Seasonal Variations in the Moduli of
Unbound Pavement Layers

PUBLICATION NO. FHWA-HRT-04-079 JULY 2006

Q

US. Department of Transportation
Federal Highway Administration

Research, Development, and Technology
Turner-Fairbank Highway Research Center
6300 Georgetown Pike

McLean, VA 22101-2296



FOREWORD

The in situ moduli of unbound pavement materials vary on a seasonal basis as a function of temperature
and moisture conditions. Knowledge of these variations is required for accurate prediction of pavement
life for pavement design and other pavement management activities. The primary objective of this
study is to advance the rational estimation of seasonal variations in backcalculated pavement layer
moduli using data collected via the Seasonal Monitoring Program of the Long-Term Pavement
Performance (LTPP) Program. Principal components of this endeavor included: evaluation of the
moisture predictive capabilities of the Enhanced Integrated Climatic Model (EICM); development of
empirical models to predict backcalculated pavement layer moduli as a function of moisture content,
stress state, and other explanatory variables; and trial application of the models developed to prediction
backcalculated moduli for unbound pavement layers.

This investigation yielded two key findings. First, it provided the impetus for developing EICM
Version 2.6 by demonstrating the practical inadequacies of EICM Versions 2.0 and 2.1 when applied to
the prediction of in situ moisture content, and then demonstrated that improvement in the moisture
predictive capability of the EICM had been achieved in Version 2.6. Second, the research identified
fundamental discrepancies between layer moduli backcalculated using linear layered-elastic theory and
the laboratory resilient modulus test conditions.
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SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in’ square inches 645.2 square millimeters mm?
ft* square feet 0.093 square meters m?®
yd? square yard 0.836 square meters m?®
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft cubic feet 0.028 cubic meters m°
yd? cubic yards 0.765 cubic meters m?®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius °C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in® poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM S| UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in’
m? square meters 10.764 square feet ft*
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi?
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m° cubic meters 35.314 cubic feet ft*
m° cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
°C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m® 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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CHAPTER 1: INTRODUCTION AND RESEARCH OBJECTIVES

INTRODUCTION

Among the more important considerations in pavement design is the fact that the in situ
moduli of the pavement layers vary on a seasonal basis, due to variations in the environmental
conditions within the pavement structure. For the sections under study in the Seasonal
Monitoring Program!! of the Long-Term Pavement Performance (LTPP) program, the
observed amplitude of seasonal variations in backcalculated moduli for unbound pavement
layers, exclusive of frost effects and expressed as a percentage of the minimum observed
modulus, ranges from 1 percent to more than 300 percent.

Seasonal variations in pavement layer moduli are important because the deflections, stresses,
and strains induced in the pavement by traffic loads, and the resultant incremental damage
imparted to the pavement, vary with the moduli of the pavement layers. Unlike most
structures, pavements are designed with a finite life expectancy, with design lives greater than
25 to 35 years being the exception, not the rule. The key to cost-effective management of a
network of pavements lies in the ability to predict the condition of each pavement at any
selected time, and when each will fail (i.e., performance) with a reasonable degree of
accuracy and precision. This cannot be achieved without considering the seasonal variations
in the pavement layer moduli, and resultant variations in incremental damage.

The work discussed here applied data collected through the Seasonal Monitoring Program of
the LTPP program to study the issue of seasonal variations in unbound pavement layers,
exclusive of frost effects. Within the Seasonal Monitoring Program, data characterizing both
the structural changes in the pavement and the key factors believed to cause those changes are
collected monthly. Selected site-specific weather data are collected continuously. The test
sections at which these data are collected are geographically dispersed and thus represent a
broad array of temperature and moisture conditions prevalent in the United States. Details of
test sections and the data used in this investigation are provided in Chapter 3.

RESEARCH OBJECTIVES

The overall goal of this research was to advance the state of the art relative to the estimation
of seasonal variations in backcalculated pavement layer moduli for unbound pavement
materials under nonfrozen conditions. Four specific objectives, elaborated in the next section,
support that goal:

1. Characterizing the extent of variation in backcalculated pavement layer moduli
obtained for the LTPP Seasonal Monitoring test sections.



2. Evaluating the moisture prediction capabilities of the Enhanced Integrated
Climatic Model (EICM).

3. Developing models to predict backcalculated pavement layer moduli as a function
of moisture, stress state, and other pertinent variables.

