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ABSTRACT: A thorough understanding of the behavior of unbound geotechnical materials is critical for the design of effective
infrastructure. In particular, pavement systems are routinely designed with varying qualities of unbound materials that are used to
distribute wheel loads from the pavement surface to the natural subgrade. The design of these pavement systems requires effective
characterization of both the shear strength and stiffness of each of these materials. Since pavements are subjected to dynamic loading,
the resilient behavior of unbound pavement layers is of particular interest. The objective of this paper is to provide an improved
understanding of the nonlinear resilient behavior of unbound materials. The results of advanced resilient modulus tests were
summarized to characterize the resilient response to a variety of unbound materials under isotropic and anisotropic conditions. The
results of the laboratory tests were used to fit nonlinear isotropic and anisotropic material models, and the resulting models were used
to evaluate general trends in the nonlinear behavior of different soil types. The results indicate that nonlinear resilient behavior models
can provide more accurate representations of the actual behavior of geomaterials than the assumption of linear elastic behavior. The
results of the testing and analyses also illustrate the behavioral differences between stress-hardening and stress-softening materials.
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1 INTRODUCTION

The design and performance of transportation infrastructure
heavily rely on a comprehensive understanding of unbound
geotechnical materials, which form the foundational layers in
many pavement systems. These unbound materials play a
crucial role in distributing traffic loads to underlying soils,
directly influencing the durability and functionality of
roadways (Kumar et al. 2022). Accurate characterization of
their mechanical properties including shear strength, stiffness,
and their resilient behavior is essential for designing pavement
systems that can withstand dynamic traffic loads overtime.

The resilient modulus (Mr) is a key material property used
in mechanistic pavement designs to quantify the elastic stiffness
of unbound materials under repeated load conditions, directly
impacting structural performance (Kaneza et al. 2020).
Traditional design approaches often assume linear elastic
behavior of these materials; however, the Mr of unbound
materials exhibits nonlinear behavior. The resilient modulus of
unbound materials at different stress states can be estimated
using regression models based upon either bulk stress (6),
deviator stress (od), the octahedral shear stress (Toct), or a
combination of these parameters. The Mr can be estimated at
different stress states using material specific constants (e.g. k7,
k2, and £3) for the modeled function of bulk stress (8) to help
describe and model the materials shear strength, stiffness, and
stress sensitivity (Kumar et al. 2023).

The stress dependent models can be used to analyze how
pavements react to traffic loads based on mechanical behaviors
to compare the predicted performance of pavement structures
using nonlinear versus traditional linear elastic material
representations. Understanding the interactions between Mr,
the K-value model constants, and nonlinear behavior is
essential for optimizing material selection, structural design,
and maintenance strategies to enhance the durability and
serviceability of pavement systems. These models account for
the variations of Mr specific to certain materials, enabling a
more reliable evaluation of deformation potential and longevity
of pavement systems (Plati et al., 2025).

This paper aims to improve the understanding of the
nonlinear resilient behavior of various unbound geotechnical
materials through a series of advanced Mr laboratory tests
conducted under both isotropic and anisotropic stress states.
The findings reveal significant distinctions in the stress-
hardening and stress-softening materials and demonstrate the
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improved accuracy and predictive capability of nonlinear
resilient models (Kaneza et al. 2020). By integrating these
advanced mechanistic material models into pavement design,
this research highlights potential improvements in
infrastructure performance.

2 BACKGROUND

Unbound materials such as fine-grained soils, granular
materials, crushed rock, and recycled aggregates are widely
used as foundation layers in pavement and railway structures
due to their availability, cost-effectiveness, and satisfactory
mechanical performance (Kumar et al. 2022). The resilient
behavior of unbound materials refers to their ability to recover
elastically after being subjected to repeated loading cycles.
Linear elastic models have been routinely employed to model
this behavior. However, extensive experimental evidence
indicates that unbound materials display nonlinear resilient
responses that are further influenced by the main isotropic or
anisotropic stress condition, moisture content, and loading
history (Kumar et al. 2023).

Nonlinearity arises from several factors, including particle
size distribution, plastic deformation, and changes in contact
mechanics under cyclic loading which cause variations in
stiffness and strain properties that cannot be accurately captured
by simple linear models. The accurate characterization of the
nonlinear resilient behavior of unbound materials is essential
for developing predictive models that can simulate pavement
performance under realistic service conditions (Kumar et al.
2024). These response and associated performance models are
used to estimate rutting potential, life expectancy, and structural
capacity over time. By accurately characterizing the nonlinear
resilient behavior of unbound materials, engineers can optimize
material selection, layer thickness design, and maintenance
strategies to improve infrastructure and reduce life-cycle costs
(Plati et al., 2025). This research contributes to the increased
understanding of the behavior of unbound materials that is
necessary for advancing pavement engineering and sustainable
construction practices.

3 METHODS
3.1  Resilient Modulus (Mr) Test

The resilient modulus (Mr) test is a specific application of the
Repeated Load Triaxial Test (RLT) to simulate the stress
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caused by traffic loads and evaluate the elastic response of
unbound pavement materials (Kumar et al. 2023). The test is
typically performed in accordance with AASHTO T 307.
Specimens 71 or 81 mm in diameter (D) and a length of 2D are
prepared and placed in the triaxial testing apparatus. The
specimen is subjected to various confining pressures and cyclic
deviatoric stresses that simulate 15 different stress states that
represent a range of loading conditions. The loading consists of
a haversine pulse, applied in predetermined sequences, and
typically includes 100 repetitions for each corresponding cyclic
stress. The load pulse is applied for 0.1 seconds and is followed
by a relaxation period of 0.9 seconds (AASHTO 2021). From
the resilient axial strain, the resilient modulus is calculated as
indicated in Equation (1).
Oq

M, =—
r e,

(D

where g, is the deviator stress, defined as the difference
between the axial stress (g;) and the confining stress (g3), and
& is the recoverable axial strain measured from the test results.

Depending on the assumed stress conditions, the RLT can
be performed under different loading conditions. Typically, the
triaxial testing equipment is utilized to determine the laboratory
mechanical properties of a material under the assumption that
the material is isotropic and that its properties are not dependent
on the direction of the load application. However, the response
of pavement materials presents an anisotropic behavior,
meaning their material properties and response will vary
depending on the direction of loading. To more accurately
characterize the behavior of the unbound pavement materials,
the University of Illinois at Urbana-Champaign (UIUC)
developed the advanced triaxial testing system (UI-FastCell)
that is capable of measuring the anisotropic behavior of
unbound materials by applying the pulse load in both the
vertical and horizontal directions (Tutumler and Seyhan, 1999;
Chow et al., 2014). The Ul-Fast Cell utilizes two stress channels
that are controlled independently, allowing the application of
various stress states to the same specimen. Pulsing is
individually applied either vertically or horizontally at a time,
and is performed in the same fashion as in the conventional
RLT, consisting of a loading period followed by a relaxation
period (Tutumler and Seyhan 1999).

