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Chapter 1 – Introduction 
Stresses and deformations in the layers of a pavement due to vehicle loads decrease gradually with 
depth. The capability of the base layer to distribute safely the stresses from the surface course to 
the subgrade affects the satisfactory performance and life span of the pavement. The amount of 
fines (aggregates passing sieve number 200 or smaller than 75 micron) and water content of the 
base play important roles in achieving satisfactory performance. Fines, especially plastic fines, 
have a detrimental effect on the mechanical properties of the base layers. Although the moisture 
content is controlled during construction, the moisture level can vary during the pavement 
operation phase due to the climatic changes. During the rainy season, the pavement layers are 
subjected to high moisture contents. After evaporation and drainage, the moisture content may 
drastically reduce below the optimum level. These variations in moisture content are likely to 
affect the material properties and pavement performance. Intrusion of excessive moisture in the 
geomaterials with plastic fines results in a softening behavior that affects the material properties 
negatively. It is essential to understand the effects of fines and moisture content on the strength 
characteristics of base materials. 
 
The mechanical characteristics of the geomaterials such as Young’s modulus and shear strength 
depend on many factors such as the material gradation, fines content, moisture content, physical 
properties of coarse aggregates (e.g., surface roughness and hardness), type of aggregates (e.g., 
crushed or uncrushed), mineralogy of aggregates, plasticity of fines and more. The base is a critical 
layer to maintain the stability of the pavement. In this research, the mechanical characteristics of 
the base materials are investigated through laboratory and small-scale tests. Laboratory tests 
include the index and mechanical tests that ensure the quality of the available material for 
pavement construction. Small-scale tests include the scenarios that resemble tests under controlled 
field conditions for quality control purposes. 
 

Statement of Problem 
Historical data pertaining to the evaluation of pavement performance have shown that most 
pavement distresses originate from the underlying pavement layers. Table 1.1 provides a summary 
of these distresses that was originally reported by Saeed et al. (2001). For example, one of the 
common distresses in flexible pavements is rutting. Rutting refers to a surface depression in the 
wheel path on the pavement surface that is caused by the accumulation of permanent deformations 
of the pavement layers (Simpson 1999). Permanent deformation of base occurs due to insufficient 
compaction, excessive moisture content and/or poor material quality (Fleming et al. 2000). Fine 
aggregate particles (fines) in an unbound aggregate base contribute to attaining sufficient 
compaction level, and hence, provide stability to the pavement system. Excessive fines in the base 
increase the moisture susceptibility and result in the reduction of stiffness properties. The presence 
of excessive fines in unbound aggregate base can be due to segregation of material during 
pavement construction or contamination of material from underlying subgrade soil during 
pavement life.  
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Table 1.1 Summary of Flexible Pavement Distress, Contributing Factors and Related Test Parameters (Saeed et al. 2001) 

Type of 
Distress 

Description of Distress Base Failure Manifestation Contributing Factors Possible Related 
Test Parameter 

Fatigue Cracking 
(Alligator 
Cracking) 

Appears as fine, longitudinal hairline 
cracks parallel to one another in the 
wheel path in the direction of traffic. 
Progression of distress is signaled by 
interconnection of cracks forming many-
sided, sharp angled pieces. As cracks 
become wider, spalling may occur. 

High deflection/strain in the asphalt concrete 
surface due to lack of base stiffness. Alligator 
cracking only occurs in areas where repeated 
wheel loads are applied. High flexibility in the 
base or inadequate thickness of base allows for 
excessive bending strains in the asphalt 
concrete surface. Changes in base properties 
with time can render the base inadequate to 
support loads. 

Low modulus 
Improper gradation 
High fines content 
High moisture level 
Lack of adequate particle 

angularity and surface texture. 
Degradation under repeated loads 

and freeze-thaw cycling. 

Resilient Modulus  
Gradation & fines 

content Frost  
susceptibility Density 

Rutting/ 
Corrugations 

Long surface depressions in the wheel 
path that may not be noticeable except 
during and following rains. Pavement 
uplift may occur along the sides of the 
rut. Resulting from permanent 
deformation in one or more pavement 
layers or subgrade, usually caused by 
consolidation and/or lateral movement of 
the materials due to load. 

Lateral displacement of particles with 
applications of wheel loads due to inadequate 
shear strength resulting in a decrease in the 
base layer thickness. Consolidation of the base 
due to inadequate initial density or changes in 
base properties with time due to poor 
durability or frost effects may also cause 
rutting. 

Low shear strength  
Low density of base material 
Improper gradation 
High fines content  
High moisture level  
Lack of adequate particle 

angularity and surface texture. 
Degradation under repeated loads 

and freeze-thaw cycling. 

Triaxial Testing – 
angle of internal 
friction, cohesion  

Gradation Fines  
content 

Depressions Depressions are localized low areas in the 
pavement surface caused by settlement of 
the foundation soil or consolidation in the 
subgrade or base/ subbase layers due to 
improper compaction. 

Inadequate initial compaction or nonuniform 
material conditions results in additional 
reduction in volume with load applications. 
Changes in material conditions due to poor 
durability or frost effects may also result in 
localized densification with eventual fatigue 
failure. 

Low density of base material Density 

Frost Heave Frost heave appears as an upward bulge 
in the pavement surface and may be 
accompanied by surface cracking 
resulting in potholes. Freezing of 
underlying layers resulting in an 
increased volume of material causes the 
upheaval. An advanced stage of 
distortion mode of distress resulting from 
differential heave is surface cracking with 
random orientation and spacing. 

Ice lenses are created within the base/subbase 
during freezing temperatures, particularly 
when freezing occurs slowly, as moisture is 
pulled from below by capillary action. During 
spring thaw large quantities of water are 
released from the frozen zone, which can 
include all unbound materials. 

Freezing temperatures 
Source of water  
Permeability of material high 

enough to allow free moisture 
movement to the freezing zone. 

Gradation  
Fines Content  
Fines Type 
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The combined effects of excessive fines and moisture content can be detrimental in cold climates. 
Konrad and Lemieux (2005) studied the influence of fines on the frost susceptibility of 
geomaterials in the laboratory using freezing tests. The authors considered granitic (non-plastic) 
fines and kaolinite clay (plastic) fines. They found that the frost susceptibility of the aggregates 
increases with both types of fines. 
 
A survey of the State Departments of Transportation (DOTs) of the United States and 
transportation agencies of Canada by Tutumluer (2013) found that 33 out of 46 respondents limit 
the amount of fines in the base to less than 12% while five respondents allow more than 15% fines. 
Some of respondents indicated that they did not differentiate between plastic and non-plastic fines. 
The degree of variation in the stiffness properties of the base materials should be assessed to 
determine the optimal amount of fines. The main purpose of this research is to understand the role 
of fines with combination of various moisture contents in the mechanical properties of the base 
layers. 
 

Objective and Scope 
Performance of pavements is affected mainly by the properties of the pavement layers, the vehicle 
loading characteristics and the climatic conditions. The properties of the pavement layers include 
the strength characteristics such as deformation resistance and shear strength. The vehicle loading 
characteristics include axle weight, tire pressure, contact area, rate of loading and vehicle speed. 
The climatic conditions include temperature, precipitation, humidity, ultra-violet index, wind 
speed and ground water table. 
 
Although the performance of pavements is influenced by multiple factors, this research is focused 
on understanding the role of the base layer to maintain the stability of pavement systems. The main 
factors influencing the responses of the base layer during construction and operation phases are 
vehicle loading characteristics, precipitation and ground water table, and the strength 
characteristics. The vehicle loading characteristics affect the magnitude of the stresses experienced 
by the base whereas the climatic conditions affect the variation in its moisture content and stiffness. 
Due to combined effects of vehicle loadings and climatic conditions, it is desirable to evaluate the 
stiffness parameters (e.g., modulus, and permanent deformation resistance) of the base materials, 
and to model their effects on the pavement performance and the estimated life of pavements. 
 
Laboratory tests were performed to observe the responses of base layers due to variations in the 
fines content and moisture content. Small-scale tests were performed under the same material 
conditions as the laboratory tests to measure the responses of the base layers. The objectives of 
this research can then be categorized in the following bullets: 
 To evaluate the stiffness parameters of base materials with various fines contents and 

moisture contents;  
 To understand the impact of the variations in fines content and moisture content of base 

materials on their performance; 
 To develop a relationship among the stiffness parameters, fines content and moisture 

content; and 
 To correlate the stiffness parameters obtained from the laboratory and field methods. 
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Organization of Report 
This report consists of four chapters besides this introductory chapter. Chapter 2 provides 
background information and review of the literature related to the characteristics of unbound 
granular materials used as road base and methods for characterizing those materials. 
 