4. Demonstrating how the results associated with objectives 1-3 may be applied to
estimate backcalculated pavement layer moduli for unbound pavement materials.

RESEARCH APPROACH

This study applied data collected via the Seasonal Monitoring Program of the LTPP program
to build upon the foundation embodied in the EICM for the prediction of backcalculated
pavement layer moduli for unbound pavement layers under nonfrozen conditions. The overall
research approach was comprised of four major tasks:

1. Assembly, manipulation and assessment of data from the LTPP Seasonal Monitoring
Program. This task is the foundation for all subsequent work. In addition to yielding
the data sets used in the subsequent analysis, the data assessment element of this task
provided more broadly based information on the extent of seasonal variations in
pavement layer moduli than has heretofore been available. This information is of value
in its own right, and provides a basis for evaluating the outcome of work toward
objectives 3 and 4. Task 1 and its outcomes are discussed in detail in Chapter 3.

2. Evaluation of the moisture-predictive capabilities of the EICM. In this task, LTPP
Seasonal Monitoring Program data were applied to evaluate the accuracy of pavement
moisture predictions obtained using the EICM. This work was originally undertaken to
establish the accuracy of moisture predictions obtained using Version 2.0 of the
EICM, and subsequently evolved to include evaluation of Versions 2.1 and 2.6 of the
EICM, as well. A detailed discussion of task 2 is in Chapter 4.

3. Development of models to predict backcalculated layer moduli for unbound materials.
This task sought to provide the “missing link” between the moisture predictions
obtained with the EICM and the desired end result—estimates of layer moduli on a
seasonal basis. A detailed discussion of task 3 is in Chapter 5.

4. Trial application of the regression models developed in task 3 to demonstrate their use
in estimating seasonal variations in unbound pavement layers. In this task, a procedure
for applying the outcome of task 3 was proposed and applied to predict pavement
layer moduli for several test sections representing varying climatic conditions. The
procedures and results obtained in task 4 trial applications are in Chapter 6.

Overall conclusion and recommendations drawn from this study are presented in Chapter 7.



CHAPTER 2: LITERATURE REVIEW

INTRODUCTION

As noted previously, this investigation is concerned with the seasonal variations exclusive of
frost effects that occur in the moduli of the unbound base, subbase, and subgrade materials
within pavement structures. To provide the context for this investigation, a brief discussion of the
different methods of determining moduli for unbound pavement materials is followed by an
overview of the means by which seasonal variations are addressed in the pavement design and
evaluation process. Subsequent sections address the factors that influence the moduli of unbound
pavement materials, efforts to develop relationships between those factors and moduli, the
findings of field investigations of seasonal variations, related investigations, and existing
environmental-effects models applicable to pavements.

SOIL MODULUS: M; VERSUS E

The modulus of a material is a measure of stiffness, by definition, the ratio of stress to strain. The
term modulus, by itself, is used here in the generic sense, and carries with it no implication as to
how it was determined. In pavement engineering practice, several primary methods are used to
determine the moduli of unbound pavement materials. The first is the laboratory resilient
modulus, or M; test. Another approach is to interpret nondestructive pavement deflection data
through a process known as backcalculation to estimate the in situ moduli of the layer materials.
The notation E (for Elastic modulus) is commonly used to refer to backcalculated moduli, and
that convention will be used here, whereas the notation M, will be used exclusively for the
laboratory test result.

While M; and E are used to characterize pavement stiffness for the same general purposes, it is
important to understand that quantitative differences in magnitude may exist between these
parameters. Numerical differences between E and M; (for nominally the same materials) are well
documented in the literature, as will be discussed in the next several paragraphs.

Lee, Mahoney, and Jackson compared layer moduli backcalculated using the EVERCALC
program with those obtained via laboratory resilient modulus testing for 5 base layers and 16
subgrade soils at “similar stress states.”'* They reported differences in the range of 0 to 36
percent for the five base layers, with the lab moduli being consistently greater than the
backcalculated moduli. Moisture content differences in the range of —0.3 to 1.0 percent (lab -
backcalculated) may have contributed to the observed differences. For the subgrade layers,
differences in the range of —2 to +84 percent were observed. For 11 of the 16 soils, the
backcalculated moduli were greater than the lab values. As with the base layer moduli,
differences in moisture content in the range of —2.2 to 4.2 percent probably contributed to the
observed differences.