3.2 Constitutive models

To characterize the behavior of unbound materials, constitutive
models have been developed that predict the M and to describe
the non-linear behavior of unbound pavement materials
(Kaneza et al. 2020). Two- and three-parameter models have
been developed based on regression analyses of laboratory test
data. The two-parameter models include the deviatoric stress
model and the bulk stress model, also known as k-6 model. The
deviatoric stress model, depicted in Equation (2), is primarily
used for cohesive soils, although it does not account for the
effects of confining pressure on the material behavior (Kumar
et al 2024).

Oq
M, = klpa(p—)"z )
a

Where k; and k2 are deviatoric stress model constants derived
from regression analysis, p. is atmospheric pressure, and g is
the deviatoric stress.

The bulk stress model, also known as k-0 model, is
presented in Equation (3). This model is primarily used for
granular soils (Kumar et al. 2024a). When obtaining the
resilient modulus of the material, the bulk stress model does not
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consider the shear stresses or shear strains that are developed
due to the RLT testing (Kumar et al. 2024b) but does provide a
more realistic simulation of loading conditions (Plati et al.
2025).

0
M, = k3pa(_)k4 3)
Pa
Where k3 and ks are bulk stress model constants derived from
regression analysis, p. is atmospheric pressure, and € is the bulk
stress, defined as gy + 0, + 03.

To overcome the constraints of the two-parameter models,
various three-parameter constitutive models have been
developed. A bilinear model, presented in equations (4.1) and
(4.2), was proposed in 1979 by Thompson and Robnett that
estimates the resilient modulus of cohesive soils based upon the
applied deviator stress (Puppala et al., 2023). They determined
that the resilient modulus of fine-grained soils is not dependent
on the confining pressure. For the bilinear relationship, the
point where the two lines intersect is referred to as the “break
point”, and the Mr does not vary significantly after the break
point is exceeded (Heydinger 2003).

M, = kg + k7(ks — 04); ks > 04 4.1)

M, = ke + kg(ks — 0,); < 04 4.2)

Where ks-ks are the bilinear model constants derived from
regression analysis, and oy is the deviatoric stress.
Furthermore, the bulk stress model was modified by Uzan
as presented in Equation (5). For the Uzan model, the resilient
modulus is a function of both the deviator stress and bulk stress.

g\ Ko 04 K14
M=t () (52)
r 9Pa -~ P

©)

Where ko.k1 are the regression constants for the Uzan model,
Pa 1s atmospheric pressure, 6§ is the bulk stress, and o, is the
deviatoric stress

The Uzan model was further modified by Witczak and
Uzan by replacing the deviator stress with the octahedral shear
stress, which allows for a more accurate approximation of the
actual stress state of pavement unbound materials. This model,
depicted in Equation (6), represents a three-dimensional
variation of the original Uzan model, and it is often referred to
as the universal octahedral shear stress model (Plati et al.,
2025).

2] ki3 Toct K14
M, = k3D (E) (ﬁ)

Where ki2-ki4+ are the universal model regression constants, pa
is atmospheric pressure, ¢ is the bulk stress, and 7,.; is the
octahedral shear stress, as defined in Equation (7).

(6)

1
Toct = 5\/(01—02)2 + (01-03)* + (02-03)* (7
The most recognized three-parameter model is the improved
Witczak-Uzan model proposed through Mechanistic-Empirical
Pavement Design Guide (MEPDG), known as the MEPDG
model, presented in Equation (8) (Kaneza et al. 2020).

0 k16 T K7
Mg = kispq (p ) ( — 1)

a pa
Where kis.ki7 are the MEPDG model regression constants, pa is
atmospheric pressure, § is the bulk stress, and 7, is the
octahedral shear stress as defined in Equation (7).
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4 RESULTS

The objective of this paper is to provide an increased
understanding of the nonlinear behavior of unbound materials
to support improved mechanistic analyses of pavement
structures. To this end, a total of 13 case studies were reviewed
and summarized in the following sections. These case studies
reported RLT test results for a variety of unbound pavement
materials. Model parameters were generally separated based on
whether the test conditions represented isotropic or anisotropic
conditions. For each test condition assumption, isotropic or
anisotropic, the resultant model parameters were further
subdivided based upon the model reported (deviator, bulk
stress, bilinear, Uzan, universal or MEPDG).

4.1 Isotropic

Table 1 summarizes the isotropic model constants for the
deviatoric stress model for different fine-grained soils labeled
in accordance with the Unified Soils Classification System
(USCS). The maximum dry density (MDD), optimum moisture
content (OMC) and associated confining pressures are also
included in Table 1 for each soil type. Table 2 presents the
isotropic model constants for the k-8 (bulk stress) model for
different material types. Table 3 presents the isotropic model
constants for the bilinear model for different soil types, while
Tables 4 and 5 present the isotropic model constants for the
Uzan and MEPDG models, respectively. These data can be
used to estimate appropriate model constants (k;-k;7) for the
different nonlinear models that may be used to characterize the
stress dependent behavior of unbound materials used in
pavements.

The assumption of isotropy asserts that the material
will behave the same when loaded in either the vertical or
horizontal direction. This simplified assumption allows the use
of the traditional RLT or Mr to estimate the stress dependent
behavior of unbound materials based upon the applied vertical
loading. Many modern mechanistic pavement design and
evaluation software tools include the ability to model the
nonlinear behavior of unbound materials, and Tables 1-5 can be
used to estimate the model parameters for different soil types
when direct measurements from laboratory tests are not
available.

Table 1. Isotropic Deviatoric Stress Model.