Chapter 3 describes the research approach and testing procedures for the project. It explains the 
procedure of preparing different aggregate mixes for testing. The mixes are differentiated by the 
percentage of fines content. This chapter also explains the ranges for varying the moisture contents 
of the mixes. The types and procedures of different tests for the laboratory and the small-scale tests 
are also explained in that chapter.  
 
Chapter 4 presents the results from the laboratory and small-scale tests. In addition, comparisons 
of the laboratory and the small-scale tests are provided to understand how the outcomes of the 
laboratory tests reflect on the field performance. 
 
Chapter 5 contains a summary of findings and conclusions drawn from this research project. 
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Chapter 2 – Background 
This chapter focuses on the review of the literature with an emphasis on the behavior of the base 
materials, the role of fines content and moisture content on mechanical characteristic of bases, 
various challenges associated with base materials during design and constructions, and the 
methods for characterizing base materials. 

 

Factors Affecting Stiffness of Base Materials 
The load distribution mechanism in mechanically stabilized bases depends on particle interlocking 
and particle friction. The stresses experienced by the base layer mainly due to the moving vehicles 
are not uniform; rather the stresses are concentrated along load carrying particle chains formed by 
the coarse aggregates. Mechanical behavior of unbound granular bases is influenced by parameters 
such as stress sensitivity, nonlinearity, and anisotropy (Karasahin et al. 1993).  
 
Stress sensitivity is associated with hardening and softening behaviors of material under repeated 
vehicle loads (Von Quintus and Killingsworth 1998). The hardening behavior results in a greater 
strength and stiffness under the repeated loads. Similarly, the softening behavior results in the 
reduction in the material strength or stiffness. The repeated load triaxial test (e.g., resilient modulus 
test) can be used to characterize the hardening and softening behaviors of base materials. 
 
Nonlinearity refers to the response of the material in terms of strain due to an applied stress. A 
base layer has a linear response for small strains and nonlinear response at higher strains. Ishihara 
(1996) mentioned that soils exhibit linear elastic behavior below a strain of 10-2% and nonlinear 
elasto-plastic behavior in the strain range of 10-2 % to 1%. The magnitude of the strain experienced 
by a base layer is a function of the applied load and mechanical characteristics of the pavement 
layers. Sawangsuriya et al. (2006) stated that a typical range of strains experienced by bases is  
10-2% to 1% that falls under a nonlinear response range. 
 
Anisotropy is about the differences in the behavior of a material in different directions. The 
anisotropy can be either inherent or load induced (Salehi et al. 2008). The inherent anisotropy is 
due to the orientation of coarse aggregates in the base layer; whereas the load-induced anisotropy 
is related to the magnitude of stress or strain in various orientations at a location within the base 
layer due to moving vehicle load. 
 
Gradation, moisture content and degree of compaction of base materials affect their constitutive 
models, and hence, their stiffness. Richter (2006) and Cary and Zapata (2010) discussed the impact 
of moisture content on the in-situ moduli of the pavement materials. The other factors that can also 
affect the stiffness of the base materials are surface roughness, angularity and asperity of the 
aggregates. Pan et al. (2006) studied the aggregate morphological indices of pavement 
geomaterials with an image analysis approach. They observed that the resilient modulus noticeably 
increased when the aggregate angularity and surface roughness increased. 
 

Roles of Fines Content, Gradation and Moisture Contents of Base Materials 
Thompson and Smith (1990) and Tian et al. (1998) showed that fines content can affect the strength 
of road construction materials. The alternation of fines content in a base material may result in 
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different packing order and void distribution and packing density. Other factors, such as the 
maximum aggregate size, particle size distribution of coarse aggregate and shape of coarse 
aggregate, also play important roles in the achieved packing density. One of the methods of 
estimating the packing density is by measuring the “fine fraction porosity” that is a ratio between 
the total voids in the aggregate matrix and the total voids if the entire matrix comprised of the 
coarse particles only (Bilodeau et al. 2009). The change in the material gradation due to the 
variation in the fines content has the potential to replace the contact spaces between the aggregates 
by the fines. This phenomenon may alter the load carrying capacity through particle-to-particle 
contacts in an aggregate matrix. The permeability of a material decreases, and its frost 
susceptibility and moisture susceptibility increase with an increase in the material packing density. 
As such, base materials with high fines contents are not suitable for drainage and frost-protection 
purposes. 
 
Hicks and Monismith (1971) reported that the resilient modulus of partially crushed aggregates 
with fines contents in excess of 10% was lower than the fully crushed aggregates with the same 
amount of fines. They indicated that crushed aggregates with more surface contact points 
contributed to the increased resilient modulus behavior. However, that effect on the resilient 
modulus was minimal when the fines content was in the range of 2% to 10%. Jorenby and Hicks 
(1986), Kamal et al. (1993) and Lekarp et al. (2000) reported that the voids in the aggregate mix 
prepared from well-graded aggregates were usually replaced by fines to a certain level, and this 
phenomenon attributed to an increase in the resilient modulus. On the contrary, Barskale and Itani 
(1989) observed a significant reduction in the resilient modulus when the fines content increased 
from 0% to 10%.  
 
Yideti et al. (2014) studied the role of particle size and shape of granular materials and their 
impacts on the resilient behavior of the base materials. The authors adopted a packing theory 
approach to understand the influence of the porosity of the material posed by the granular materials 
on the deformational behavior of the entire pavement structure. The following three key 
parameters were used for studying the resilient behavior:  

• Primary structure (coarse grain particles that form the load-carrying network of unbound 
granular materials),  

• Primary structure porosity (the fraction of the volume of voids in the primary structure over 
the total volume of granular mix) and  

• Coordination number (the average number of contact points per particle of primary 
structure as a function of porosity).  

The authors observed an increase in the resilient modulus of the materials with primary structure 
porosities between 32% and 47% (coordination number between 9.6 and 6.4) and a decrease in the 
resilient modulus for primary structure porosities greater than 50% (coordination number less than 
6). They concluded that the fines that fill the pore spaces and decrease the primary structure 
porosity could contribute to the increment of resilient modulus of the base materials. 
 
The variation in the material gradation impacts the pavement design and construction procedures 
(Thom and Brown 1988; Dawson et al. 1996; and Lekarp 1999). The studies performed by Kolisoja 
(1997) using aggregates with similar grain size distributions and fines contents showed that the 
resilient modulus increased with increasing the maximum particle size. An increase in the particle 

  6    



 

size decreased the particle-to-particle contact resulting in a lower total deformation and 
consequently a higher stiffness. 
 
Santha (1994); Malla and Joshi (2008); and Yau and Quintus (2002) worked extensively to 
estimate the resilient modulus of granular materials based on their gradations. Those studies 
demonstrated that the resilient behaviors of the base materials measured with the repeated axial 
stress or resilient modulus testing methods were influenced by the fines content. Gidel et al. (2001) 
stated that the permanent deformation of pavement layers could be controlled by adopting a well-
graded gradation of the unbound granular materials and introducing about 6% to 10% fines to 
achieve a high density. 
 
The variation in the moisture content of the base material results in the alternation of the degree of 
saturation that ultimately impacts the pore water pressure or the suction properties of the materials 
(Dawson et al. 2000). The mechanical parameters of the materials may vary with changes in the 
suction properties. Many authors (e.g., Raad et al. 1992; Yuan and Nazarian 2003; Richter 2006; 
and Cary and Zapata 2010) studied the impact of the moisture content on the strength and stiffness 
of the base materials. The amount of moisture present in most granular materials has been found 
to influence the resilient response of the materials in both the laboratory and in-situ conditions. 
Lekarp et al. (2000) reported that the resilient modulus of the base material showed a drastic 
decrease as the saturation level reached to 100%. Similarly, Ekblad and Isacsson (2006) measured 
the resilient moduli of the coarse granular materials at various moisture contents up to saturation. 
The authors reported that the materials with high fines contents showed a significant reduction in 
their resilient moduli whereas the materials with less fines contents showed a minor reduction in 
their resilient moduli even when the moisture content increased up to saturation. 
 

Base Material Characterization for Design and Construction 
The variation of particle size in the mix contributes to the heterogeneous nature of the base, and 
the orientation of course particles contributes to the anisotropic behavior of the base. Although 
heterogeneity and anisotropy are simplified for pavement design purposes, the modelling and 
construction process of base course encounter many constraints posed by the fines content, 
material handling, contamination of material, methods use for construction, approaches for quality 
control and more. 