Daleiden et al. report a mean ratio of laboratory resilient moduli to backcalculated subgrade
modulus of 0.57. ) The corresponding standard deviation and ranges were 0.67 and 0.01 to
10.34, respectively. The data used in their analysis were from LTPP test sections in the southern
and north Atlantic regions.

The authors of the 1993 AASHTO Guide for Design of Pavement Structures (1993 guide) suggest
that moduli backcalculated for fine-grained subgrade soils should be multiplied by an adjustment
factor, C, not greater than 0.33 to approximate values obtained in laboratory testing.!¥) They
further state that the relationships between laboratory and backcalculated moduli may differ for
granular materials, and that this subject requires further research.

Von Quintus and Killingsworth sought to improve upon the guidance provided in the 1993 Guide
through analysis of LTPP data.!*! They reported the results presented in Table 1. The
MODULUS program was used in the backcalculation for this analysis.

Table 1. Difference between laboratory and backcalculated moduli at
equivalent stress states, Mr/EP!

Layer Description Mean Standard Coefficient of
Deviation Variation, %

Granular base/subbase under a
PCC surface 1.32 0.978 74.1
Granglgr base/subbase above 143 114 799
a stabilized material
Granular base/subbase under
an asphalt concrete 0.62 0.271 43.8
surface/base
Subgrade soil under a
stabilized subgrade 0.75 0.095 12.7
Subgrade soil under a
pavement without a granular 0.52 0.180 34.6
base/subbase
Subgrade soil under a
pavement with a granular 0.35 0.183 52.2
base/subbase

Overall, the literature suggests that backcalculated base and subbase layer moduli tend to be less
than the corresponding laboratory values, while moduli for subgrade layers tend to be greater
than the lab values, though exceptions do occur. M,/E ratios in the range of 0.35 to 1.42 are
typical, with the higher values corresponding to base layers, and the smaller end of the range
representing subgrade layers.

A number of factors contribute to the observed differences between M, and E. Whereas the
laboratory resilient modulus, M, is appropriately termed a material property (a readily measured
characteristic of a well-defined material sample), the backcalculated modulus, E, is not. The



value of E depends not only on the “true” in situ characteristics of the material comprising the
layer (including, but not limited to, stress state and moisture content), but also on the theoretical
model used to derive (backcalculate) the value, the limitations of that model, and the details of
the application of that model. Further discussion of issues related to the backcalculation process
is provided in later sections of this chapter, and in Chapter 3. Other factors that may contribute to
the reported differences include differences between the moisture, compaction, and confining
conditions of the materials at the time of testing.

ADDRESSING SEASONAL VARIATIONS IN PAVEMENT DESIGN AND EVALUATION

The degree to which seasonal variations in unbound pavement materials have been addressed in
pavement design and evaluation, and the approaches taken to addressing them, are widely varied.
Historically, the more widely known pavement design and evaluation procedures have provided
for consideration of seasonal variations only indirectly. For example, early versions of the
AASHTO pavement design procedure used a “regional factor” to adjust the design structural
capacity of the pavement for climatic conditions more or less severe than those present at the
AASHO Road Test, but did not directly address seasonal variations in the pavement structure.'®’
The 1986 AASHTO Guide for Design of Pavement Structures (1986 guide) was a watershed in
relation to the treatment of environmental effects in pavement design: It was the first widely used
pavement design methodology to incorporate explicit consideration of site-specific seasonal
variations in the stiffness of the subgrade soil, through the effective subgrade soil resilient
modulus.!” Conceptually, the effective subgrade soil resilient modulus is a damage-weighted
average. A nomographic solution is provided for the determination of the relative damage, uy.
This approach was retained in the 1993 guide.

One limitation of the 1986 guide (and the 1993 guide as well) is that it makes no explicit
provision for consideration of seasonal variations in the overlying pavement layers. Furthermore,
incomplete knowledge of the magnitude and duration of the subgrade modulus fluctuations that
occur, and the manner in which they vary as a function of location, materials, and other factors,
made it difficult for highway agencies to take full advantage of this advance.

