulations, such as those performed in C-FLEX, yet
they are critical for accurate pavement performance prediction.

Therefore, even when the short-term differences between
control and stabilized sections appear modest in thicker pave-
ment designs, practitioners should interpret these results with
the understanding that geogrid-stabilized bases are likely to
provide better modulus retention and structural stability over
time. This distinction is particularly relevant for ME design
approaches, where accurate representation of long-term layer
properties is essential for life-cycle performance prediction and
for accurately predicting pavement rutting performance benefits
associated with the traffic benefit ratio.

5.5 Summary

ME pavement design relies on accurate characterization of
pavement foundation materials, particularly the resilient modu-
lus of unbound aggregate base layers. However, current design
procedures often treat geogrid-stabilized and nonstabilized
bases as equivalent, typically assigning a fixed modulus value
regardless of geogrid. This approach overlooks the mechanical
benefits introduced by geogrid inclusion, including improved
stiffness, enhanced confinement, and redistribution of stress. To
address this limitation, the modeling framework presented in
this chapter demonstrates a systematic approach to quantifying
and integrating the effects of geogrid stabilization into design
procedures.

Field testing conducted along the US 20 test site included
APLT, BE shear wave velocity measurements, and embedded
pressure cell data. These techniques revealed consistent trends
of increased local and composite stiffness in geogrid-stabilized
sections compared to the control. Building on these findings, a
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sublayer-based finite element modeling framework was devel-
oped using the C-FLEX analysis tool. The model incorporated
depth-dependent adjustments to the resilient modulus, repre-
sented through the MEPDG resilient modulus model k , k,, and
k, parameters, and applied scalar multipliers to simulate the
MSL surrounding the geogrid.

The modeling effort involved backcalculation of stress-
dependent modulus values from field data, calibration of model
parameters, and validation against measured surface deflections
and BE-derived stiffness profiles. Results showed that geogrid
placement at mid-depth (GG2) yielded the highest improve-
ments in both strain attenuation and stress dispersion, while
the geogrid placed at the base—subgrade interface (GG1) also
provided measurable benefits. Compared to the control section,
GG2 demonstrated a 23% reduction in vertical strain and an
11% reduction in subgrade stress, aligning with a 14 to 23%
increase in BE-derived local stiffness. These consistent findings
from independent methods confirm the robustness of the mod-
eling framework and the effectiveness of geogrid stabilization.

A subsequent parametric study applied a calibrated modu-
lus modeling framework to a range of typical INDOT pavement
designs varying in traffic classification and HMA thickness.
The results revealed that the relative benefits of geogrid sta-
bilization were more pronounced in thinner pavements, such
as low-volume roads, where geogrids directly influenced
stress and strain distributions within the aggregate base. While
thicker HMA layers in higher-volume pavements reduced the
short-term influence of the geogrid on subgrade responses, the
long-term modulus retention benefits remain quite relevant.
In control sections, aggregate modulus tends to degrade over
time due to cumulative deformation and loss of interlock. In
contrast, geogrid-stabilized sections preserve structural integ-
rity more effectively due to confinement mechanisms, a bene-
fit not fully captured in short-duration simulations but critical
for long-term performance.

Overall, the developed modeling framework offers a mech-
anistically consistent, field-validated approach to incorporating
geogrid stabilization effects into ME pavement design. It pro-
vides a clear pathway for translating sensor-derived stiffness
trends and load response measurements into design-relevant
parameters that can improve the accuracy of performance pre-
dictions. These outcomes support the adoption of refined resil-
ient modulus inputs and benefit ratios for stabilized bases in
INDOT’s pavement design procedures.

6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Overview of Key Research Outcomes

This research, conducted along a reconstructed segment of
US 20 in Elkhart County, Indiana, aimed to provide INDOT
with a mechanistic analysis and design framework for geog-
rid-stabilized pavement aggregate base layers. By integrating
embedded instrumentation, nondestructive field testing, and
mechanistic analysis through advanced numerical modeling,
the study provided a comprehensive evaluation of the struc-
tural benefits associated with geogrid stabilization immediately

after construction, and over extended traffic and environmental
loading. The data informed base course sublayering approach
adopted in the research supports development of an improved
resilient modulus characterization. The approach was imple-
mented in evaluating typical INDOT pavement sections and the
observations further support the inclusion of geogrid-specific
enhancements in performance-based specifications.