 
Variation of Fines Content. The stability of the aggregate matrix of the base material depends on 
the amount of fines available to fill the void spaces (Ghabchi et al. 2013). The deficiency of the 
fines in the mix may result in an unstable matrix due to excessive movement of the coarse particles 
with respect to one other. Excessive fines may also result in an unstable matrix due to the 
replacement of the contact points of the granular materials by fines. In both of these scenarios, the 
materials exhibit a lower shear strength and resilient modulus resulting in a high permanent 
deformation. Several researchers have proposed the optimum fines contents (Gray 1962; and 
Tutumluer and Seyhan 2000) or optimum gradation (Brown and Chan 1996) in order to obtain the 
maximum strength. The optimum fines content depends on several factors like the type of coarse 
aggregates, the shape and size of the coarse aggregates, and the type of fines. 
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Improper Material Handling. Although it is possible to control the material gradation and moisture 
content in the laboratory, it is not possible to control these parameters accurately in the field during 
construction. Improper material handling may lead to aggregate segregation resulting in a non-
uniform distribution of the fines in the aggregate mix. The aggregate segregation may contribute 
to the variation in the degree of compaction and may cause the reduction in the shear strength, 
stiffness and deformation resistance throughout the pavement sections. 

 
Contamination of Unbound Aggregates. The contamination of the unbound aggregate layer during 
the pavement operation phase may influence the pavement performance. The migration of fines 
from the subgrade may contaminate the base. The possibility of the migration of the fines is 
exaggerated by a) high water table during the rainy seasons, b) the lack of separating layer between 
the base and subgrade, and c) the degrading subgrade or the use of a poor quality subgrade. 

 
Variation in Methods of Compaction. The impact methods are typically used in the laboratory to 
compact the materials whereas the vibratory methods are adopted in the field to compact the layers 
of geomaterials. The mechanical responses of the granular materials after compaction may be 
different due to the differences in the compaction methods. Kaya et al. (2012) performed a 
comparative study between the impact and vibratory compaction methods on the unbound granular 
materials. The authors found that the impact method changed the gradations of the materials due 
to crushing and breakage of the particles. The change in the gradation of the materials resulted in 
an alteration of the optimum moisture content (OMC). The authors reported that higher California 
Bearing Ratio (CBR) were achieved for the materials compacted with the vibratory methods but 
higher resilient moduli were obtained for the materials compacted with the impact method. 

 
Differences in Quality Control Approaches. One of the crucial steps in the construction of 
pavements is proper quality control and quality assurance to ensure the constructed pavements 
meet the design requirements. The Proctor tests are performed in the laboratory to attain the 
maximum density and the optimum degree of compaction, whereas the nuclear density tests are 
conducted in the field to estimate the density as a quality measure (White et al. 2006). In that 
scenario, a gap between the laboratory and field tests exists that may result in undesirable outcomes 
in the context of the quality control. Moreover, a clear relationship between the material 
performance in the laboratory and in the field is required to validate the test results obtained from 
the pavement construction sites. 
 

Methodology for Characterizing Base Materials 
The elasto-plastic behavior of the unbound aggregate bases affects the strength characteristics of 
that layer (Habiballah and Chazallon 2005; Huang et al. 2010). Although the stress-strain response 
of the bases for a short-term loading is linear, the responses for a long-term loading posed by a 
large number of repeated vehicle loads could be nonlinear. In other words, the design methods 
based on the elasticity of the materials cannot be relied for understanding the plastic strains 
accumulating in the granular layer of pavement systems. 
 
A comprehensive review of the common test methods applied to the unbound granular materials 
for determining the pavement performance is provided in the NCHRP Project 4-23 by Saeed et al. 
(2001). During the early developmental period of the pavement design procedure, the soil strength 
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parameters such as the CBR value, Hveem R-value, and Soil Support Value (SSV) were used. 
These parameters were adopted with the assumption that the failure in the pavement occurred in 
the weakest pavement layers, i.e. the subgrade. However, the failure of the flexible pavement may 
occur due to the excessive rutting or cracking of the pavement layers, and the softening caused by 
the surface layer cracking (Brown and Chan 1996). The 1993 AASHTO pavement design guide 
recommended the use of the resilient modulus instead of the parameters such as CBR and SSV. 
The resilient modulus tests allow for the characterization and modeling of the elasto-plastic and 
the softening and hardening behaviors of the granular materials in the pavement materials. 
 
In general, the strength and stiffness tests are conducted for characterizing the strength, modulus, 
and permanent deformation behaviors of the unbound aggregate materials in pavement systems. 
The strength and stiffness tests listed by Saeed et al. (2001) are provided in Table 2. Out of these 
tests, the triaxial tests are the most common strength tests and the resilient modulus tests are the 
most common stiffness tests. 
 

Table 2.1. Tests for Unbound Granular Materials (from Saeed et al. 2001) 

Property Measured Test name 

Shear Strength 

Static Triaxial Shear 
Repeated Load Triaxial 
Unconfined Compression 
Direct Shear 
CBR 
Hveem Stabilometer 

Stiffness 
Resilient Modulus 
Resonant Column 

 
Traditional Tests for Unbound Granular Materials 
Out of many available tests for the unbound granular materials, three types of tests – unconfined 
compressive test, resilient modulus test and permanent deformation test, are discussed below.  
 
Unconfined Compression Test. The unconfined compression tests are common methods to 
determine the unconfined compressive strength (UCS) of granular materials used in pavements 
(Schnaid et al. 2001; Piratheepan et al. 2010; Wen et al. 2010). TXDOT follows test procedure 
Tex-117-E for determining UCS of granular materials. The testing system consists of a loading 
frame with a crosshead mounted hydraulic actuator to measure applied load and induced 
deflection, and a data acquisition system (Figure 2.1a). A typical result of the unconfined 
compression test is shown in Figure 2.1b. The maximum stress experienced by the specimen (or 
the stress at failure of specimen) is the UCS. 
 
Resilient Modulus Test and Permanent Deformation Test. One of laboratory methods advocated 
for determining these two parameters is the repeated load triaxial test as per AASHTO T-307. The 
testing system consists of a loading frame with a crosshead mounted hydraulic actuator (Figure 
2.2a). A load cell is attached to the actuator to measure the applied load. The specimen is housed 
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in a triaxial cell where a confining pressure is applied. As the actuator applies the repeated load, 
specimen deformation is measured by a set of linear variable differential transducers (LVDTs) or 
noncontact sensors. A data acquisition system records all data during testing. 
 

 
Figure 2.1 Unconfined compression test: a) Test setup and b) Typical output 

The resilient modulus determined from the repeated load triaxial test is defined as the ratio of the 
repeated axial deviator stress to the recoverable or resilient axial strain: 

𝑴𝑴𝒓𝒓 = 𝝈𝝈𝒅𝒅
𝜺𝜺𝒓𝒓

   Equation 2.1 

where Mr is the resilient modulus, σd = (σ1 – σ3) is the deviator stress, and εr is the resilient 
(recoverable) strain in the vertical direction (see Figure 2.2b).  
 
The load cycle duration is 1 second that includes a 0.1 second load duration and a 0.9 second rest 
period. The test is started by applying 1000 repetitions of a load equivalent to a maximum axial 
stress of 15 psi at a confining pressure of 15 psi. This is followed by a sequence of loadings with 
varying confining pressures and deviator stresses as tabulated in Table 2.2. These loading cycles 
are slightly modified from AASHTO T-307 in that the specimen is subjected to 25 repeated axial 
loads for each sequence instead of 100 cycles. A typical result obtained on a base material is shown 
in Figure 2.2c. Tutumluer (2013) provided a comprehensive review of the resilient modulus 
models for determining model parameters from the measured data. For example, the Mechanistic 
Empirical Pavement Design Guide (MEPDG) recommended the following relationship to compute 
the representative resilient modulus (MR) of unbound aggregates and fine-grained soils. 

𝑴𝑴𝑹𝑹 = 𝑲𝑲𝟏𝟏 𝒑𝒑𝒂𝒂  � 𝜽𝜽
 𝒑𝒑𝒂𝒂
�
𝑲𝑲𝟐𝟐

(𝝉𝝉𝒐𝒐𝒐𝒐𝒐𝒐
 𝒑𝒑𝒂𝒂

+ 𝟏𝟏)𝑲𝑲𝟑𝟑    Equation 2.2 

where θ is the bulk stress = σ1 + σ2 + σ3, τoct is octahedral shear stress = 1/3[( σ1 - σ2)2 + (σ1 - 
σ3)2 + (σ2 - σ3)2]1/2, pa is atmospheric pressure, and K1, K2, and K3 are constants obtained from 
experimental data. 
 