Recognition of the need for explicit consideration of seasonal variations in the structural
characteristics of pavement materials has paralleled, if not arisen from, the development of
mechanistically-based approaches to pavement design and evaluation. Within this context, the
ultimate approach to considering seasonal variations is to divide the design period into “n”
discrete periods, such that the pavement structure and loading conditions within a given period
may be treated as constant. Cumulative damage concepts are applied to sum the

damage caused to the pavement in each period (i.e., each combination of pavement structure and
loading conditions) to obtain an estimate of the total damage induced over the design life.



Month Roadbed Soil Modulus, M, Relative Damage, uy
January 137,895 kPA (20,000 psi) 0.01
February 137,895 kPa (20,000 psi) 0.01
March 17,237 kPa (2,500 psi) 1.51
April 27,579 kPa (4,000 psi) 0.51
May 27,579 kPa (4,000 psi) 0.51
June 48,263 kPa (7,000 psi) 0.13
July 48,263 kPa (7,000 psi) 0.13
August 48,263 kPa (7,000 psi) 0.13
September 48,263 kPa (7,000 psi) 0.13
October 48,263 kPa (7,000 psi) 0.13
November 27,579 kPa (4,000 psi) 0.51
December 137,895 kPa (20,000 psi) 0.01

Summation: X us = 3.72
Average ug: = 2 ugn =0.31
Effective roadbed soil resilient modulus, M; kPa (psi) = 34,474 (5,000)
(corresponds to average uy)
up=1.18 x 10%72 M, >**

Figure 1. Chart for estimating effective roadbed soil resilient modulus for flexible
pavements designed using the serviceability criteria M

With modern computing capabilities, the approach is straightforward and provides an easy
mechanism to account for and explain differences in pavement performance that occur as a result
of environmentally induced variations in the structural characteristics of pavement materials.
This general methodology has been implemented by several researchers. (See references 8, 9,

10, 11.) The number of discrete periods considered ranges from 4 (i.e., the 4 seasons) to 12 (1
per month).

Within the ninth edition of the Asphalt Institute’s procedure for design of flexible pavements
(known as MS-1), seasonal variations are considered by way of three representative temperature
regimes defined by the mean annual air temperatures (MAAT) of 7 °C, 15.5 °C, and 24 °C.!"?!
Separate design charts are provided for each temperature regime. In developing the design charts
for the 7 °C and 15.5 °C temperature regimes, the subgrade modulus and the k; coefficient in the
constitutive model M, = k;0** for the granular base layer were varied on a monthly basis (within
a cumulative damage framework) to reflect the effects of freezing, thawing, and recovery, while



the moduli for the asphalt bound layers were varied as a function of the mean monthly

temperature. The monthly values used for the granular base and subgrade layers are presented in

Table 2 and Table 3, respectively. Values for December are equal to the “normal” values used to

define the quality of the material under consideration.

Treatment of seasonal variations in the U.S. Air Force design procedure is similar to that in MS-

1, in that design temperatures are used to determine monthly values for the asphalt concrete (AC)

modulus.["*! However, only two subgrade soil conditions are considered: normal and thawed. As
in the development of MS-1, the variations in modulus are considered within a cumulative

damage framework.

Table 2. Subgrade moduli used in the Asphalt Institute DAMA program %!

MAAT Subgrade Modulus (by month), 10

Nog'in/lal Dec | Jan | Feb | Mar | Apr | May | June | July | Aug | Sept | Oct | Nov
471.5 451159273387 (50.0 |09 [1.62 |2.34 |3.06 |3.78 |4.5 |45
172.0 12.0 [ 21.5 | 31.0 | 40.5 |50.0 [6.0 |7.2 |8.40 [9.6 [10.8 [12.0 |12.0
272.5 22.5(29.4 363 | 43.1 [50.0 |15.8 [17.1 [18.5 |19.8 [21.2 [22.5 225
145.:55 45| 45(273] 50|135]2.14 [293 [3.71 |45 |45 |45 |45
}gg 12.0 [ 12.0 | 31.0| 50.0 | 7.2 [8.4 |9.6 [10.8 |12.0 |12.0 [12.0 |12.0
;gg 22.5(22.5 383500 [18.0 |19.1 [203 [21.4 [22.5 [22.5 [22.5 |25




Table 3. Monthly granular base k1 values used in the
Asphalt Institute DAMA programm]