Deviatoric Stress Model

Confining
Soil Study MDD OMC Pressure
Study Type Description (kKN/m*) (%) (kPa) k1 k2 R?  Reference

Control-1 17.93 15.1  13.8-414 15280 -0.039 0.07
CL  Control-2A-7  17.89 150 13.8-414 1461.2  -0.083 0.24
Control-2A-28  17.88 154 138-414 1559.7 -0.06 0.14  Puppala et
Control-1 16.87 16.5 13.8-41.4  2613.1 0.098 0.30 al, 2023
CH  Control-2A-7  16.89 16.8  13.8-41.4 25343 0.083 0.22
Control-2A-28  16.83 164 13.8-41.4 26269 0.071 0.19
Control-1 17.42 146 13.8-414 4744 -0.19 0.37
ML Control-2A-7  17.39 148 13.8-41.4 4828 -0.18 0.32
Control-2B 17.47 144 13.8-414 39739 0.18 0.61
Control-1 18.22 13.1  13.8-41.4 34624 0.13 0.60
Control-2A-7  18.26 133 13.8-41.4 32802 0.1 0.55  Puppala et
Control2A-28  18.24 128 13.8-41.4  3466.4 0.12 0.50 al,, 2021
Control-2B 18.3 132 13.8-414 4317.6 0.16 0.62
Control-1 16.2 19.6  13.8-41.4 2049.8 0.08 0.61
CH  Control-2A-7  16.17 19.5  13.8-41.4 19584 0.07 0.35
Control-2A-28  16.15 194 138-414 21449 0.08 0.34

Kumar et
al., 2024

9 ML Mod. Proc. 17.52 145 13.8-414 4740 20.193 0.37

Table 2.

Isotropic K-Theta Model.

K-8 Model
Confining
Study MDD OMC Pressure
Study Soil Type Description (kKN/m*) (%) (kPa) k3 k4 R?  Reference
Control-1 19.92 10.6  13.8-41.4  1662.9 0.146 0.28
Puppala et
1 sC Control-2A-7 ~ 19.97 10.8  13.8-41.4 17264 0.143 0.21 al, 2023
Control-2B 19.89 10.7  13.8-41.4 3976.6 0.366 0.86
Control-1 20.00 8.1 13.8-41.4  702.1 0.78 0.96
GP-GM  Control-2A-7 ~ 20.08 7.9 13.8-41.4  771.7 0.79 0.96
Control-2B 20.01 8.0 13.8-41.4  3623.0 0.46 0.95
Control-1 17.00 9.8 13.8-41.4 5343 0.69 0.95
Sp Control-2A-7 ~ 17.01 9.9 13.8-41.4 5954 0.71 0.92
2 Control-2B 16.98 9.6 13.8-41.4  2858.6 0.38 0.97  Puppala et
Control-1 17.53 12.1  13.8-41.4 4539 0.68 0.89 al., 2021
SM Control-2A-7  17.50 120 13.8-41.4 4684 0.66 0.88
Control-2B 17.58 122 13.8-41.4 3868.4 0.39 0.86
Control-1 17.42 146 13.8-41.4 563.3 0.19 0.07
ML Control-2A-7  17.39 148 13.8-414 5652 0.23 0.11
Control-2B 17.47 144 138-414 3141.0 0.34 0.92
Arrowood 24.11 4.2 345 3500.0 0.586 1.00
Belgrade 20.63 7.4 345 1950.0 0.707 0.99
Fountain 22.18 6.1 34.5 990.0 0.756 1.00
Franklin 23.80 4.7 34.5 1500.0 0.734 1.00
Goldhill 22.34 6.4 345 2080.0 0.648 1.00
Hendersonville ~ 21.88 5.5 34.5 1590.0 0.701 1.00
Quarry:  Jamestown 2224 58 34.5 2410.0 0.625 1.00
Crushed Lemon Spring  22.13 5.5 345 2230.0 0.637 1.00 Chow et
Stone Moncure 23.28 52 34.5 2470.0 0.632 0.99 al, 2014
Materials  Nash County =~ 22.35 57 34.5 604.0 0.994 0.99
N. Wikesboro ~ 22.39 5.0 345 2900.0 0.587 1.00
Princeton 22.20 5.1 345 1480.0 0.737 0.99
Raleigh 21.93 6.1 34.5 2500.0 0.628 0.99
Rockingham ~ 22.21 6.1 345 2000.0 0.659 1.00
Rocky Point ~ 21.16 5.9 345 1940.0 0.73 0.99
Rougemont 22.64 6.1 34.5 1180.0 0.725 0.99
8 SM Control 1 17.50 13.5 NR 450.2 0.66 0.86  Kumar et
SM Control 2 17.50 135 NR 481.7 0.65 0.85 al., 2022
Kumar et
9 ML MCE 17.52 14.5 NR 563.0 0.197 0.37 al. 2024
Sample 1 21.19 4.0 20.7-137.9 2465.1 0.713 0.80
Sample 2 21.19 4.0 20.7-1379 779.6 0.889 0.83
Sample 1 21.74 50 20.7-137.9 1590.8 0.775 0.88
Sample 2 21.74 50 20.7-137.9 1269.1 0.796 0.78
1" GW Sample 1 22.09 6.0 20.7-137.9 38734 0.646 0.84 Platietal,
Sample 2 22.09 6.0 20.7-137.9 6996.2 0.558 0.79 2025
Sample 1 21.93 7.0 20.7-1379 7463 0.904 0.88
Sample 2 21.93 7.0 20.7-137.9 741.2 0.904 0.84
Sample 1 21.62 8.0 20.7-137.9 1941.8 0.727 0.83
Sample 2 21.62 8.0 20.7-137.9 950.7 0.858 0.83

Note: MDD = maximum dry density; OMC = optimum moisture content; SC
graded gravel and silty gravel; SP = poorly graded sand; SM = silty sand; ML
graded gravel; MCE = modified compaction effort.

= sandy clay; GP-GM = poorly
= low plasticity silt; GW = weil

Table 3. Isotropic Bilinear Model.
Bilinear Model
Confining
Soil Study MDD OMC Pressure
Study Type Description (KN/m®) (%) (kPa) k5 k6 k7 k8 R  Reference
13.8 26.8 208.7 1.24 0.44 1.00
Control-1 17.03 16.5 27.6 294 253.0 227 0.08 1.00
41.4 29.1 264.5 2.30 0.16 1.00
13.8 29.0 205.8 1.24 0.39 1.00 Puppal et
1 CH  Control-2A-7 ~ 18.03 16.8 27.6 289 246.4 1.84 0.12 1.00 al, 2023
41.4 279 260.7 1.82 0.12 1.00
13.8 254 2139 0.85 0.42 1.00
Control-2A-28  19.03 16.4 27.6 30.1 2584 1.45 0.09 1.00
41.4 285 270.1 1.56 0.20 1.00
13.8 318 2715 1.70 0.79 1.00
Controk-1 20.03 13.1 27.6 31.0 313.6 224 0.63 1.00
414 311 326.9 273 0.69 1.00
13.8 30.1 271.8 1.53 0.57 1.00
Control-2A-7 = 21.03 133 27.6 275 305.2 211 0.48 1.00
cL 41.4 284 314.0 2.03 0.51 1.00
13.8 335 281.6 1.70 0.66 1.00
Control-2A-28  22.03 12.8 27.6 316 320.2 239 0.50 1.00
41.4 316 334.0 227 0.61 1.00
13.8 314 3329 2.38 1.09 1.00 Puppala ct
2 Control-2B 23.03 13.2 27.6 295 3755 3.67 1.01 1.00 al. 2021
414 31.0 401.8 3.76 1.07 1.00 v
13.8 321 179.8 0.76 0.32 1.00
Controk-1 24.03 19.6 27.6 331 195.2 0.73 0.28 1.00
41.4 343 195.8 0.70 0.35 1.00
13.8 269 168.2 0.58 0.29 1.00
CH  Control-2A-7 ~ 25.03 19.5 27.6 288 189.2 0.62 0.19 1.00
414 299 191.3 0.77 0.35 1.00
13.8 25.1 178.1 0.62 0.36 1.00
Control-2A-28  26.03 19.4 27.6 299 2053 0.97 0.23 1.00
41.4 289 2112 1.14 0.35 1.00

Note: MDD = maximum dry density; OMC = optimum moisture content; CL = low plasticity clay; CH = high

plasticity clay.