The deformation responses of base due to the repeated applied loads contains resilient and plastic 
or non-recoverable deformations (Figure 2.2b). The measure of cumulative non-recoverable 
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deformations up to the end of the loading cycles, which provides the information about the plastic 
deformation of the base, is essential to understanding its rutting behavior. The conditioning phase 
of the resilient modulus test can be utilized for determining the permanent deformation of a 
specimen.  
 

 
Figure 2.2 Resilient Modulus and Permanent Deformation Test: a) Test setup, b) Specimen 

response during Resilient Modulus Test (From Buchanan 2007) and c) Typical result 
obtained from Resilient Modulus Test 

 
Nondestructive Tests for Unbound Granular Materials 
The common nondestructive test methods of characterizing the base materials are the Free-Free 
Resonant Column (FFRC, Celaya et al. 2006; Williams and Nazarian 2007; Mazari et al. 2014), 
the Portable Seismic Property Analyzer (PSPA) and the Light Weight Deflectometer (LWD, 
Celaya et al. 2006; Von Quintus et al. 2009; Mazari et al. 2014). 
 
Free-Free Resonant Column (FFRC) is currently based on Tex-148-E procedure. The FFRC test 
was originally developed for the concrete specimens (ASTM C215). The test was modified for 
base and subgrade materials through hardware and software modifications (Stokoe et al. 1994; 
Nazarian et al. 2003). The FFRC test uses an instrumented hammer as an impulse source for 
generating impulsive waves over a range of frequencies, an accelerometer to capture the generated 
waves, and a data acquisition and data processing system. The propagated waves have one or more 
resonating frequency(ies) that depends upon the dimensions and stiffness of the specimen. The 
resonant frequencies (longitudinal and possibly shear resonant frequencies) are identified. Figure 
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2.3 shows the FFRC test and the output of test in form of frequency response. The modulus (E) of 
the specimen is provided by (Richart et al. 1970): 

E = ρ (2fcL)2   Equation 2.3 

where L is the length of the specimen, fc is the fundamental mode frequency related to the 
specimen vibration and ρ is the mass-density of the specimen. 
 

Table 2.2 Loading sequences for Resilient Modulus (MR) and Permanent Deformation 
(PD) Tests (From Gandara 2004) 

Sequence 
Confining 
Pressure 

Contact 
Stress 

Cyclic 
Stress Maximum Stress 

Nrep Tests  
kPa psi kPa psi kPa psi kPa psi 

Conditioning 103.5 15 10.4 1.5 93.1 13.5 103.5 15 1000 PD 
1 

20.7 3 2.1 0.3 
18.6 2.7 20.7 3 

25 

MR 

2 41.4 6 41.4 6 
3 62.1 9 62.1 9 
4 

34.5 5 3.4 0.5 
31.1 4.5 34.5 5 

25 5 69 10 69 10 
6 103.5 15 103.5 15 
7 

69 10 6.9 1 
62.1 9 69 10 

25 8 138 20 138 20 
9 207 30 207 30 

10 
103.5 15 10.3 1.5 

58.6 8.5 69 10 
25 11 103.5 15 103.5 15 

12 207 30 207 30 
13 

138 20 13.8 2 
89.7 13 103.5 15 

25 14 138 20 138 20 
15 276 40 276 40 

 

 
Figure 2.3 The FFRC test (left) and output of the test (right) 
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Portable Seismic Property Analyzer (PSPA) consists of two accelerometers and a source packaged 
into a hand-portable system (Figure 2.4). The source produces an impulsive impact on the material 
surface that generates stress waves. The signals of the stress waves are captured by two 
accelerometers. The fast Fourier analysis of the signals are performed to compute the average shear 
wave velocity (Vs) of the material with an appropriately assumed Poisson’s ratio. The low-strain 
or linear elastic modulus (E) (also termed as a seismic modulus; Nazarian et al. 2003) of a layer 
is, then, derived with the Poisson’s ratio (υ) and mass-density(ρ) of the material using following 
equation: 

E=2 ρ Vs2 (1+ υ)   Equation 2.4 

 
Figure 2.4 Portable Seismic Property Analyzer 

 
Light Weight Deflectometer (LWD) is a portable device (Figure 2.5) that measures the surface 
deflection under a given load and computes an effective modulus of a pavement system. The LWD 
test assumes that the material is a single elastic layer. The effective modulus, Eeff, is computed 
from 

Eeff= [(1-ν2) F/ (π a dLWD)] f    Equation 2.5 

where ν = Poisson’s ratio of geomaterial, a = radius of load plate, F = LWD load, dLWD = LWD 
surface deflection, and f = shape factor which is a function of the plate rigidity and soil type. 
 
Performance Tests for Unbound Granular Materials  
To understand the behavior of the geomaterials, various performance tests are used. The plate load 
test has been used by many investigators (e.g., Sweere 1990; DeMerchant et al. 2002; Alshibli et 
al. 2005; and Li and Baus 2005) to understand the load-deformation characteristics of the 
geomaterials. The schematic of the plate load test apparatus is shown in Figure 2.6. The plate load 
test set up consists of a hydraulic actuator mounted on a heavy truck to apply load, a load cell to 
measure the load, a steel plate to impose the load on the road surface and one or more LVDTs to 
measure the vertical displacements. The concept of stiffness measurement is based on determining 
the ratio of the applied load and measured deformation under the plate. As the deformations are 
related to the combined effects of multiple layers below the plate, this type of in situ tests offers 
opportunities to measure a combined stiffness of the target pavement layer (the layer on which 
plate load test is conducted) and other layer below them. However, one of the drawbacks of the 
plate load test is that the deformations of individual layers cannot be measured quantitatively. 
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Alshibli et al. (2005) used the plate load test on compacted layers of base and subgrade to measure 
their stiffness characteristics and correlate them with the measured stiffness from other devices 
such as the Geogauge, Light Weight Deflectometer and Dynamic Cone Penetrometer. The authors 
conducted tests at the Louisiana Transportation Research Center (LTRC) laboratory on a test box 
that measured 5 ft long, 3 ft wide and 3 ft deep. The test box consisted of a 12-in. thick subgrade 
layer and a 16-in. thick base. The plate load tests were performed according to the ASTM D1195-
93. The authors reported good statistical correlations between the modulus from the plate load test 
and the corresponding moduli from the other devices. 
 

 
Figure 2.5 Light Weight Deflectometer 

 
Figure 2.6 Principle of Plate Load Test Apparatus (from Sweere 1990) 
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Previous Studies at UTEP 
The geomaterial testing facility at the Center for Transportation Infrastructure Systems (CTIS) at 
The University of Texas at El Paso (UTEP) has a 300-kip Material Testing and Simulation (MTS) 
system that is used for characterizing geomaterials under different load magnitudes and 
frequencies. Gandara and Nazarian (2006), Amiri et al. (2009), Gautam et al. (2009) and Mazari 
et al. (2014) conducted plate load tests at UTEP to measure the performance of pavement systems 
with large (36 inch in diameter) specimens. The wall of the tank is made with 1-in. thick 
polyethylene, and the height of the tank is 28 in. 
 
Gandara and Nazarian (2006) performed a series of load-deformation tests on large specimens 
prepared with three different base materials. A 6-in. thick base layer was prepared at the OMC 
over a 14-in. thick subgrade layer. The tests were performed on the specimens after construction, 
after the saturation of the subgrade and after the saturation of the base and subgrade. Up to 2000 
haversine pulse loads with the durations of 0.1 sec followed by 0.9 sec of rest periods were applied 
to the specimens. The magnitude of the peak load was 2000 lb with a seating load of 200 lb. The 
resilient deformation of the base layer was computed at the end of the 200th cycle and the 
permanent deformation after the last cycle. In addition to those experiments, a series of numerical 
simulation with VESYS model was performed to obtain the theoretical deformations. It was found 
that the average deformation of the base when the base and subgrade were saturated was 10 times 
more than the condition when the base and subgrade were placed at the OMC. It was also noted 
that the predicted deformations from the numerical models and the measured deformations from 
the laboratory experiments did not favorably match. 
 