MAAT Monthly Value for k ; 10°, M, = k;0"%, k, = 0.5, M, in kPa (psi)
NO;‘Enal Dec | Jan | Feb | Mar | Apr | May | June | July | Aug | Sept | Oct | Nov
oo | 80[120]160(200 240 | 20 [32 | 44 |56 | 68 (80 |80
o |120]180(240(300 360 | 3.0 [48 | 66 |84 [102 120 |12
1::3 8.0 [ 160|240 | 20 (35 | 50 |65 |80 [80 |80 |80 |80
gg 12,0240 360 3.0 |525| 75 |9.75 | 120 [12.0 [120 |12.0 |[12.0

A common limitation in much of the work done to date, including the 1993 AASHTO guide, is
the absence of significant, broadly applicable, and well supported quantitative guidance as to
appropriate design values—seasonal or otherwise—to use for base, subbase, and subgrade layers.
Definitive guidance in this regard has been developed, but is generally limited with respect to the
geographic range over which it is valid. For example, the developers of the mechanistic-
empirical overlay design procedure used in the State of Washington have established a set of
seasonal factors describing the relative seasonal moduli for typical Washington State base and
subgrade materials for each of the two major environmental zones present in the State.!'*'!
These factors, summarized in Table 4, may be used to estimate the moduli for different seasonal
conditions using the modulus for any one condition as a starting point. For example, if one
knows the modulus of the material in question under dry conditions, one can estimate the
modulus of that material under wet conditions by multiplying the dry value by the wet/thaw
factor for the material type and environmental zone in question.

Table 4. Seasonal variations of unbound material moduli for Washington State!"”

Base Subgrade
Region Wet/Thaw Dry/Other Wet/Thaw Dry/Other
Eastern 0.65 1.00 0.95 1.00
Western 0.80 1.00 0.90 1.00

The seasonal factor approach to considering seasonal variations presumes substantial uniformity
in the materials used and the environmental conditions present within each region for which
seasonal factors are identified. It does not obviate the need for basic knowledge. Rather, it
represents an approach to using that knowledge, once it becomes available. Further, while the
approach is “transportable,” the results (seasonal adjustment factors) are not. Hence, these and
other “local” solutions are insufficient to address fully the general need to characterize,
quantitatively, the magnitude and timing of seasonal fluctuations in the moduli of unbound



pavement materials. More broadly applicable information is key to both effective use of the most
widely accepted existing pavement design procedure (the 1993 AASHTO guide) and the
development and use of improved pavement design and performance prediction procedures.

The state of the art with respect to consideration of seasonal variations in pavement performance
modeling is reflected in the development of the 2002 Guide for Design of New and Rehabilitated
Pavement Structures, currently ongoing through National Cooperative Highway Research
Program (NCHRP) project 1-37A. (See references 16, 17, 18, 19). In this work, the EICM
simulation model is used to provide predictions of climatic conditions (temperature, moisture,
and frost) within the pavement structure as they vary with time. For unbound materials, the
moisture prediction output of the EICM is used in models relating M, change to changes in
moisture to estimate the change in M; from the initial as-constructed condition to the equilibrium
condition. The specific relationship used is seen in Equation 1:

M, b-a
log =a-+t *
Mropt 1+ EXP (ﬂ + ks (S - SUPt ))
a = mln(log( Mr /Mropt ))
b = max(log( M,/ M,,))
B=In(-b/a) ()

In this relationship, My and S, are the resilient modulus and degree of saturation for the
laboratory optimum moisture and density condition, while S is the degree of saturation for the
moisture condition associated with M, This relationship is discussed further in the next section,
under the subheading “Moisture Conditions.” The EICM predictions of freezing and thawing are
used to determine when freezing and thawing occur, so that appropriate modulus values may be
assigned; predictions of the soil moisture suction are used to determine the extent of recovery,
and in turn, the modulus at a given time after thaw has occurred, but before full recovery.

In summary, over the past 40 years, approaches to considering seasonal variations in the
pavement design process have advanced from the use of purely empirical regional adjustment
factors that do not explicitly address the issue of seasonal variations to explicit methods which
relate changes in modulus to the factors that cause those changes. The latter approach is
embodied in the development of the 2002 Guide for Design of New and Rehabilitated Pavement
Structures.