Note: MDD = maximum dry density; OMC = optimum moisture content; CL = low plasticity clay; CH = high
plasticity clay; ML = low plasticity silt.
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Table 4. Isotropic Uzan Model.
Uzan Model
Confining
Soil Study MDD OMC Pressure
Study Type Description (KN/m®) (%) (kPa) k9 k10 ki1 R:  Reference
Sample 1 21.19 4.0 20.7-137.9 4039.6 0.164 0.572 0.99
Sample 2 2119 4.0 20.7-1379 14455 0.306 0.591 0.99
Sample 1 21.74 50 20.7-137.9 23743 0.342 0.452 0.99
Sample 2 21.74 50 20.7-137.9 2296.1 0.175 0.643 0.99
1 Gw Sample 1 22.09 6.0 20.7-137.9 5644.2 0.218 0.451 0.98 Platiet al.,
Sample 2 22.09 6.0 20.7-137.9 9885.9 0.112 0.479 0.98 2025
Sample 1 21.93 7.0 20.7-137.9 1210.0 0.437 0.476 0.98
Sample 2 21.93 7.0 20.7-137.9 1368.6 0.325 0.587 0.99
Sample 1 21.62 8.0 20.7-137.9 299%.1 0.240 0.510 0.99
Sample 2 21.62 8.0 20.7-137.9 17924 0.268 0.597 0.99

Note: MDD = maximum dry density; OMC = optimum moisture content; GW = well graded gravel.



Table 5. Isotropic MEPDG Model.

MEPDG Model

Confining
Study MDD OMC Pressure
Study Soil Type  Description (kN/m) (%)  (kPa) k15 k16 k17 R*  Reference
Conroll 1992 106 13.8-4L4 1958 0264 -L082 0.8
sc Control2A-7 1997 108 138-414 21341 0294 1376 097
Conrol2B 1989 107 13.8-41L4 35803 0293 065 097
Conroll 1792 151 13.8-4L4 17806 0262  -0.8%9 096
. Puppala ct
1 cL Controb2A7 1789 150 138-4l4 18967 027 1257 09 PO
Control2A-28  17.88 154 138-41L4 191L6 0272  -1.069 096
Conroll 1687 165 13.8-4L4 22351 0272 0068 089
CH Control2A-7 1689 168  138-414 22497 029 0087 093
Control2A-28 1682 164 _138-41.4 23809 0276 011 ___ 093
Conroll 2000 8.1 138-4L4 8430 091  -L17 099
GP-GM  Conrob2A-7 2008 7.9 138-414 983 092  -LI8 099
Conrol2B 2001 80 138-4l4 32773 039 064 097
Conroll 1700 9.8 138-4l4 6327 081  -108 099
sp Conrol2A-7 1701 99  138-414 6946 082 098 099
Conrol2B 1698 9.6 138-4l4 27042 034 035 098
Comroll 1753 121 138-4l4 5463 081  -LI8 098
SM Comtrol2A-7 1750 120 138-414 5660 08  -121 098
Conrol2B 1758 12 13S-4l4 M654 03107 097 Lo
2 Comokl 1742 146 138-414 808 047 247 095 PO
ML Control2A-7 1739 148 138-4l4  £07 05 246 094 ’
Conrol2B 1747 144  138-4l4 206 027 068 0.9
Conrobl 1822 131 138-4l4 26789 02 05 093
o Conrol2A-7 1825 133 138-414 27304 017 033 093
Control2A-28 1824 128  138-414 27684 023 036 095
Conrol2B 1830 132 138-4L4 31675 023 062 0.94
Conrobl 1620 196 138-4L4 17406 012 034 093
CH  Conrol2A7 1616 195 138-414 17417 017 012 091
Control2A-28 1615 19.4  138-41.4 18769 02 012 093
Amowood 2411 42 35 11600 0611 0027  L00
Belgrade 2063 74 35 8570 0611 0105 100
Fountain 2218 6.1 35 SIL0 074 0018 100
Frankin 2380 47 35 730 0672 0068 100
Goldnill 2234 64 35 8140 0652 -0.004 100
Hendersonville 2188 5.5 35 7160 0711 0011 100
Quimy: Jamesiown 2224 58 35 8750 0597 0031 100
3 Crushed Stone Lemon Spring 2213 55 345 8290 0589 0053 100 Chowet
Mewrils | Moncure 2328 52 345 880 052 0091 100 al.2014
Nash County 2235 5.7 35 6100 1018 0027 099
N. Wikesboro 22,39 5.0 345 9680 0609  -0.024 100
Princeton 2220 5.1 35 750 0681 0062 099
Raligh 2193 61 35 920 0713 0093 100
Rockingham 2221 6.1 35 800 0720 0067 100
Rocky Point 2116 5.9 M5 940 0703 0029 099
Rougemont 2264 6.1 M5 570 0m 0.9
Quarizie Age. QBA 2038 52 NR 64 o 0.9
s Gnite Ase GBA 265 67 NR 65 061 095 Fareset
Limestone Agg. LBA 2245 6.9 NR 6.6 0.62 0. 0.92 al., 2025
Dolomite Agg.___DBA 20 71 NR 67 059 022 0%
o CH Dalas Soil 1359 330 138-414 491 01278 09712 092  Kanezaet
CH ___ CaroltonSoil 1504 240 138-414 2854 00204 3654 097 al.2020
B cL SCE 1631 190 138-4L4 10100 01  -105 096  Kumaret
cL MCE 1830 130 138-414 26790 02 05 093  al.203
N SM Conrol 1 1750 135 138-414 549 08 2122 098  Kumaret
sM Conrol2 1750 135 138-414 5§77 079 2127 099 al.202
9 ML MCE 1752 145 138-414  $300  0de6 22473 095  umaret
al. 20240
10 SP MCE 17.03 100 13.8-414 6327 0.811 -1.079 0.9 Kumar et
SM MCE 17.56 120 13.8-414 5537 0.805 -1.210 0.98 al,, 2024b
Sample 1 2119 40 207-1379 6219 0298 123 095
Sample2 2119 40 207-1379 4647 0417 129 097
Sample 1 2174 50 207-1379 s467 0434 099% 097
Sample2 2174 50 207-137.9 4771 0297 1429 096
n Gw Sample 1 2209 60 207-1379 7165 0326 0988 096  Phietal,