Amiri et al. (2009) studied the performance of one base placed over two different types of 
subgrade. The authors conducted numerical simulations, as well as small-scale tests and full-scale 
tests with the same materials. A 5-in. thick layer of base was prepared on top of the subgrades for 
the small-scale tests. For full-scale tests, a 10-in. thick base layer was compacted in a road section 
with the same materials used in the small-scale tests. The vertical dimension of the full-scale test 
model was twice the small-scale tests. Moisture content of the specimens were varied as discussed 
in Gandara and Nazarian (2006). The numerical simulations were conducted with finite element 
models of the base, subgrade and the tank body using ABAQUS. In the case of the small-scale 
tests, a cyclic ramp load at a rate of 500 lb/min. was applied to the specimens. The ramp load was 
increased in such a way that the peak loads varied from 500 lb to 5000 lb. In the case of the full-
scale tests, plate load tests with 6.6 in. diameter plates were carried at different road sections. The 
load tests were carried out with a continuous loading pattern, and the peak load was 30 kips. The 
load-deformation characteristics measured from the small-scale and full-scale tests were similar. 
The authors also reported that the responses from the numerical simulation were similar to the 
experimental results after applying appropriate transfer functions. 
 
Gautam et al. (2009) studied the mechanical properties of five different base materials. The authors 
prepared guidelines and test protocols to use locally available materials, not meeting the material 
specification of TXDOT, by adding chemical additives or modified gradation for construction of 
low-volume roads. Small-scale tests were one type of tests conducted to measure the field 
performances of bases at various moisture levels. A 6-in. thick base layer was prepared over a 
subgrade in the tank. The moisture contents of the materials were varied as discussed in Gandara 
and Nazarian (2006). Two types of loading, cyclic ramp and sinusoidal, were applied to the 
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specimens. In the case of the cyclic ramp loading, loads were applied at a rate of 500 lb/min. as 
mentioned by Amiri et al. (2009). The peak load was varied from 700 lb to 11000 lb. The loads in 
the case of the sinusoidal loading were applied with an amplitude of 2000 lbs and a frequency of 
1 Hz. The corresponding deflections were measured in both loadings for the treated and non-
treated bases. The authors observed that the permanent and resilient deformations of the treated 
bases were less than non-treated base and concluded that the use of the additives on the locally 
available materials could be a viable option for a better-performing pavement. 
 
Mazari et al. (2014) performed several small-scale tests to compare the numerical and 
experimental responses of pavements using different loads, loading areas and moisture conditions. 
The pavement performance related parameters such as the deformation of the pavement layers 
were predicted after analyzing the results of the resilient modulus tests and the numerical models. 
The authors used one granular base and four kinds of fine-grained soils. Each specimen had a layer 
of 6-in. thick geomaterial over the subgrade. The cyclic plate loads with nominal contact stresses 
of 30 psi to 90 psi were applied to the specimens, and the corresponding deformations were 
measured. To perform the numerical simulations, the authors adopted finite element models of the 
geomaterials and applied circular loads similar to the small-scale tests. The authors found the 
deflections of the geomaterials of various specimens were comparable to the deflections predicted 
by the numerical models with proper transfer functions. 
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Chapter 3 – Research Approach and Testing Procedure 
Previous research has shown that the amount of fines content and moisture content present in the 
material affect the performance of the pavement systems. However, the allowable amount of fines 
for base materials is not strictly specified. In spite of implementation of a strict material 
specification for pavement construction, the gradation of material could change due to various 
reasons such as improper material handling, contamination of base material by subgrade. 
Similarly, the moisture content of a base material may alter during pavement construction and 
operation by exposure to excessive water and percolation of rainwater from pavement surface. To 
understand the effect of fines content and moisture content, 12 different series of tests were 
performed at four different fines contents and three different moisture contents as tabulated in 
Table 3.1. The nominal fines contents of 5% to 20% were used. The amount of moisture in the 
base materials was varied by OMC, OMC-1% and OMC+1% to capture the behavior of base 
materials at optimum, dry and wet conditions. 
 

Table 3.1 Overall tests of base materials at different fines contents and moisture contents 

Test No. Nominal Fines Content (% by weight) Nominal Moisture Content (% by weight) 

1 
5 

OMC-1 
2 OMC 
3 OMC+1 
4 

10 
OMC-1 

5 OMC 
6 OMC+1 
7 

15 
OMC-1 

8 OMC 
8 OMC+1 
10 

20 
OMC-1 

11 OMC 
12 OMC+1 

 

Materials for Tests 
A local producer provided a ready-to-deliver base material for this research. The material met the 
gradation specification for TxDOT Grade 1 (high quality) base. As shown in Figure 3.1, the base 
material contained about 2% fines. An additional material that primarily contained fines was also 
received from the same source.  
Cooper et al. (1985) provided a relationship for maintaining the structural stability of a granular 
material when the percentage of fines is changed. Cooper et al.’s relationship, which was used in 
this study, is in the form of  

𝐏𝐏 = (𝟏𝟏𝟏𝟏𝟏𝟏−𝐅𝐅)(𝐝𝐝𝐧𝐧−𝟏𝟏.𝟏𝟏𝟎𝟎𝟎𝟎𝐧𝐧)
(𝐝𝐝𝐧𝐧−𝟏𝟏.𝟏𝟏𝟎𝟎𝟎𝟎𝐧𝐧)

+ 𝐅𝐅                    Equation 3.1 
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where P = percentage passing a sieve of size d in mm, F = percentage of material passing 
through a 0.075 mm sieve (i.e., fines content), d = sieve size (mm), D = maximum particle size 
(mm), and n = power relationship (typically 0.45). The gradations for the four different bases 
formulated using Equation 3.1 are shown in Figure 3.1 and Table 3.2. Soil classifications of 
these bases as per AASHTO and USCS and their OMCs and maximum dry densities for bases 
with different fines contents are tabulated in Table 3.3. 
 

 
Figure 3.1. Particle size distribution for material mixes of different fines contents  

Table 3.2. Particle size distribution of mixes 

Standard 
Sieve Size 

Nominal 
Sieve Opening 

(mm)  

(% Passing)  
Acceptance 

Limits Original 
Gradation 5% 10% 15% 20% 

Low High 
1" 25.4 100 100 92.3 100.0 100.0 100.0 100.0 

7/8" 22.22 65 90 87.2 94.0 94.3 94.7 95.0 
3/8" 9.52 50 70 55.6 63.4 65.4 67.3 69.2 
#4 4.75 35 55 39.2 45.7 48.6 51.4 54.3 

#40 0.42 15 30 17.9 13.8 18.3 22.9 27.4 
#100 0.15 -  -  6.4 7.7 12.6 17.4 22.3 
#200 0.075 -  - 2.0 5.0 10.0 15.0 20.0 

Table 3.3 Soil classifications for base materials 

Material Atterberg Limits Proctor Tests Classification 
LL PI OMC, % MDD, pcf AASHTO USCS 

Original  22 10 -- -- A-2-4(0) GW 
5% Fines 23 10 6.3 145 A-2-4(0) GW-GC 
10% Fines 24 9 6.4 144 A-2-4(0) GP-GC 
15% Fines 26 9 7.2 142 A-2-4(0) SC 
20% Fines 28 9 7.2 139 A-2-4(0) SC 
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Test Procedure 
Moisture-Density and Moisture-Modulus Relationships 
The maximum dry density (MDD) and optimum moisture content (OMC) were determined for 
each of the four mixes as per Tex-113-E. The results are shown in Figure 3.2 and summarized in 
Table 3.3. The MDD decreases and the OMC increases with the increase in fines content. The 
specimens used to determine the moisture-density relationship were also used to determine the 
seismic modulus with FFRC tests. A typical relationship between moisture vs density and moisture 
vs modulus for the mix of 20% fines content is shown in Figure 3.3. Although maximum dry 
density occurs at optimum moisture content, the maximum Young’s modulus occurs at the 
moisture content less than OMC. In other words, the modulus at the OMC is less than the 
maximum modulus. 

 
Figure 3.2 Moisture-density relationships for bases various fines contents 

 
Figure 3.3 Typical moisture-density and moisture-modulus relationships 
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Laboratory Mechanical Properties Tests 
Aside from index tests as discussed above, the laboratory tests consist of the strength tests and 
stiffness tests. The strength tests consisted of the unconfined compression tests. The stiffness tests 
included the FFRC, permanent deformation and resilient modulus tests, as discussed in Chapter 2. 
To perform these laboratory tests, four cylindrical specimens were prepared for a specified fines 
content and moisture content, and tested about 24 hours after compaction. After completion of 
each test, the actual moisture content of the material was measured by breaking the specimen and 
drying it in the oven. 