FACTORS INFLUENCING THE MODULI OF UNBOUND PAVEMENT MATERIALS

Many factors affect the moduli of unbound pavement materials. Some are inherent to the
materials themselves; others are associated with the environment in which the materials exist or
the loading or stress conditions to which they are subjected. The factors found to be important in
a number of laboratory investigations are summarized in Table 5. At first glance, there is
considerable variation in the specific parameters considered. However, when one takes into
consideration differences in the scope of the various investigations (i.e., whether the investigator
was looking at a single crushed aggregate, or an assortment of fine-grained and granular
materials), and the relationships between the different variables identified, there is more
consensus than disagreement. Specifically, there is broad agreement that the most important
factors include stress conditions, moisture conditions (most often characterized by the degree of
saturation), density, and material characteristics (gradation or fines content, angularity,
plasticity). Although rarely addressed in the laboratory setting, frost and thaw effects are critical
when in situ conditions are considered for areas subject to freezing.

Stress Conditions

Stress conditions are generally regarded as the most important influence on resilient behavior of
granular and fine-grained materials. Most often, the behavior of granular soils has been found to
vary primarily as a function of the bulk stress (first stress invariant), while the applied deviator
stress has been found to be more important for fine-grained soils. The stress-sensitive nature of
the resilient modulus of granular materials has traditionally been characterized by Equation 2.

M.=K,0% (2)

where 0 is the bulk stress (i.e., the sum of the principal stresses), and K; and K, are regression
constants, or a variant of Equation 2, in which the confining pressure is used in place of the bulk
stress.

For the bulk stress model (Equation 2), reported values for K, range from about 4,826 to well
over 689,476 kPa (700 to well over 100,000 psi), depending on material type.!*” Most unbound
pavement materials have K, values in the range of 10,342 to 82,737 kPa (1500 to 12,000 psi).
Corresponding values for K, range from about 0.3 to 0.7, with 0.5 being a reasonable
representative value.

The resilient modulus of fine-grained materials has more often been characterized by Equation 3.
M. = kol 3)

where 64 is the applied deviator stress and k; and k; are regression constants. Note that the

negative sign on the k, coefficient in Equation 3 implies stress softening behavior (which is

typical of fine-grained soils), whereas stress-hardening behavior is more often observed in
granular materials.

10



Table 5. Parameters found to affect laboratory resilient moduli of
unbound materials

Material .
Typel Material Parameters Stress Parameter(s) Authors
Fine- A ti th
1ne g€, compaction me od, Repeated stress -
grained density, water content Monismith
i i i . et al.l?!
Granular OType and'gradatlon, void ratio, Confining pressure
% saturation
. . . Hicks and
Density, % passing 200, Confining pressure or .
Granular o . Monismith
aggregate type, % saturation bulk stress [22]
Densi i . .
ens1;[y ’ gradat‘lon, aggregate Confining pressure, bulk | Monismith
Granular | type, % saturation, degree of [23]
. stress et al.
crushing
% saturation, volume moisture
content, plasticity index (PI
0P o Y o x (PI), Thompson
group index, % silt, % clay, :
Subgrade . . . . Deviator stress and
California Bearing Ratio Robnett2¥
(CBR), % swell, specific
gravity, % organic carbon
Initial final i : .
nitia gnd tna suctlor}, Deviator stress, mean Edris and
Clays saturation, volume moisture [25]
. [2s] | stress, no. of load cycles Lytton
content, volume soil content
D f saturati f R
Granular cgree of saturation, degree o Bulk stress a.da an%l%]
compaction, gradation Witczak
Moisture tension, dry density, Bulk stress or second Cole, Irwin,
Granular temperature stress invariant and and
p octahedral shear stress Johnson'*”!
2nd stress invariant and
Dry density, moisture content, oct. shear stress (base); Ishibashi,
Base and |, . S . .
% passing 200, consolidation cyclic dev. stress and Irwin, and
subgrade . ) (28]
ratio maximum shear stress Lee

(subgrade)
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Table 5. Parameters found to affect laboratory resilient moduli of
unbound materials, continued