Sample 2 22.09 60 20.7-1379 8398 0.223 1.069 0.95 2025

Sample 1 21.93 70 207-1379 4763 0.534 1.024 0.97

Sample 2 21.93 70 207-1379 4724 0.444 1.265 0.96

Sample 1 21.62 80 20.7-1379 5249 0351 1118 0.96

Sample 2 21.62 80 20.7-137.9 489.2 0.387 1.306 0.96
Note: MDD = maximum dry density; OMC = optimum moisture content; Agg. = aggregate; SC = sandy clay; CL
= low plasticity clay; CH = high plasticity clay; GP-GM = poorly graded gravel and silty gravel; SP = poorly
graded sand; SM = silty sand; ML = low plasticity silt; GW = well graded gravel; SCE = standard compaction
effort; MCE = modified compaction effort.

4.2 Anisotropic

Since it is generally recognized that the unbound materials are
not isotropic, it may be useful to employ anisotropic models to
improve the characterization of these materials. However, there
is a significant added level of complexity, and few laboratories
possess the sophisticated equipment necessary to load
specimens in both the vertical and horizontal directions.
Furthermore, the available laboratory apparatus can utilize
either cylindrical or prismatic specimens. Tables 6-8 present
model constants for anisotropic testing for the bulk stress, Uzan,
and MEPDG models, respectively. Study 12 includes prismatic
specimen testing therefore, horizontal x and y components were
averaged for this summary to provide a reasonable comparison
to cylindrical specimens utilized in the Studies 4, 5, and 13.

Table 6. Anisotropic k-Theta Model.

K- Model
Modulus

MDD  OMC Horizontal Vertical Ratio

Study Soil Type KN/m) (%)  k3h_ kdh R K3y kdv R (Mrb/Mry)  Reference
MAI 217 75 1768 043 065 966 063 097 017
MA2 23 7 1152 063 070 8§20 06 09% 013
#610Limestone 231 41 964 067 076 1897 035 072 006
Gravel Clay 219 58 2509 025 046 2022 035 091 009

|p QurtdeAge 214 52 1057 057 070 148 046 095 0B Cetin, 2025
Granite Agg. 217 67 1673 039 062 1167 053 09 017

Dolomitc Agg. 222 71 1463 039 049 1257 058 098 013

Limestone Age. 225 69 1666 038 048 901 072 095 020

CL 182 135 1722 019 006 1295 029 039 013

CH 174 161 1245 013 004 1800 000 000 005
Note: MDD = maximum dry density; OMC = optimum moisture content; MA = Michigan based aggregate; Agg.
= aggregate; CL = low plasticity clay; CH = high plasticity clay.
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Table 7. Anisotropic Uzan Model.