Small-Scale Test  
Small-scale tests, as a substitute for controlled field tests, were carried out for each fines content 
and moisture content as mentioned in Table 3.1. The test tank and the loading system used by 
previous researchers at UTEP (Gandara and Nazarian 2006, Amiri et al. 2009, Gautam et al. 2009 
and Mazari et al. 2014) were adapted for the small-scale tests.  
 
The schematic of the tank with the layers of geomaterials for a small-scale test is shown in Figure 
3.4. The test tank was made from a polyethylene sewage pipe with one closed end. The tank had 
an inner diameter of 36 in., height of 28 in. and thickness of 1 in. The bottom and the inner wall 
of the tank were lined with 6-mil thick polyethylene sheet. The soil profile for each specimen 
consisted of 3 in. of pea gravel at the bottom, 16 in. of subgrade over the layer of pea gravel and 6 
in. of base over the subgrade as shown in Figure 3.4. 
 
The subgrade and the configuration of layers were adopted from Mazari et al. (2014). The subgrade 
material was designated as SM material as per USCS soil classification. The MDD and OMC of 
the subgrade were 112 pcf and 15.2%, respectively. The subgrade layer was compacted in 2 in. 
lifts. Plate load tests as well as LWD and PSPA tests were conducted on each specimen 24 hours 
after the preparation of the base layer.  

 
Figure 3.4 Schematic for tank cross-section for a small-scale test 
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The plate load test can be divided into two categories: a) Cyclic modulus test and b) Cyclic stage 
test. Both tests were conducted with an MTS system. The cyclic modulus tests were conducted 
with three different plates with diameters of 4 in., 8 in. and 12 in. (Figure 3.5). Haversine loads 
with peak contact pressures of 30 psi, 50 psi, 70 psi and 90 psi were applied on the tank using the 
different plates. Ten load pulses with loading and resting periods of 0.1 sec and 0.9 sec, 
respectively, were applied for each test regime. The typical applied loads and corresponding plate 
deformations from cyclic modulus test are shown in Figure 3.6. For each set of load, the modulus 
(termed as a cyclic modulus) of the material was computed using the average vertical stress and 
the average recoverable strain.  

 

Figure 3.5 Small-scale test with a MTS system- a) Plate load test, and b) Three different 
plates for plate load tests 

The cyclic stage tests were conducted after the cyclic modulus tests by using only the 8 in. plate. 
Two different loading patterns, cyclic ramp load and continuous load, were used for these tests. 
The loading rate for both loading patterns was 500 lb/min. In the case of the cyclic ramp load, the 
peak load was increased from 500 lb to 5000 lb in 500 lb increments. After reaching each peak 
load, the specimen was unloaded at an unloading rate of 500 lb/min, and allowed to rest for one 
minute before starting the next load. In the case of the continuous load, the load increased 
continuously from 0 lb up to 5000 lb, and unloaded in one minute. The typical load-deformation 
response of cyclic stage tests are shown in Figure 3.7. The outcomes of the cyclic stage test were 
i) load-deformation responses of cyclic ramp load and continuous load, ii) permanent deformation 
of material under the continuous load, and iii) stiffness of material measured from maximum load 
and corresponding deformation from the continuous load. 

  21    



 

 
Figure 3.6 Typical load-deformation responses from the cyclic-modulus test: a) applied 

loads and b) measured deformations  

 
Figure 3.7 Typical load-deformation responses from the cyclic-stage test for a) cyclic ramp 

load and b) continuous load  
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An LWD manufactured by Zorn Instruments was adopted. The LWD tests were performed as per 
ASTM E2583. The effective modulus (termed as a LWD modulus) given in Equation 2.2 was 
computed assuming a Poisson’s ratio of 0.4, the radius of load plate as 4 in., LWD load as 1700 
lb, and shape factor of 2. For each specimen, three spots were chosen to conduct the LWD tests 
and measure deflections under the load plate (Figure 3.8).  
 
The PSPA tests were conducted to measure seismic modulus (termed as PSPA modulus) at 24 
different locations of tank surface as shown in Figure 3.9.  
 

 
Figure 3.8 Small-scale test with LWD 

 
Figure 3.9 Small-scale test with PSPA  
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Chapter 4 – Results from Laboratory and Small-Scale Tests 
This chapter presents the results from the laboratory tests on standard (6 in. in diameter and 12 in. 
in height) specimens and small-scale tests on large (36 in. in diameter and 6 in. in height) 
specimens. Twelve different tests sequences (see Table 3.1) were performed with a combination 
of moisture contents (OMC-1%, OMC and OMC+1%) and fines contents (5%, 10%, 15% and 
20%).  
 

Laboratory Tests  
Four standard specimens were used for performing each of the laboratory tests, as discussed in 
Chapter 3. The first two specimens were used for conducting FFRC and unconfined compression 
tests and the other two specimens were used for conducting permanent deformation and resilient 
modulus tests. The results of these tests are presented in the following subsections. 

Unconfined Compression Tests 
The unconfined compressive strength (UCS) of standard specimens from unconfined compression 
tests are presented in Figure 4.1. Figure 4.1a shows the variations in strengths at different moisture 
contents for a specific fines content, i.e., the results grouped by fines content. Similarly, Figure 
4.1b shows the results grouped by moisture content. The UCS decreases with increase in moisture 

 
Figure 4.1. Unconfined compressive strength (USC) of standard specimens: a) grouped by 

fines content and b) grouped by moisture content 
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content. The results in Figure 4.1a also imply that the rate of reduction in strength increases with 
increase in fines content. In other words, for each fines content, the highest UCS occurs at OMC-
1%. Figure 4.1b shows that the UCS increases with fines content when the nominal moisture 
content is either OMC-1% or OMC. The strengths for the OMC+1% specimens are less impacted 
by the variation in fines content. 

FFRC Tests 
Figure 4.2 shows the variations in the FFRC modulus of standard specimens with fines content 
and moisture content. As shown in Figure 4.2a, the FFRC modulus decreases with increase in 
moisture content for all fines contents. The results also show that a significant reduction in the 
FFRC modulus occurs for the specimens prepared with 15% fines content, especially between the 
moisture contents of OMC-1% and OMC. Figure 4.1b shows that the moduli for specimens 
prepared at OMC-1% are greater than the moduli at OMC and OMC+1%. In addition, the 
maximum moduli are achieved between 10% to 15% fines contents for all moisture contents.  

 
Figure 4.2 FFRC modulus of standard specimens: a) grouped by fines content and b) 

grouped by moisture content 

 
Permanent Deformation Tests 
Figure 4.3 shows the variations in permanent strains of standard specimens with the number of 
loading cycles. The resilient (permanent strain after 200 cycle) and permanent strains after the last 
cycle are summarized in Figure 4.4. The results for specimens prepared at OMC+1% are not 
available because the specimens were too wet to withstand the loads during the tests. The increase 
in the moisture content results in an increase in the resilient and permanent deformations, and 
hence resilient and permanent strains. As the fines content increases from 10% to 20%, the 
permanent strain typically decreases at OMC-1% and OMC. It is also observed that the specimens 
prepared with 10% fines content show more permanent deformation at OMC-1% and OMC as 
compared to the specimens prepared with other fines contents. 
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Figure 4.3. Strains measured at different loading cycles on standard specimens in 

permanent deformation tests 

 
Figure 4.4 Resilient strains of standard specimens: a) grouped by fines content and b) 
grouped by moisture content. Permanent strains: c) grouped by fines content and d) 

grouped by moisture content. 
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Resilient Modulus Tests 
The representative resilient moduli of specimens are presented in Figure 4.5. The results for the 
specimens prepared at OMC+1% are not available because the specimens were too wet to 
withstand the loads during the tests. The representative resilient modulus is computed using the 
bulk stress of 31 psi and the octahedral shear stress of 7.5 psi in Equation 2.2. The resilient moduli 
of specimens slightly decrease with increase in moisture content for all fines contents. From Figure 
4.5b, the resilient modulus is not considerably influenced by the change in fines content at OMC-
1% and OMC.  

 
Figure 4.5 Representative resilient modulus (MR) of standard specimens: a) grouped by 

fines content and b) grouped by moisture content 

 

Small-Scale Tests 
One large specimen was used for performing each of the small-scale tests, as discussed in Chapter 
3. The results of the tests are presented in the following subsections. 