Material

Type Material Parameters Stress Parameter(s) Authors
Soil type, moisture tension,
frozen, and total water bulk stress or second stress | Cole,
Granular | content, temperature, dry unit | invariant/octahedral shear Johnson, et
weight, state with respect to stress a] [29:30:31.321
freeze/thaw
Saturated soil: efficiency.
fining st
(ot nd - i
Subgrade | Not investigated as such ) o and
unsaturated soil: net . [33]
: . Rahardjo
confining stress, matric
suction, and deviation Stress
Bulk stress due to
overburden, bulk stress due
Base and | Soil type, % saturation, grain- | to load and overburden, Vane®
subgrade | size distribution, density octahedral shear stress, &
anisotropic consolidation
ratio
Granular Thompson
Gradation, material type Bulk stress and Smith
base [35]
. Moist tent, plasticit
Fine- inccl)elti urr:kiiovr; filleﬁgtas ;Zln? le | Confining pressure Pezo et
grained ’ Y, p Ep al.’%
age
Moistu tent, opti
olsture Content, 00p fmum Granular: bulk stress and
Granular | Moisture Content, % . .
. . cyclic deviation. Stress [37]
and saturation, compaction, . . . Santha
. A 0 Cohesive: cyclic deviation.
cohesive | gradation, % swell, % Stress
shrinkage, density, CBR
Cogrse- Density, gradation, moisture Bulk stress Kolisoja®®
grained cont., type
Granular Moisture content, . Bulk stress Jin et al.B!
temperature, dry density
Fine- Dry density, moisture content, . Liand
. ; Deviator stress . [40]
grained soil type Selig
Granular Titus-
Suction, Dielectric constant, Bulk stress and octahedral Glover and
and fine- : L
. gradation, Atterberg limits shear stress Fernando
grained [41]
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Equation 4 has also been used to characterize the resilient behavior of fine-grained materials.

M, =K:+K;[Ki-(o1-03)] for K;>(o-03)
M. =K 7K [(o1-03)-Ki] for K;<(o1-03) (4)

In Equation 4, o, and o3 are the major and minor principal stresses, respectively, and the K,
values are regression constants, as before.!*”

Brown and Pappin note that use of Equation 2 in pavement analysis is likely to lead to inaccurate
results due to the limited range of stress paths considered in its development.*” They further
point out the need to consider effective stresses (as opposed to total stresses) in modeling the
behavior of saturated or partially saturated soils, particularly those that are fine grained.

Uzan evaluated Equation 2, finding that it does not adequately describe the behavior of granular

materials.[**] He further found that the relationship described by Equation (5).
— i K> ﬂ K3
M.=Kip,[—]"[—] (5)

in which 0 is the bulk stress and o4 is the dynamic deviatoric stress, results in better agreement
with observed behavior. (p, is atmospheric pressure, introduced to make the relationship
independent of the system of measurements.)

Ishibashi et al. explored a number of constitutive models with regard to their ability to explain
the resilient behavior of several fine-grained and granular materials.*®! An unusual aspect of
their work was the consideration of anisotropic as well as isotropic consolidation. This is
important because the anisotropic consolidation state, although rarely addressed in laboratory
testing, may be a more accurate representation of the in situ condition of the pavement materials.
Further, the effect of the consolidation ratio was found to be quite significant. For the four soils
considered, they found that Equations 6 and 7 were well suited to explain the behavior of
granular and fine-grained materials, respectively.

M, J
n:KI[_Z]KZ (6)
c Toct
Mr Gd
n:K3[_]K4 (7
ke Ty

In these equations, J; is the second stress invariant (6,62 + 6263 + 6361), G4 1s the repeated
deviatoric stress, To is the octahedral shear stress (1/3[(01-62)" + (62-03)° + (03-61)"]"), Tr is the
maximum shear stress, k; is the consolidation ratio (vertical consolidation stress divided by
horizontal consolidation stress, or 1/ky), and K, K», K3, K4, and n are regression constants.
Reported values for K; and K, were in the range of 11,032 to 64,121 kPa (1,600 to 9,300 psi)
and 0.14 to .61, respectively, while K3 and K4 values of 68,948 to 147,548 kPa (10,000 to 21,400
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psi) and -0.25 to -0.60, respectively, were obtained. The value of n was found to be
approximately 1.5 for the granular materials modeled with Equation 6, and 0.5 for Equation 7
(fine-grained soils), indicating that the consolidation ratio has a greater effect on the behavior of
the granular materials than on the fine-grained materials. However, this analysis neglected the
influence of several key factors.