Uzan Model
Horizontal Vertical Modulus
MDD OMC Ratio
Study_Soil Type KN/m) (%) k9-h k10-hkll-h R k9-v k10 kilv R* (MrlMry Reference
Crushed Stone (5% Fines) 2071 92 1314 -056 NR 1963 0827 0209 NR 044
IL-DOT (10% Fines) 213 62 1132 1604 072 NR 1023 0979 -0211 NR 047
IL-DOT (2% Fines) 242 68 10674 0996 041 NR 2034 0861 -0236 NR 072
IL-DOT (5% Fines) 256 73 7167 1179 053 NR 2816 0782 -0214 NR 069
IL-DOT (7% Fines) 28 63 6928 1066 047 NR 2412 0831 -0238 NR 05
IL-DOT (8% Fines) 205 61 7548 1083 043 NR 1164 09% -0233 NR 07
IL-DOT (12% Fines) 2328 57 7546 1264 071 NR 880 1067 0260 NR 096
IL-DOT (16% Fines) 250 62 4368 1521 095 NR 59 1135 -0290 NR 095
IL-DOT (20% Fines) 2330 80 1530 1460 077 NR 42 128 -0417 NR 053
VA-DOT 21.52 55 4321 1351 -0.63 NR 1495 0877 0228 NR 09
VA-DOT 246 55 3349 123 045 NR 1174 0964 0220 NR 057
PA-DOT 268 68 6487 0970 062 NR 674 0965 0235 NR 044
PA-DOT 2074 86 605 179 085 NR 672 0982 0160 NR 048
OR-DOT 207 76 2051 1370 05 NR 912 098 0173 NR 054
MN-DOT (Fountain Quarry) 2235 6.1 4609 1232 -056 NR 1700 0916 -0230 NR 0.51
MN-DOT (Ek River) 257 65 8208 1139 055 NR 921 0952 -0250 NR L1
IN-DOT 2034 110 9628 1130 057 NR 2407 0739 016 NR 082
IN-DOT 2152 95 959 1628 066 NR 1084 1014 0203 NR 042
CA-DOT 231 75 3510 1520 093 NR 935 093 0195 NR 066
TX-DOT 2121 6.2 3164 1740 -124 NR 369 1372 -0581 NR 0.88
TX-DOT Sandy Gravel 1989 85  71L8 1270 058 NR 1067 0999 -0310 NR 133
MN-DOT-S (Fountain Quamy) 2235 69  280.6 1535 -093 NR 360 1238 -0307 NR 062
VA-DOT-S 246 73 7852 1065 049 NR 1905 0814 0192 NR 063
PA-DOT-S 2168 84 9955 0111 023 NR 192 041 0001 NR 008
ORDOT-S 2207 10.0 1755 1344 054 NR 2535 0706 -0.155 NR 04
MN-DOT-S (Elk River) 2157 87 4701 1332 071 NR 811 1014 0267 NR 082
IN-DOT-S, 2034 118 842 1267 072 NR 2000 0811 -0187 NR 075
IN-DOT-S 21.52 10.2 1498 1467 -060 NR 3386 0749 -0.194 NR 0.34
CA-DOT-S 231 80 4249 1485 -107 NR 1400 0809 0168 NR 047
CD-HF 2220 7.7 4595 1447 -086 NR 2905 0661 -0.146 NR 0.89
CD-HF1 250 55 315 1561 074 NR 5609 0569 0140 NR 078
CD-HF2 22.50 55 7362 1435 -087 NR 1476 0809 -0.118 NR 1.04
CD-NP-D (4% fines) 2026 95 4103 1517 -0.79 NR 3453 729 -0.177  NR 0.74
CD-NP-O (4% fines) 2080 106 7153 1298 067 NR 3931 0672 -0.153 NR 067
CD-NP-W (4% fines) 2053 117 4446 1552 080 NR 3574 0718 -0.188 NR 087
CD-P-D (4% fines) 2094 94 4129 1487 075 NR 1393 073 0106 NR 076
CD-P-O (4% fines) 218 104 5985 1417 075 NR 404 0698 -0.079 NR 068
CD-P-W (4% fines) 2091 114 2394 1771 090 NR 2928 0762 -0.181 NR 091
CD-NP-D (8% fines) 2136 77 3313 1600 086 NR 3756 0713 -0.091 NR 065
CD-NP-O (8% fines) 271 85 4454 1542 085 NR 4682 0652 0073 NR 068
CD-NP-W (8% fines) 2149 94 6136 1440 077 NR 5027 0642 -0069 NR 075
CD-P-D (8% fines) 2055 67 6452 1432 082 NR 1570 0919 -024 NR 082
CD-P-O (8% fines) 2168 74 4060 1600 090 NR 4354 0632 0145 NR 073
CD-P-W (8% fines) 260 81 4189 1573 089 NR 3385 069 -0.072 NR 077
CD-NP-D (12% fines) 213 61 5909 1572 099 NR 4308 0643 -0.074 NR 074
CD-NP-0 (12% fines) 218 68 4108 NR 3809 0645 -0.165 NR 077
CD-NP-W (12% fines) 217 15 6521 NR 3242 069 -0.166 NR 062
CD-P-D (12% fines) 21.90 59 319.1 NR 2729 0731 -0.178 NR 091
CD-P-W (12% fines) 219 73 960 NR 2720 0701 -0.45 NR 038
CD-NP-D (16% fines) 223 59 4m49 NR 2089 0792 0172 NR 083
CD-NP-O (16% fines) 245 66 3800 NR 1178 0925 -0164 NR 086
CD-NP-W (16% fines) 231 73 1583 NR 2324 0715 0116 NR 063
CD-P-D (16% fines) 22.06 59 3768 NR 5471 0549 -0.112 NR 0.57
CD-P-O (16% fines) 215 66 38 NR 272 0616 -0058 NR 031
4 UG(%fines) 224 57 4061 NR 222 0771 0187 NR 059  Tutumluer
UG (10% fines) 281 37 3568 NR 2131 0759 -0.184 NR 062 etal,2016
UG 240 52 2571 NR 3408 0673 -012 NR 054
UG 219 82 624 NR 1079 0688 0021 NR 029
UGNP-D (4% Fines) 2017 83 4030 NR 1803 0807 -0.170 NR 085
UGNP-O (4% Fines) 2075 92 356 NR 2938 0649 0110 NR 079
UGNP-W (4% Fines) 2039 10.1 4332 NR 3296 0642 -0.124 NR 0.7
UGP-D (4% Fines) 2097 12 7041 NR 2821 0685 -0.12 NR 091
UGP-O (4% Fines) 2110 80 10604 NR 1972 0789 0181 NR 071
UG-P-W (4% Fines) 2100 88 8646 NR 2358 0684 -0129 NR 068
UGNP-D (8% Fines) 2096 73 798 NR 1366 0872 -018 NR 087
UGNP-O (8% Fines) 2008 81 7053 NR 2449 0677 0133 NR 074
UGNP-W (8% Fines) 2097 89 7625 NR 2257 0711 -0.137 NR 078
UG-P-D (8% s) 21.14 6.6 905.1 NR 2175 0748 -0.164 NR 0.94
UG-P-O (8% Fines) 2129 73 9469 NR IS8 0812 -0.160 NR 089
UGP-W (8% Fines) 2118 80 7036 NR 2404 069 -012 NR 08
UG-NP-D (12% Fines) 21.44 6.4 5459 NR 2291 0.729 -0.160 NR 0.85
UGNP-O (12% Fines) 258 11 1092 NR 949 0887 -0.12 NR 063
UGNP-W (12% Fines) 2147 78 1868 NR 1927 0692 0115 NR 063
UG-P-D (12% Fines) 2143 64 11365 NR 2649 0698 -0.177 NR 098
UGP-0(12% Fines) 25 11 137 NR 941 0883 -0.45 NR 074
UG-NP-D (16% Fines) 2116 64 885 NR 1384 0848 0210 NR 098
UG-P-D (16% Fines) 2121 62 11584 NR 3289 069 -025 NR 104
UGP-0 (16% Fines) 244 69 M0 NR 1038 0861 -0169 NR 084
L-NP-D (4% Fines) 1986 95 3822 NR 2442 0777 -0182 NR 092
LNP-O (4% Fines) 2086 105 4953 NR 4381 0662 -0.153 NR 067
LNP-W (4% Fines) 202 116 2567 NR 3293 0679 0140 NR 076
L-P-D (4% Fines) 210 83 2788 NR 3687 0668 -0.153 NR 069
LP-W (4% Fines) 2103 101 8960 NR 1473 09 0193 NR 091
LNP-D (8% Fines) 2000 77 4930 NR 2511 0765 0166 NR 068
LNP-O (8% Fines) 245 86 438 NR 3843 0683 -0.164 NR 066
L-NP-W (8% Fines) 2125 95 7788 NR 941 098 -0.176 NR 0.87
L-P-D (8% Fines) 2121 70 7111 NR 935 0992 -0.195 NR 096
LP-O (8% Fines) 2133 78 4900 NR 3851 0704 -0192 NR 067
L-P-W (8% Fines) 2127 8.6 1025.3 NR 759 1054 -0213 NR 091
LNP-D (12% Fines) 2195 68 10711 NR 198 0807 -0.170 NR 08
LNP-O (12% Fines) 298 75 7751 NR 4272 0631 0134 NR 064
L-NP-W (12% Fines) 2084 83 6340 NR 912 1019 -0206 NR 054
LP-D (12% Fines 274 68 18063 NR 3188 0692 -0160 NR 085
L-P-0 (12% Fines) 287 75 531 NR 4105 059 0131 NR 056
LP-W (12% Fines) 2180 83 11599 NR 32 068 -0.137 NR 078
LNP-D (16% 210 59 7019 NR 2215 0795 019 NR 062
L-NP-O (16% Fines) 231 66 13937 NR 3924 0625 -0.127 NR 055
LNP-W (16% Fines) 210 73 9141 NR 4391 0581 -0.14 NR 069
L-P-D (16% Fines) 2217 6.5 2067.0 NR 625 1.062 -0.196 NR 0.89
LP-O (16% Fines) 22 72 3658 NR 3549 0631 -0.131 NR 037
LP-W (16% Fines) 21779 1852 NR 3506 0633 -0131 NR 05
Agg -HFI-SCE 210 81 2152 NR2M9 0739 -0156 NR 068
Agg -HF2-SCE 210 81 856 NR 3714 0668 -0.12 NR 088
Agg.-LF-MCE 21.51 73 4542 NR 674 108 -0.199 NR 1.02
Agg HFI-MCE n6 57 TN7 NR 4940 0577 -0.005 NR 079
Agg-HF2-MCE 2261 57 721.7 NR 10423 0418 -0.106 NR 0.79
LOverburden Earth B0 53 2571 NR 2792 0739 -0132 NR 05
RCA 000 92 9275 NR 3993 0663 -0.48 NR 094
1:1 Blend of RCA & Virg. 2130 76 7B NR 2798 072 0161 NR 082
3:1 Blend of RCA & Virg. 2089 84 4909 NR 2408 0727 -0.132 NR 091