PSPA Tests 
Figure 4.6 shows the variations in the PSPA modulus of the base on large specimens with fines 
content and moisture content. The PSPA moduli for the specimens prepared at OMC+1% are not 
reported because the specimens were too wet and too soft to couple seismic energy. Figure 4.6a 
shows that the PSPA modulus decreases with increase in moisture content. The results also show 
that the PSPA moduli of the specimens prepared with 15% fines content decrease more as 
compared to the other specimens when the moisture content increases from OMC-1% to OMC. 
The trends in Figure 4.6a for specimens prepared from 5% to 15% fines contents are similar to 
those for the FFRC tests. From Figure 4.6b, the PSPA modulus generally increases with increase 
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in fines content from 5% to 15% for the specimens prepared at OMC-1%. The results also show 
that the maximum moduli are typically achieved between 10% to 15% fines contents. 
 
Figure 4.7 shows the PSPA modulus on top of the subgrade for each specimen before constructing 
the base layer. The modulus of subgrade varied from 24 ksi to 35 ksi throughout the tests with an 
average modulus of 28 ksi and a COV of 10%. This result shows that the mechanical properties of 
the subgrade for different specimens were similar throughout the tests. 

 
Figure 4.6 PSPA modulus of large specimens: a) grouped by fines content and b) grouped 

by moisture content 

 
LWD Tests  
Figure 4.8 shows the variations in the LWD modulus of base on large specimens with fines content 
and moisture content. The LWD modulus typically decreases with increase in moisture content 
(Figure 4.8a). These results also show that the rate of reduction in the modulus is higher for the 
specimens prepared with 10% and 15% fines contents as compared to the specimens prepared with 
5% and 20% fines contents. Figure 4.8b shows that the LWD moduli for specimens prepared at 
OMC-1% are greater than the moduli at OMC and OMC+1%. The maximum moduli of the 
specimens are typically achieved with 10% fines content at OMC-1% and OMC. It should also be 
noted that the presented results with LWD are influenced by the modulus parameters of the 
subgrade layer because the thickness of base layer is only 6 in. 
 
Figure 4.9 shows the LWD modulus on top of subgrade for each specimen before constructing the 
base layer. The modulus of subgrade varied from 4 ksi to 6 ksi throughout the tests with an average 
modulus of 5 ksi and a COV of 15%. This result shows that the mechanical properties of the 
subgrade for different specimens measured with the LWD tests were similar throughout the tests. 
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Figure 4.7 PSPA modulus of subgrade  

 
Figure 4.8 LWD modulus of large specimens: a) grouped by fines content and b) grouped 

by moisture content 

 
Cyclic Modulus Tests 
Figure 4.10 through Figure 4.12 show the variations in the cyclic modulus (i.e., the ratio of the 
measured average vertical stress and the average recoverable strain in a cyclic modulus test as 
discussed in Chapter 3) of base on large specimens with fines content and moisture content. These 
figures also show the variations in the cyclic modulus for various contract pressures and plate 
diameters. Figure 4.10 shows that the cyclic modulus typically increases with increase in contact 
pressure for the 4 in. diameter plate for the specimens prepared with 10% to 20% fines contents.  
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Figure 4.9 LWD modulus of subgrade 

 
Figure 4.10 Cyclic modulus of large specimens from cyclic modulus test using 4” diameter 

plate: a) grouped by fines content and b) grouped by moisture content 

The results also show that the cyclic modulus decreases with increase in moisture content in most 
instances. In the cases of test results with 8 in. and 12 in. diameter plates, the moduli increase with 
increase in contact pressure and slightly decrease or remain constant with increase in moisture 
(Figure 4.11 and Figure 4.12). Figure 4.10 through Figure 4.12 also show that the modulus of the 
specimen decreases with increase in the plate diameter. The decrease in the modulus is possibly 
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due to the influence of subgrade in the experiments. Furthermore, the maximum moduli were 
achieved with the specimens prepared at 10% fines content for all moisture contents. 
 

 
Figure 4.11 Cyclic modulus of large specimens from cyclic modulus test using 8” diameter 

plate: a) grouped by fines content and b) grouped by moisture content 

 
Cyclic Stage Tests 
Figure 4.13 shows the load-deformation responses of the base in the large specimens with the 
cyclic stage tests using various fines contents, moisture contents and loading conditions (cyclic-
ramp load and continuous loads). The deformation of the specimens increases with increase in 
moisture content. The specimens prepared with 15% fines content deform highly at OMC+1% as 
compared to the other specimens prepared with different fines content and same moisture content. 
The specimen prepared with 15% fines content and moisture content of OMC+1% seemed highly 
wet as compared to all other specimens at OMC+1%. This is perhaps the reason for observing a 
high deformation. A clear trend of deformation with respect to changes in the fines content cannot 
be observed. The peak deformations of the specimens prepared with 10% and 20% fines contents 
are less than 80 mils and around 80 mils, respectively. However, the peak deformations for the 
specimens prepared with 5% and 15% fines contents are more than 80 mils. To understand these 
unusual deformational behaviors of bases with various moisture contents and fines contents, it is 
required to understand the soil-water-interaction of material at microscopic levels. In all tests, the 
continuous loads result in more deformations than the cyclic-ramp loads of the same magnitude. 
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Furthermore, the difference in the deformation responses due these two types of loads increases 
with increase in moisture content for the specimens prepared with 5% and 15% fines contents. 
 
Figure 4.14 shows the variations of stiffness (measured from maximum load and corresponding 
deformation in the cyclic stage test) of the bases with fines content and moisture content. As the 
deformation due to the continuous load is greater than the cyclic-ramp load (Figure 4.13), the 
stiffness due to the continuous load is less than that of the cyclic-ramp load. The stiffness decreases 
with increase in moisture content for all fines content. The specimens prepared with 15% fines 
content are sensitive to change in moisture content, especially when the moisture content increases 
from OMC to OMC+1%. On the other hand, a reverse trend is evident for the specimens prepared 
with 20% fines content. From Figure 4.14b, the maximum stiffness is achieved for the specimens 
prepared with 10% fines contents at all moisture contents. 
 

 
Figure 4.12. Cyclic modulus of large specimens from cyclic modulus test using 12” 

diameter plate: a) grouped by fines content and b) grouped by moisture content 

The variations in the permanent deformation (under the continuous load) of the large specimens 
with various fines content and moisture content are presented in Figure 4.15. The permanent 
deformation increases with increase in moisture content for all fines contents. The specimens 
prepared with 5% and 15% fines deform more significantly at OMC and OMC+1% as compared 
to the other specimens prepared at 10% and 20% fines contents. In general, the specimens prepared 
at 15% fines content are more sensitive to changes in the moisture content while a reverse behavior 
is observed for the specimens prepared at 20% fines content. Furthermore, the permanent 
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deformations of the specimens prepared at 15% fines content are only comparable with that of the 
standard specimens of the laboratory tests. The deformations in these specimens doubled when the 
moisture content increases from OMC-1% to OMC. 

 
Figure 4.13 Load-deformation response of large specimens from cyclic stage test 

 

Comparison of Laboratory and Small-Scale Tests 
This section deals with the comparisons of the test results obtained from the laboratory and small-
scale tests. These results are also correlated to understand the impact of the fines content and 
moisture content on the laboratory tests and small-scale tests. 

Effect of Moisture Content on Laboratory Tests 
The relationships between the normalized moduli, UCS and permanent deformation with the 
normalized moisture content of standard specimens are shown in Figure 4.16. The normalized 
modulus is defined as the ratio of the measured modulus at a given moisture content and the 
modulus at OMC. The UCS and permanent deformation are also normalized in a similar way. The 
normalized moisture content is the difference between the measured moisture content and OMC 
divided by OMC. As the resilient modulus and permanent deformation tests were conducted only 
at OMC-1% and OMC, few data are available for analyses (Figure 4.16c and Figure 4.16d). The 
normalized FFRC modulus, resilient modulus and UCS decrease with increase in moisture content. 
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The results also show that the FFRC modulus is more sensitive to the changes in the moisture 
content as compared to the resilient modulus and UCS. Figure 4.16d shows that the normalized 
permanent deformation increases with increase in moisture content. The correlation coefficients 
(R2) for all cases are greater than 70% that indicate reasonably strong correlations between each 
test results and moisture content. 