Three instrumented test sections were constructed, includ-
ing a control section with no geogrid-stabilization and two
sections with geogrids placed at two depths within the base
layer: (i) at base—subgrade interface and (ii) at mid-depth
of the base layer. Data from innovative BE Field sensors,
EPCs, and APLT were contextualized together to quantify the
mechanical responses of the stabilized and no-geogrid control
sections across a range of conditions. The results confirmed
that geogrid-stabilization leads to measurable increases in
local stiffness and improved stress distribution characteristics.
Notably, data from the field experiment linked geogrids with
enhanced stiffness retention and lower stress transmission to
the subgrade, particularly under repeated traffic loading and
during seasonal transitions.

Paired APLT-BE measurements provided valuable insights
into the interaction between multilayer and local stiffness
behaviors. The BE enhancement ratio (ER,,), derived from
shear wave velocity (Vs) measurements under staged APLT
loading, confirmed a localized stiffening effect in the vicinity of
the geogrid. The Vs enhancement ranged from 7% to 11 % with
higher benefits observed under realistic field-stress conditions.
This implied a much greater increase in the localized stress-
dependent modulus behavior, which highlighted the inadequacy
of treating geogrid-stabilized and no-geogrid bases as equiva-
lent in terms of modulus characterization, as is often done in
current INDOT design specifications.

The extended monitoring program further demonstrated that
geogrid-stabilized sections maintained higher as-built base layer
stiffnesses and exhibited lower subgrade vertical strain and stress
levels throughout seasonal cycles and post-construction traffic
operation. Particularly, BE sensors revealed that the control
section experienced a steady reduction in shear wave velocity,
an indicator of layer stiffness. These observations confirm and
quantify the formation of a durable MSL in stabilized sections
which remained intact through seasonal changes with retained
high stiffnesses in geogrid influence zones, which play a critical
role in preserving pavement performance under environmental
and traffic-induced stresses.

To operationalize these findings in pavement design, a sub-
layer-based aggregate material modulus model parametrization
framework was developed and implemented using the C-FLEX
program. The model incorporated stress-dependent resilient
modulus behavior through the MEPDG formulation and enabled
the assignment of distinct modulus properties to 2-in.-thick sub-
layers within the base. Scalar multipliers were used to calibrate
the effects of geogrid inclusion on modulus parameters (k,, k,, k),
allowing simulation of the stiffness improvement and stress
sensitivities of the MSL generating pavement responses which
were validated against field measurements. The model demon-
strated strong agreement with observed APLT deflection basins
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and provided a robust platform for mechanistic performance
comparisons across the different geogrid-stabilized design
configurations.

Finally, a finite element modeling study applied the validated
geogrid-stabilized base model to typical INDOT pavement
structures, revealing that geogrid stabilization can measurably
improve critical pavement responses. Though this benefit is
dependent on the overall pavement structure with stiffness of
HMA governing the stress transmission to subgrade over the
MSL, the retention of modulus on geogrid stabilized sections, as
confirmed with BE Field measurements during extended study
period, offers a pathway to maintain constructed performance
while non-stabilized sections experience a reduction in perfor-
mance metrics and increasing the risk of distress development.
These outcomes not only confirm the technical value of geogrid
stabilization but also offer implementable design framework,
such as with the sublayer MEPDG resilient modulus model
parameter inputs developed for the base layer, for implementa-
tion in ME pavement design frameworks.

6.2 Recommendations for INDOT Pavement Design Practice

The findings from this study offer actionable insights to
improve the design, evaluation, and specification of geogrid-sta-
bilized pavement foundations in Indiana. Based on field obser-
vations, long-term monitoring data, and validated finite element
modeling, the following recommendations are provided to sup-
port the integration of geogrid benefits into INDOT’s mechanis-
tic—empirical design practices.

6.2.1 Differentiate Resilient Modulus Inputs for Geogrid-
Stabilized and Non-Stabilized Bases

Current INDOT design procedures assign a fixed resilient
modulus of 15 ksi (103.5 MPa) to all aggregate base layers,
regardless of geogrid inclusion. This simplification does not
reflect the enhanced mechanical behavior observed in this
study. It is recommended that geogrid-stabilized bases be
assigned resilient modulus inputs adjusted according to geog-
rid location in the layer configuration, either through direct
parameter modification (k,, k,, k,) or through the application
of scalar enhancement factors derived from backcalculated
and validated field data.

To further support implementation, Table 6.1 presents sub-
layer-based resilient modulus values (in ksi) for geogrid imple-
mentation schemes similar to GG1 (base—subgrade interface) and
GG2 (mid-depth of base) under varying deviator stress levels,
as obtained from calibrated finite element simulations validated
against field measurements. These values reflect stress-dependent
stiffness behavior within the geogrid influence zone and can help
improve current INDOT Pavement ME design inputs. It is encour-
aged that INDOT engineers carefully select these values based on
structural resemblance with the one presented in this study.