Note: NR = not reported; MDD = maximum dry density; OMC = optimum moisture content; CD = Crushed
i ic; D = dry of optimum; O =
2 = standard compaction effort; MCE = modified

Dolomite; UG = uncrushed gravel; HF = high fines; NP =
optimum; W = wet of optimum; L = Crushed Limestone; SC

compaction effort; RCA= Recycled Concrete Aggregate; Virg.

on-pla

Virgin Aggregate; Agg.

aggregate.



For Study 12, two different Modulus Ratios were originally
reported for the x and y directions of the prismatic specimens.
For this paper, the two different Modulus Ratios were averaged
to provide comparative information for the cylindrical
specimens used in the other studies. For Study 13, the Modulus
Ratio was computed as ki/ka.

4.3  Interpretation of Stress-Hardening vs. Stress-Softening
Responses Under Traffic Loading

The compiled model constants and laboratory trends across the
13 case studies illustrate two dominant behavioral mechanisms
in unbound geomaterials: 1) stress hardening and 2) stress
softening. Granular materials, particularly well-graded
aggregates, GP-GM gravels, and crushed rock generally
exhibited stress hardening behavior, where the resilient
modulus increases with increasing bulk stress. This response
reflects improved particle interlock and load distribution
efficiency under higher confining pressures; conditions
commonly induced under heavier traffic or deeper pavement
layers. Under repeated wheel loads, these materials tend to
stiffen as the stress state increases, which reduces permanent
deformation and enhances load-carrying capacity.

Conversely, fine-grained soils such as CL, CH, and ML
classifications consistently showed stress-softening behavior
where the resilient modulus decreases with increasing deviator
stress. This behavior indicates a progressive breakdown of soil
structure and increased susceptibility to shear deformation
under repeated loading. Under traffic conditions, stress-
softening soils tend to accumulate plastic stress more rapidly,
particularly in the upper subgrade layers where confining
pressures are low, and the alternating stress path is more severe.

When considered in the context of traffic loading, these
behaviors directly influence rutting performance and pavement
life. Stress-hardening granular bases help mitigate load-induced
strains by mobilizing additional stiffness as traffic stresses
increase. In contrast, softening fine-grained subgrades require
more conservative design inputs, stabilization, or increased
layer thicknesses to prevent excessive deformation. The
nonlinear model constants summarized in this study reinforce
these mechanistic trends, demonstrating that accurate
representation of stress-dependent behavior in pavement
analysis tools is essential for predicting rutting, optimizing
layer configurations, and evaluating long-term pavement
performance.

Table 8. Anisotropic MEPDG Model.
MEPDG Model
Horizontal Vertical Modulus
MDD OMC Ratio
Study Soil Type (KN/w) (%) KI5h K16hk17-h R KIS~ k16-v kl17-v R*  (Mr/Mry) Reference
Quarzitc Agg. 2138 52 496 0510 0 046 70 050 013 09 013
 GenicAge 2165 67 541 030 0 036 71 050 005 096 017  Fasetal,
Limestone Agg. 2245 69 551 0280 0 027 68 0760 011 095 020 2025
Dolomite Agg. 2220 70 513 048 0 0438 71 0610 011 098 013
MAT 207 75 509 0435 004 065 69 0750 036 09 017
MA2 23 70 461 060 0 070 68 0740 036 098 013
#6l0Limestone 231 41 455 0665 0 076 76 0430 028 074 006
2% Cetin, 2025
Gravel Clay 29 58 549 0250 0 046 7.6 0460 040 097 009
L 182 135 537 0185 -l44 030 74 0460 -LI3 074 013
cH 174 161 5025 0055 -126 030 78 0120 -173_ 088 005
&) NR  NR 6798 1127 -154 NR 14653 0603 -043 NR 064
L NR  NR 6484 1171 -182 NR 13572 0653 -049 NR 046
L NR  NR 4967 1329 -18 NR 12403 0626 -038 NR 048
L NR  NR 5672 1319 19 NR 1SSl 0638 -034 NR 040
13 NR  NR 6401 0801 -078 NR 10262 0781 054 NR 049 M“;"‘;;ZZ;‘
Agg NR  NR 4364 1064 135 NR 9395 0704 041 NR 0@
Agg NR  NR 829 105 -6 NR $932 0702 -041 NR 046
Agg NR  NR 3970 1075 -133 NR 8749 0693 041 NR 093
Agg NR NR 6313 0860 -109 NR §534 0648 032 NR 045

Note: NR = not reported; MDD = maximum dry density; OMC = optimum moisture content; * = Average of X
and Y horizontal components; CL = high plasticity clay; CH = high plasticity clay; MA = Michigan Aggregate;
CD = Crushed Dolomite; L = Crushed Limestone; Agg. = aggregate.
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4.4 Statistic Summary

A statistical summary of the reported model constants based
upon the assumed condition (isotropic/anisotropic) and the soil
type (e.g. fines, sand, aggregate) were performed for each
nonlinear model. The statistic summary consists of the average
parameter associated with the model type, standard deviation
(std. dev.), the median parameter, and the range. The results of
the statistic summaries are provided in Table 9 for the isotropic
model constants and Table 10 for the anisotropic model
constants. Note that Table 10 includes k-h and k-v; these
parameters represent the associate k statistic in both the
horizontal (k-h) and vertical (k-v) direction. These statistical
summaries can be used to assess whether laboratory
experimental results fall within the expected ranges for
individual materials. To further assist with soil type selection,
the average and standard deviation for MDD and OMC were
included in the statistical summary. Since these characterization
tests are relatively sophisticated and the model constants have
little physical meaning to the average model user, the summary
of the expected mean and range of values for individual soil
types can be extremely helpful in assessing the relative
reasonableness of laboratory results. In addition, the statistical
range of the values of the model constants can be used by
designers to perform sensitivity analyses based upon the high
and low values that can provide insight into the behavior of
unbound materials. This insight can be used to address the risk
and uncertainty associated with the use of different materials.

