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ABSTRACT: Earthwork and unbound aggregates, also called compacted geomaterials, are significant portions of the construction of 
pavements. Most distress, particularly for flexible pavements, can be related to insufficient stiffness/modulus of compacted 
geomaterials. With the recent popularity of mechanistic pavement design procedures, devices that can provide the modulus/stiffness 
of compacted layers have become popular. Although, the impact of moisture content on the stiffness of compacted geomaterial layers 
have been well understood, the process of correlating modulus/stiffness to the moisture and density parameters need more attention. 
Main objective of this study was to investigate the nonlinear modulus-moisture correlation of unbound geomaterials in both 
laboratory and in the field. A subgrade and base material were selected to construct laboratory specimens and field test bed. Both 
series of tests were performed under different moisture conditions above and below the optimum moisture content (OMC). Evaluation 
of the laboratory and field results showed that modulus decreases with higher moisture contents. However, the deviation of the 
moisture content from OMC correlate better with the ratio of modulus at a given moisture content to the modulus at OMC.    

RÉSUMÉ : Les travaux de terrassement et les agrégats non liés, également appelés géomatériaux compactés, représentent une part 
importante de la construction des chaussées et la majeure partie de la détresse, en particulier pour les chaussées souples, peut être liée à 
une rigidité / module insuffisants de géomatériaux compactés. Avec la popularité récente des procédures mécaniques de conception de 
chaussée, les dispositifs qui peuvent fournir le module / raideur des couches compactées sont devenus populaires. Bien que l'impact de la 
teneur en humidité sur la rigidité des couches de géomatériaux compactées ait été bien compris par de nombreuses études de chercheurs, 
le processus de corrélation du module / rigidité avec les paramètres d'humidité et de densité nécessite plus d'attention. L'objectif principal 
de cette étude était d'étudier la corrélation non linéaire entre le module et l'humidité des géomatériaux non liés, tant en laboratoire que sur 
le terrain. Un sous-sol et un matériau de base ont été choisis pour construire les échantillons de laboratoire et le banc d'essai sur le terrain. 
Les deux séries d'essais ont été effectuées dans des conditions d'humidité différentes au-dessus et en dessous de la teneur optimale en 
humidité. L'évaluation partielle des résultats de laboratoire et de terrain a montré que, de façon anticipée, les valeurs de module diminuent 
avec des teneurs en humidité plus élevées. Cependant, une corrélation relative de la teneur en humidité par rapport à MOC donne une 
meilleure corrélation avec le rapport de module aux conditions de champ au module dans des conditions optimales. 
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1  INTRODUCTION  

The modulus of a geomaterial is an important parameter 
affecting the life and performance of a pavement structure. The 
most common procedure to obtain the modulus of a geomaterial 
is through laboratory testing. The resilient modulus (MR) tests 
are commonly used for this purpose. These tests, in general, 
measure the stress-strain response of a cylindrical specimen that 
is subjected to numerous repeated axial stresses and confining 
pressures. The laboratory testing is the preferred method due to 
its controlled conditions. However, one of the several in situ 
devices can be used to ensure that the required modulus is 
achieved.  

Several studies have been conducted to obtain a relationship 
between moisture content and modulus based on laboratory 
testing (Puppala 2008). For example, Nazarian et al. (1999) 
reported the effects of the variation in moisture content on the 
modulus of base and subgrade materials. Similarly, Pacheco 
and Nazarian (2011) conducted laboratory testing to 
demonstrate the importance of moisture control to obtain a 
desired modulus. Khoury and Zaman (2007) investigated the 
relationship between moisture content and resilient modulus by 
preparing specimens at a given moisture content and then 
drying them back or wetting them. They concluded that the 

laboratory MR of the drying cycle resulted in greater moduli 
than the wetting cycle. Drumm et al. (1990) included two 
models to predict in-situ resilient moduli from index properties 
and moduli obtained in the laboratory. George and Uddin (2000) 
developed two models to predict moduli of fine-grained and 
coarse-grained soils considering the material physical properties. 
The Mechanistic-Empirical Design Guide (MEPDG) 
recommended relationships to estimate the modulus changes 
due to moisture variations with respect to the optimum moisture 
contents. Cary and Zapata (2010) expanded the MEPDG 
relationships to account for material properties (percent passing 
#200 sieve and plasticity index).   