The above resilient modulus suggestions were based on the
biaxial geogrid with a 33 mm square aperture paired with No.
53 aggregate materials in this study. Any other combinations
of geogrid types and aggregate materials should be carefully

TABLE 6.1
Recommeded Resilient Modulus Values (ksi) for GG1 and GG2
Implementation for Various Deviator Stress Levels.

Deviator Stress (psi) GG1 (interface) GG2 (mid-depth)

5 229 23.6
10 19.7 20.5
15 18.2 19.0
20 17.3 18.1
30 16.4 17.2
40 15.9 16.7

studied prior to implementation of any enhanced modulus val-
ues. Recent studies supported by other transportation agencies
can further guide these decisions. One such study by Wang et al.
(2025) presents data on various geogrid and aggregate material
combinations. It is also anticipated that once the AASHTOWare
Pavement ME software functionality is developed to incorpo-
rate stress-dependent resilient modulus model parameters, the
results presented in Chapter 5 of this report will be readily avail-
able to INDOT to utilize the enhanced k;, k,, and k, values for
each of the two implementations, that is, at bottom and mid-
depth of geogrid stabilization in aggregate layers.

6.2.2 Incorporate Sublayer-Specific Modulus Assignments for MSLs

The stress-dependent improvements observed near the geogrid
location were localized and depth-specific. The use of a sublay-
er-based modeling approach allowed these enhancements to be
accurately represented. INDOT is encouraged to implement a sim-
ilar sublayer-based approach when characterizing geogrid-stabi-
lized bases. This would allow more accurate representation of base
course stiffness gradients and improve vertical strain and stress
predictions on top of subgrade. Notably, a calibrated parameteriza-
tion framework for the MEPDG aggregate resilient modulus model
parameters revealed a 44% increase in initial stiffness constant term
(k,) and reduced bulk and shear stress sensitivities (lower k., k,) by
up to 83% within the MSL surrounding the geogrid.

6.2.3 Prioritize Geogrid Placement for Enhanced Stiffness
Retention

Long-term BE sensor data and pressure cell measurements
indicated that geogrid placement at mid-depth was particularly
effective in enhancing base layer stiffness and minimizing stress
transmission to the subgrade. However, for typical INDOT base
layer thicknesses, placing geogrids at or near subgrade is recom-
mended to achieve a balance between construction feasibility
and modulus maintenance. On the other hand, placing geogrids
at mid-depth can help alleviate pavement distress development
especially when pavements are built on soft natural subgrades.

6.2.4 Validate Stabilization Benefits with Field-Deployable
Nondestructive Testing

Paired APLT-BE measurements proved useful in distin-
guishing stiffness characteristics between geogrid-stabilized and
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nonstabilized aggregate layers. INDOT may consider incorporat-
ing this paired testing approach into project-level quality assurance
or research evaluations. These tools enable rapid, nondestructive
characterization of modulus profiles and can help verify the for-
mation and effectiveness of the MSL during construction.

6.2.5 Support Calibration of Mechanistic Models with
Embedded Sensor Data

The study demonstrated that long-term embedded sensors
(e.g., BE field sensors and pressure cells) provide valuable data
for validating pavement performance and supporting model
calibration. INDOT may consider expanding the use of such
instrumentation in test sections or pilot projects to improve the
empirical foundation for design recommendations and further
reduce uncertainty in resilient modulus characterization.

Together, these recommendations aim to bridge the gap
between research findings and practical implementation. By
accounting for the stiffness enhancements and long-term per-
formance benefits associated with geogrid stabilization, INDOT
can advance toward more accurate, durable, and cost-effective
pavement foundation design practices.

6.3 Suggestions for Future Research

While this study offers a comprehensive evaluation of geog-
rid-stabilized pavement foundations under in-situ and labora-
tory conditions, several areas of future research are identified
to further advance the understanding, application, and optimiza-
tion of geosynthetic stabilization in pavement systems.

6.3.1 Expansion of In-Situ Monitoring across Diverse Soil and
Climatic Conditions

The current study was conducted on a sandy subgrade in
Northern Indiana, where seasonal freeze-thaw cycles and moder-
ate moisture variability were present. To enhance generalizability,
future research should include test sections across a range of sub-
grade types (e.g., clayey, silty) and climatic regions. This would
allow for assessment of how subgrade plasticity, moisture reten-
tion, and frost susceptibility influence the performance of geog-
rid-stabilized layers.