Table 9. Isotropic Model Parameters Statistic Summary.
~ MDD OMC Range
Soil  (kN/mr) (%)  Parame
Model Type Mean+ Mean+ ter Mean  Std. Dev. Median Low  High
Deviatoric kI 22598 11941 21449 474 39739
Stress  Fines 174£08 156+22 k2 122 4.89 008  -0.19 202
Model R 0.38 0.18 0.35 007 062
k3 12081 12886 5643 5630 31410
Fines 17.5+0.1 146+02 ké 0239 0069 0214 0190 0340
R 037 039 024 007 092
k3 15524 14030 5954 4502 39766
K-0 Model Sand 180+12 11314 ki 0498 0220 0650  0.143 0710
R 0.78 027 086 021 097
K3 19922 13237 19400 6040 69962
Agg. 219£10 6012 k4 0720 0117 0725 0460 0994
R 093 0.08 099 078 100
ks 298 22 297 251 343
. k6 2586 62.8 259.6 1682 4018
B;}l:ﬁr Fines 215429 16127 k7 167 0585 163 058 376
k8 0445 0279 0375 0080 109
R 1.00 0.00 1.00 100 1.00
k9 33053 26912 23352 12100 98859
kIO 0259 0097 0254 0112 0437
Uzan Model Agg. 21703 6015
kIl 0536 0070 0541 0451 0643
R 099 0.00 099 098 09
KIS 19418 8697 19387 2854 35893
Fines 174213 170443 60247 0117 0263 0020 0500
ki7 073 479 009 247 2247
R 094 0.02 094 088 097
KI5 10928 10661 6102 5449 34654
MEPDG oo isuys K6 070 0203 0803 0310 0820
Model KI7 489 1012 032 -121 2127
R 098 0.01 098 097 09
KI5 7170 5466 7165 64 32773
ki6 058 0186 0610 0223 1018
Agg. 21909 61+12
KI7 0268  0.691 0031  -1180 1429
R 098 0.03 099 090 100

Note: MDD = maximum dry density; OMC = optimum moisture content; Agg. = aggregate.



Table 10. Anisotropic Model Parameters Statistic Summary.

MDD OMC Range
(kN/nv’) (%)  Paramet
Model _ Soil Type _Mean+ Mean+ _er Mean __ Std.Dev. _ Median __ Low High
13h 1531 499 15.64 9.64 25.09
idh 0461 0144 0408 0250 0.665
R 0.605 0.115 0.633 0460 0.760
Age 21205 6312 K 1278 443 1158 870 2022
kiv 0530 013 0555 0350 0720
R 093 0.09 0.96 072 0.98
0 Model Mrh/Mrv 014 0.04 0.13 0.06 020
IG-h 1483 338 1483 1245 17.22
k&h 0155 0.042 0.155 0.125 0.185
R 0.045 0014 0045 0.035 0.055
Fines 178206 14818 I3 1547 357 1547 1295 180.0
kv 0145 0.205 0.145 0000 0290
R 020 028 020 0.00 039
Mrh/Mrv 009 0.05 0.09 005 0.13
O-h 5647 3522 430.6 137 2067.0
KIGh 1413 0.250 1.425 o.111 1.946
Kih 0757 0219 0770 -1237 0220
R NR NR NR NR NR
;i:::] Agg.  217£08 7716 Kkov 24787 14717 23412 3599 104227
KIv 0785 0164 0739 0410 1372
Kllv 0174 0072 0169 0581 0106
R NR NR NR NR NR
MM 072 0.19 074 0.08 133
KIsh 520 0.24 520 503 537
Kleh 0170 0.021 0.170 0.155 0.185
KI7h 1348 0131 -1348  -1440  -1255
R 030 0.00 030 030 0.30
Fines 178206 148=18 kisv 7.58 033 7.58 7.35 781
Klev 029 024 029 0.12 046
KI7v 1430 0424 -1430  -L130  -1730
R 081 0.10 0.1 074 0.88
MEPDG Mr/Mrv 0090 0050 009 0054 0.125
Model KIsh 3157 3163 397.1 46 829.0
Kieh 0785 0366 0801 0250 1329
K7h 079 081 078 -1.90 0.00
R 0.52 0.17 047 027 0.76
Age. 22106 6312 kiSy 5803 5794 853.4 658 1465.3
Ki6v 0638  0.105 0.648 0430 0781
KI7v 0324 0145 0360 0537 0030
R 0.94 0.08 097 074 0.99
Mrh/Mrv 035 024 040 0.06 0.93

Note: MDD = maximum dry density; OMC = optimum moisture content; Agg. = aggregate

5 CONCLUSIONS

This paper provides a synthesis of nonlinear resilient modulus
model constants reported for unbound materials under both
isotropic and anisotropic conditions, along with a statistical
summary to assist pavement engineers in evaluating parameter
validity and material sensitivity. The compiled data confirm
that the nonlinear behavior of unbound materials is highly
dependent on soil type. Fine-grained soils typically exhibit
stress-softening behavior and limited dependence on confining
stress, whereas granular materials demonstrate pronounced
stress-hardening controlled by bulk stress. These distinctions
highlight the importance of selecting material models that
accurately reflect the governing stress mechanisms when
conducting mechanistic pavement analyses.

The synthesized findings also support practical model-
selection guidelines for engineering applications. Stress-
softening fine-grained soils are best represented by deviator
stress or bilinear models, while stress-hardening granular bases
and aggregates are more accurately captured using k-0 or Uzan
formulations. For  moisture-sensitive,  stabilized, or
mechanically complex geomaterials, the universal or MEPDG
models provide improved predictions due to their incorporation
of both mean and shear stress effects. In climates susceptible to
seasonal saturation or freeze—thaw cycles, models that account
for shear-induced stiffness changes (Uzan or MEPDG) are
recommended. Where directional loading or material
anisotropy is important, such as in heavy-duty pavements or
high-confidence design applications, advanced anisotropic
models should be used to improve the reliability of performance
predictions.

Overall, the accurate characterization and appropriate
selection of nonlinear constitutive models enable more realistic
simulation of unbound material behavior under traffic loading,
supporting improved mechanistic pavement performance
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predictions and the potential for less conservative, more
efficient pavement designs.
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