Some other empirical studies have been undertaken to 
address the relationship between the laboratory MR and field 
modulus (Puppala 2008, Tanyu et al. 2003, Nazarian et al. 
1998). Gudishala (2008) indicated that the resilient modulus of 
cohesive and granular materials could be accurately calculated 
using a regression analysis for different devices, including 
dynamic cone penetrometer (DCP).  

The current study aims to demonstrate the importance of 
moisture content variation during and after compaction on 
stiffness of compacted geomaterials. The findings could be a 
basis to compare the relationship between the laboratory-
derived modulus and moisture content with similar relationship 
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 obtained from the field data. The following sections describe 
the procedures and analyses performed.   

2  LABORATORY PROGRAM 

The index properties of the geomaterials are summarized in 
Table 1. The optimum moisture contents and maximum dry unit 
weights obtained from the standard Proctor tests for the 
subgrade and modified Proctor tests for the base are reported in 
this table as well. The subgrade soil was classified as the low 
plasticity clay (CL) and the base geomaterials as the well-
graded gravel (GW) according to the unified soil classification 
system. In the next part of the laboratory studies, resilient 
modulus and free-free resonant column modulus of both 
geomaterials were estimated at different moisture conditions. 
 
Table 1. Index properties of geomaterials. 

Geomaterial 
USCS* 
Class. 

Specific 
Gravity 

Atterberg Limits Moisture/Density 

LL PL PI OMC**, % MDUW***,kg/m3

Subgrade CL 2.74 37 18 19 13.8 1815 

Base GW 2.65 Non-Plastic 8.7 2067 

*Unified Soil Classification System, **OMC = Optimum Moisture Content, 
***MDUW = Maximum Dry Unit Weight 

Resilient modulus (MR) of geomaterials is an important 
indicator of their stiffness under repeated loading conditions. 
MR is defined as the ratio of repeated deviatoric stress to the 
resilient strain during a cyclic triaxial test. Despite its 
shortcomings, MR tests remain the main approach in 
determining the properties of soils and unbound layers for 
pavement design purpose.  MR can be defined as a function of 
stress as per the following modified version of MEPDG 
equation, proposed by Ooi et al. (2004): 

           (1) 

where Pa = atmospheric pressure, θ = bulk stress, τoct = 
octahedral shear stress and k1 to k3 are the regression 
parameters.  

The seismic modulus is estimated using longitudinal 
resonant frequencies of a cylindrical specimen. The test method 
is known as free-free resonant column (FFRC) in which an 
impulse load is applied to the end of a cylindrical specimen to 
transmit seismic waves over a wide range of frequencies. The 
seismic modulus is calculated using the following equation:  

 

    (2) 
 

where fL = resonant frequency, L = length of specimen and ρ = 
density of specimen. 

Both MR and FFRC tests were performed on laboratory 
specimens prepared at the OMC, dry of OMC, and wet of OMC. 
The results of these tests are summarized in Figure 1. This 
figure depicts the variations of the FFRC moduli and 
representative MR values with moisture content. Higher 
moisture contents are associated with lower moduli. The 
representative stress state advocated by Witczak et al. (2000) 
was used to calculate the representative resilient moduli. Figure 
2 summarizes the relationship between the laboratory 
representative MR and FFRC moduli for each material. For the 
subgrade, the laboratory representative MR is on average 40% 
of the FFRC modulus while for the GW base materials, the 
laboratory representative MR is 16% greater than the FFRC 
moduli.  

 

 
Figure 1. Variation of laboratory representative MR and FFRC moduli 
with moisture content. 

 
Figure 2. Correlation of laboratory representative MR with laboratory 
FFRC modulus. 