 
Figure 4.14 Stiffness of large specimens from cyclic stage test: a) grouped by fines content 

and b) grouped by moisture content 

 
Effect of Moisture Content on Small-Scale Tests 
Figure 4.17 shows the variations in normalized moduli, stiffness and permanent deformation with 
the normalized moisture content of large specimens. The stiffness is measured from the maximum 
load and corresponding deformation from the continuous load in cyclic stage test. As the PSPA 
tests were conducted only at OMC-1% and OMC, few data are available for analyses (Figure 
4.17b). The increase in the moisture content results in decrease in the LWD and PSPA moduli 
(Figure 4.17a, Figure 4.17b). Both of these tests have reasonably good correlations. However, 
these relationships do not seem to be appropriate below a certain moisture content. Further, the 
stiffness values of the large specimens due to the continuous and cyclic ramp loads decrease with 
increase in the moisture content (Figure 4.17c). These stiffness values measured by the two loading 
methods at OMC are similar. However, the variations in the stiffness with moisture content are not 
as pronounced and well-defined as for the LWD and PSPA. Figure 4.17d shows that the permanent 
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deformation increases with increase in the moisture content. The result provides a reasonable 
correlation between the deformation and moisture content. 
 

 
Figure 4.15 Permanent deformation of large specimens from cyclic stage tests: a) grouped 

by fines content and b) grouped by moisture content 

 
Correlation of Laboratory Tests 
The test results from the three types of laboratory tests (i.e., MR, FFRC and unconfined 
compression tests) are correlated in Figure 4.18. The resilient moduli are reasonably correlated 
with the FFRC moduli and UCS. However, a weaker correlation is observed between the FFRC 
modulus and UCS. The relationship between the resilient modulus and the FFRC modulus of 
geomaterials reported by (Nazarian et al. 2014) is also superimposed in Figure 4.18a. The two 
relationships differ from one another. 

Correlation of Small-Scale Tests  
The relations of the test results from the LWD and cyclic plate load tests are shown in Figure 4.19. 
As cyclic plate load tests were carried out with three different plate diameters (diameters of 4 in., 
8 in. and 12 in.) using four different peak contact pressures (30 psi, 50 psi, 70 psi and 90 psi), a 
combination of twelves different relationships between the LWD modulus and the cyclic modulus 
are obtained. The R2 typically increases with decrease in the plate diameter, except at the peak 
contact pressure of 30 psi. Further, the R2 also typically increase with increase in the peak contact 
pressure from 50 psi to 90 psi. The results also indicate that the LWD moduli correlate reasonably 
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well with the cyclic moduli measured with the largest plate (12 in. diameter) and the highest peak 
contact pressure (90 psi).  
The LWD used for the tests has 8 in. diameter plate and the peak contact pressure under the plate 
during the LWD test is approximately 34 psi. The cyclic modulus test with 8 in. diameter plate and 
30 psi peak contact pressure is comparable with the LWD test. Interestingly, the LWD test results 
yielded the highest R2 of 70% (see Figure 4.19a) with the cyclic modulus test conducted with 8 in. 
diameter plate at the peak contact pressure of 30 psi.  
Figure 4.20 shows the variations in the LWD modulus with the stiffness measured on the large 
specimens in the cyclic stage tests. The results from the two plate load tests are reasonably 
correlated to the LWD modulus.  

 
Figure 4.16. Variations in normalized moduli, UCS and permanent deformation with 

normalized moisture content in laboratory tests: a) FFRC Test, b) Unconfined 
Compression Test, c) Resilient Modulus Test and d) Permanent Deformation Test 

 
Correlation of Laboratory Test and Small-Scale Tests 
Figure 4.21 compares the permanent strains on the standard specimens from the laboratory tests 
with that of the large specimens from the small-scale tests. As permanent deformation tests on the 
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standard specimens were conducted only at OMC-1% and OMC, few data are available for 
analyses. The large specimens typically experience more permanent strains than the standard 
specimens. The permanent strains from the laboratory tests are poorly correlated with the small-
scale tests. 

 
Figure 4.17 Variations in normalized modulus, permanent strain and stiffness with 

measured moisture content in small-scale tests: a) LWD Test, b) PSPA Test, c) Cyclic 
Modulus Test (CST) showing stiffness and d) CST showing permanent strain 
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Figure 4.18 Variation in moduli and UCS of specimens in laboratory tests: a) Resilient Modulus (MR) Test and FFRC Test, b) 

MR Test and Unconfined Compression Test (UCT), and c) UCT and FFRC Test  
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Figure 4.19 Variations in modulus of large specimens in small-scale tests with different 

loading plates at different peak contact pressures: a) 30 psi, b) 50 psi, c) 70 psi and d) 90 psi 
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Figure 4.20 Variations in the LWD modulus and stiffness of large specimens measured 

through cyclic stage test in small-scale tests  

 
Figure 4.21 Variations in permanent strains of laboratory tests and small-scale tests: 

Figure 4.22 shows the correlations between the k-parameters from the resilient modulus tests on 
the standard specimens and the permanent strains from the permanent deformation tests on the 
standard and large specimens. The k2 and k3 parameters have comparatively good correlation with 
the permanent strains from the standard laboratory specimens than those of the small-scale tests. 
On the other hand, the k1 parameters are better correlated with the permanent strains of the large 
specimens. The permanent strains from the standard and large specimens gradually decrease with 
increase in the magnitude of k1 parameter. 
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Figure 4.22 Variation of k-parameters with permanent strain measured from laboratory 
test (a, b and c). Variation of k-parameters with permanent strain measured in small-scale 

test (e, f and g) 

Figure 4.23 compares the FFRC moduli of the standard specimens with the PSPA moduli of the 
large specimens. A good correlation between the two parameters are observed with the PSPA 
modulus being about 10% greater than the FFRC modulus.  
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Figure 4.23 Variations in the PSPA modulus from small-scale test with the FFRC modulus 

from the laboratory test 
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Chapter 5 – Summary and Conclusions 
The goal of this research was to understand the effects of fines content and moisture content on 
the strength and stability of geomaterial used in base layers of pavement. The specific research 
objectives were as follows: 
 To evaluate the stiffness parameters of base materials with various fines contents and 

moisture contents;  
 To understand the impact of the variations in fines content and moisture content of base 

materials on their performance; 
 To develop a relationship among the stiffness parameters, fines contents and moisture 

content; and 
 To correlate the stiffness parameters obtained from the laboratory and field methods 

To achieve the stated goal and objectives, various experiments were carried out on the standard (6 
in. in diameter and 12 in. in height) specimens in the laboratory tests and on the large (36 in. in 
diameter and 6 in. in height) specimens in the small-scale tests. The specimens for the tests were 
prepared with four different fines contents: 5%, 10%, 15% and 20%. The moisture contents for the 
tests were varied between OMC-1% and OMC+1%.  
Based on the findings of the research, the following conclusions can be drawn: 

• An increase in moisture content was typically detrimental to the mechanical properties of 
the base material. The strength and stiffness of material decreased due to increase in the 
moisture content. The increase in moisture content also resulted in the increase in the 
permanent deformation for all fines contents.  

• The UCS, resilient modulus and FFRC modulus of standard specimens decreased with 
increase in moisture content. 

• With the increase in fines content, the UCS increased for the standard specimens prepared 
at OMC-1% and OMC, and the FFRC modulus increased only at OMC-1%. However, the 
resilient moduli were not as highly affected by the change in fines content. 

• The permanent deformation of the standard specimens increased with increase in moisture 
content for all fines contents. The permanent deformation typically decreased with increase 
in fines content. 

• The PSPA, LWD and cyclic moduli measured on large specimens typically decreased with 
increase in moisture content. The maximum PSPA moduli were achieved for the specimens 
prepared with the fines contents between 10% to 15% whereas the maximum LWD and 
cyclic moduli were achieved at 10% fines content. 

• The cyclic moduli were also impacted by the loading area (the plate diameter) and imposed 
load (the peak contact pressure). 

• As in the laboratory tests, the permanent deformation of the large specimens (in the small-
scale tests) during cyclic stage tests increased with increase in moisture content. However, 
no definite pattern of deformation on the large specimens was observed with increase in 
fines content. 

• The stiffness measured with the cyclic ramp load was greater than that from the continuous 
load. 

• In the laboratory tests, the resilient moduli showed reasonably good correlation with the 
FFRC moduli and UCS. 
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• In the small-scale tests, the LWD moduli correlated reasonably well with the cyclic moduli 
measured with the largest plate (12 in. diameter) and highest peak contact pressure (90 psi) 
in the cyclic modulus tests. 

• The FFRC moduli measured in the laboratory tests showed a good correlation with the 
PSPA moduli measured in the small-scale tests.  

• The permanent deformations measured in the laboratory tests showed poor correlations 
with that of the small-scale tests. 
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