6.3.2 Evaluation of Different Geogrid Types and Properties

Only one geogrid type and aperture geometry were evaluated
in this study. Comparative testing across a broader selection of
commercially available geogrids, including variations in aperture
size, junction stiffness, and aperture shape, would help establish
more robust correlations between material design input proper-
ties and observed performance outcomes. This, in turn, could also
better inform material selection guidelines for DOT engineers.

6.3.3 Integration of MSL Representation into Pavement ME
Software

The finite element sublayer modeling approach developed in
this study offers a path toward incorporating MSL behavior into

AASHTOWare Pavement ME or similar ME design platforms.
Future work should aim to incorporate the ability to model more
than six layers in Pavement ME software for accurate Level 1
modeling of pavement aggregate bases and subbases.

By pursuing these future research directions, transportation
agencies and researchers can continue to improve the design,
specification, and monitoring of geogrid-stabilized pavement
foundations, leading to more resilient and cost-effective infra-
structure across varied service environments.
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Appendix-A. Step-by-Step Procedure for Sublayer-Based
Analysis Framework for Geogrid-Stabilized Bases
Step 1: Conduct Laboratory or Field Data Collection

a) Determine the geogrid aggregate combination for generation of design inputs.

I.  IF biaxial (33 mm aperture) and No. 53 aggregate gradation, select this report
recommendation.
II.  ELSE perform in-situ/laboratory testing similar to this report.

Step 2: Configure Pavement Geometry and Discretize the Base Layer

a) Initiate the base layer. Typical 12 in. INDOT No. 53 aggregate over subgrade.

b) Discretize the base into sublayers, typical to discretize 12 in. layer in six 2 in. thick
sublayers.

c) Assign geogrid location as either at the interface (GG1) or mid-depth (GG2) as designed.

Step 3: Estimate Initial Moduli Using APLT Deflections

a) Compute subgrade modulus Mr using AASHTO (1993) homogeneous half-space
solution from repeated loading data.

b) Fix subgrade modulus and use a two-layer elastic theory to backcalculate base modulus at

each stress stage.
c) Use Excel Solver to minimize the error between measured and predicted rebound
deflections.

Step 4: Fit Stress-Dependent Resilient Modulus Parameters

a) Use MEPDG model:

0\ "2 T k3
M, =k (—) (1 + "“)
R 1pa pa pa

b) Fit ki (modulus constant), k> (bulk stress sensitivity), and ks (shear stress sensitivity)
using base modulus and computed stress states.

A-1



Step 5: Calculate Global Enhancement Ratios

a) Determine adjustment ratios for geogrid sections relative to the control:

GG
a= Control
k
1
GG
—B = L
~ 1,Control
k
2
GG
k3

vV = Control
k3

Step 6: Assign Depth-Based Interaction Factors

a) Define MSL zone: typical +4 in. from geogrid or 2 sublayers on either side of GG.
b) Assign interaction factors:

0.75 = full confinement (geogrid plane)
0.25 = partial confinement (adjacent sublayers)
0.0 = no confinement (no effect/others)
Step 7: Compute Sublayer-Specific Parameters
a) Modify base layer parameters using:
k, = (1 +[8 x interaction]) x k™", where 6 € {a,—B, -V}
b) Apply to ki, ko, and ks for all six sublayers.

Step 8: Calculate Composite Modulus for Validation

a) Use harmonic mean to compute effective layer modulus:

n
h;
Mperr = Z E,

i=1

-1

b) Compare with APLT-measured modulus at each load stage.



Step 9: Simulate Pavement Response in Pavement ME/C-FLEX

a) Assign average modulus (Pavement ME) or calibrated sublayer resilient modulus model
parameters (C-FLEX).

I.  For C-FLEX, Simulate typical stress conditions (e.g., 15 psi contact stress, 18 in.
II. Eloa: eC).-FLEX, Analyze stress distribution, deflection, and strain profiles.
(Optional) Step 10: Validate with Field Sensor Data
a) Compare:
Modeled deflections vs. repeated loading test results
Local stiffness vs. BE sensor vs. trends (if available)
Subgrade stress vs. earth pressure cell data (if available)
(Optional) Step 11: Finalize Design-Ready Inputs
b) Document calibrated parameters and sublayer distributions.
c) Generate adjustment tables for use in Pavement ME or future INDOT designs.

d) Recommend implementation of depth-varying modulus profiles in ME design of
stabilized bases.
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