3  FIELD EVALUATION 

A set of field evaluations were performed along a test section in 
Louisiana, USA to investigate the impact of moisture 
conditions during and after compaction process on the stiffness 
of compacted geomaterials. Prior to placing the subgrade layer 
in the field, the top layer of embankment soil was removed and 
the embankment layer was prepared to the proper grade. A 300-
mm thick layer of subgrade was placed at different gravimetric 
moisture contents (dry of OMC, OMC, wet of OMC, and 
saturated). The base layer (200 mm thick) was placed following 
the reworking and compaction of the subgrade layer. The base 
layer was prepared and compacted at three different moisture 
levels (dry of OMC, OMC, and wet of OMC). The following 
tests were performed on compacted geomaterial layers: 
- Portable Seismic Property Analyzer (PSPA), three 

replications at each station (the device was slightly moved 
and rotated between readings) 

- Zorn and Dynatest Light Weight Deflectometers (LWDs), 
according to ASTM-E2583 specifications (three seating 
drops followed by three reading drops)  

- Dynamic Cone Penetrometer (DCP) as per ASTM-D6951 
specifications 

Random soil samples were also extracted at different spots from 
the compacted layer to determine the laboratory oven-dry 
moisture content as per ASTM-D4959. The following sections 
summarize the principles of modulus/stiffness-based devices 
that were employed in this study.  

LWD applies impulse load to the geomaterial surface and 
measures the deflection through a sensor embedded either under 
or inside the loading plate. Eq. 3 is then used to estimate the 
stiffness of the underlying layer: 

ELWD = [(1 – ν2) F / (π a dLWD)] f          (3) 
 

where ν = Poisson’s ratio of geomaterial, a = radius of load 
plate, F = LWD load, dLWD = LWD surface deflection, and f = 
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shape factor which is a function of the plate rigidity and soil 
type. 

The DCP test involves driving a cone shaped probe and 
measuring the penetration of the device with the number of 
hammer drops. The rate of penetration of the probe is used to 
obtain layer thicknesses and moduli.  ASTM D6951 includes a 
process to calculate the California Bearing Ratio (CBR) using 
the DCP penetration index (blows per penetration unit). CBR 
can then be converted to modulus through empirical 
relationships. The following equation, developed by Transport 
Research Laboratory (TRL), was used in this study to calculate 
the DCP modulus: 

EDCP = 17.58 CBR0.64                   (4) 
 
where EDCP = DCP modulus (in MPa).  

The Portable Seismic Property Analyzer (PSPA) consists of 
two accelerometers and a source in a hand-portable system 
(Nazarian et al. 1999). PSPA measures the linear elastic average 
modulus of a layer based on generating and detecting stress 
waves. Both PSPA and DCP measure layer-specific properties 
while the LWD modulus is affected by the stiffness of 
underlying layers as well (i.e. LWD measures a composite 
modulus of the pavement structure). 

Figure 3 compares the average field subgrade moduli 
measured with the PSPA, two LWDs and DCP at four nominal 
moisture levels (saturated, optimum, dry of optimum, and wet 
of optimum). All devices exhibit lower moduli with increased 
moisture content. The DCP and Zorn LWD indicate slightly 
higher moduli for the wet section as compared to the optimum 
section. Figure 3a also includes the laboratory representative 
MR moduli. The trend of the laboratory representative MR at 
different moisture levels follows the field trends except for the 
section placed at the optimum moisture content. One interesting 
observation is the differences between the moduli from the Zorn 
and Dynatest LWDs. Due to the functional differences between 
these two devices, they reported different moduli in the field. 
Figure 3b compares the field PSPA moduli with the laboratory 
FFRC moduli at various moisture levels. The PSPA results for 
the saturated section are not included because the material was 
too soft to be within the operational limits of the device. There 
is a reasonable correlation between field PSPA and laboratory 
FFRC moduli. The PSPA moduli at the optimum section is 
again slightly less than the wet section. Comparing Figures 3a 
and 3b the PSPA and DCP exhibit the same trends between the 
dry, optimum, and wet sections since both these devices are 
layer specific.  
 

 

 
Figure 3. Variation of field and laboratory moduli of subgrade layer. 

Base materials were prepared and tested at three moisture 
levels (dry of optimum, optimum, and wet of optimum). Figure 
4a compares the field moduli with the laboratory representative 

MR values. The representative laboratory MR values follow the 
expected trend based on moisture content. However, the 
variations of the field moduli from different devices are not 
quite similar to the laboratory trend.  

Figure 4b compares the measured field base PSPA moduli 
with the laboratory FFRC moduli. The field PSPA moduli 
increase when the field moisture content declines especially 
between the wet and optimum sections. The same trend is 
observed from the laboratory FFRC moduli. 

 

 
Figure 4. Variation of field and laboratory moduli of base layer. 

 

Witczak et al. (2000), as part of the development of the 
Mechanistic-Empirical Design Guide (MEPDG), proposed Eq. 
5 to accommodate the effect of moisture and density variation 
on modulus:  

   (5) 

where MR = modulus at a degree of saturation S; MRopt = 
modulus at the maximum dry density and optimum moisture 
content; Sopt= degree of saturation at the maximum dry density 
and optimum moisture content; a = minimum of log(MR/MRopt) 
(-0.3123 and -0.5934 for coarse- and fine-grained materials, 
respectively); b = maximum of log(MR/MRopt) (0.3010 and 
0.3979 for coarse- and fine-grained materials, respectively); km 
= regression parameter. 

Cary and Zapata (2010) proposed a more general form of Eq. 
5 by incorporating percent finer than No. 200 sieve (w, in 
decimals) and plasticity index of the materials (PI, in percent): 

 	 	 	 log	 	 	 .. .               (6) 

 
where  = -0.600,  = -1.87194,  = 0.800,  = 0.080,  = 
11.96518, and  = -10.19111. 

The normalized field moduli (M/Mopt) are plotted versus the 
change in in-situ degree of saturation (S-Sopt) in Figure 4. The 
results from the PSPA (Figure 5a) and DCP (Figure 5d) are in 
agreement with the MEPDG model for fine-grained soils as 
long as the soil is compacted dry of OMC; and with the Cary 
and Zapata model (for wPI=0) when the subgrade is placed wet 
of OMC. The results of the two LWDs follow both moisture-
modulus models when the subgrade is placed close to OMC or 
wet of OMC, while the moduli do not closely follow the models 
at dry side of OMC.  

Different combinations of moisture contents with respect to 
the OMC were correlated with moduli. It was found that the 
variations of the normalized field moduli (M/Mopt) were better 
explained when compared with normalized moisture content 
[(MC-OMC)/OMC] as presented in Figure 6. The PSPA 
(Figure 6a) and DCP (Figure 6d) data follow the proposed 
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 correlation reasonably well. However, the results from the two 
LWDs only follow the proposed trends for subgrades placed 
close to OMC or wet of OMC. For the sections placed at dry 
side of OMC, the field LWD data show a dramatic increase as 
compared to the laboratory-developed models. Considering the 
depth of influence of the LWD (which penetrates the underlying 
layer) and compared with the data from the PSPA and DCP 
(which are both layer specific), the sudden increase in the LWD 
moduli at the dry section could be due to a stiffer embankment 
layer.  

 

 

 

 

 
Figure 5. Variations in normalized field modulus with normalized 
degree of saturation of subgrade layer. 

 

 

 

 
Figure 6. Variations in field modulus with normalized moisture content 
of subgrade layer 

4  CONCLUSION 

In this study, labroatory and field investigations examined the 
modulus-moisture correlations. Expectedly, the compacted 
geomaterials with higher moisture content are less stiff 
compared to dry conditions. Furthermore, the ratio of the 
modulus in the field to the modulus at optimum moisture 
content (OMC) are better correlated to the ratio of the 
difference between field moisture content and OMC with 
respect to OMC. The field data from four different 
modulus/stiffness-based devices are reasonably well-correlated 
with the representative resilient and seismic moduli in 
laboratory conditions. However, these results are based on the 
partial evaluation of a clayey subgrade soil and a corase-grained 
base geomaterials. The extension of this study to a wider range 
of compacted geomaterials in laboratory and field conditions 
would yield a more global correlation.  
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