Subsequently, Yang**! conducted a more complete analysis of the same data set considered by
Ishibashi et al.”?® In this analysis, Yang used Equation 8, which is applicable to both fine-grained
and granular materials.

Er=k1(950+951>)k2(]+Toct)k3k]g4 (8)

In this model, g, is the bulk stress due to overburden only; and g, is the bulk stress due to

overburden and load. Other variables are as previously defined. In contrast to the n values
reported by Ishibashi et al., Yang obtained k4 values of 0.83 and 0.91 for the granular materials;
0.52 and 0.51 for the fine-grained materials; and 0.69 for the combined data set. These values for
k4 are believed to more accurately reflect the true influence of the consolidation ratio than the n
values obtained by Ishibashi et al., by virtue of the fact that more of the other influential factors
were accounted for in the analysis. This work will be discussed in greater detail later in this
chapter.

Santha conducted an investigation of the resilient moduli of 45 granular soils, in which he
compared Equation 2 with Equation 5.°” His results support Uzan’s conclusion that Equation 5
is superior to Equation 2 in describing the behavior of granular soils. For Equation 5, he reported
K, values ranging from 130 to 918, with a mean of 421; K, values of 0.145 to 0.479 (mean 0.33)
and K3 values of —0.152 to —0.574 (mean —0.37). (All coefficients are dimensionless.) Thus, the
moduli decrease with increasing repeated vertical (deviator) stress (negative K3), and increase
with increasing bulk stress (positive K5).

In his study of the resilient behavior of 42 cohesive soils, Santha used Equation 9.

M, = K, P.[2£]C 9)

a

Note that Equation 9 is a special case of Equation 5, in which K5, the coefficient of the bulk
stress term, is taken to be zero (i.e., modulus is independent of the bulk stress). For the cohesive
soils, Santha reports K; values ranging from 188 to 1,263, with a mean of 645; and K3 values of -
0.07 to -0.60, with a mean of -0.026. (All coefficients are dimensionless.)

Witczak and Uzan'*¥ evaluated several constitutive relationships, including equations (8) and
(10), by applying each to the laboratory test data previously developed by Rada and Witczak!*®!,

0 k> s Toct k3
M. =(kip)(— ) (—
( p)(pa) (p ) (10)

a
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They found that equations (8) and (10) fit the observed material behavior far more closely than
any other constitutive model form evaluated. The coefficients obtained for these models for the
materials investigated are summarized in Table 6. As with Equations 5 and 8 (and unlike
Equations 2, 3, 4, 6, 7, and 9), Equation 10 has the advantage of being applicable to both
granular and fine-grained materials. The data set used in this investigation did not address the
issue of anisotropic consolidation, so no evaluation of that aspect of Equation 8 was possible.

Table 6. Dimensionless constitutive model coefficients for
Equations 8 (in kPa (psi)) and 10 (dimensionless)m]

Model Ln K; K, K3

7 82t09.5 ] 0.15t00.5 | -0.4100.3
9 5.5t06.4 | 0.5t00.95 | -0.5t00.1

Von Quintus and Killingsworth also concluded that Equation 10 is well suited to the
characterization of the stress sensitivity of laboratory resilient moduli.”) More details regarding
their work in this regard are presented under “Material Characteristics.”

More recently, Andrei evaluated fourteen different constitutive model forms.'*! The models
considered ranged from single-variable (0 or 1), two-parameter models to the general two-
variable, five-parameter model given in Equation 11, and several special cases of the latter.

ky ks
M,=K112,(‘9;3k"j (TP ”‘7] (1)
Kiks >0
ks.ke <0
k;>1

Both log-log and semi-log model forms were considered in Andrei’s work. He concluded that
Equation 11 yielded the best overall fit of the evaluation data set, with the proviso that the
regression constants must be constrained, as noted, to ensure rationality.

Other stress- or load-related parameters that have been investigated with regard to their influence
on the resilient behavior of granular and/or fine-grained materials in the laboratory include the
number of stress applications and the loading sequence (duration of stress application and rest
periods). (See references 21, 23, 26, 28.) The effect of variations in the loading sequence has
generally been found to be small in comparison to other factors.**** Similarly, as long as the
number of load applications is great enough that the material being tested has reached an
equilibrium state (as would be the case for moderate to high volume pavements), the effect of
number of load applications is not especially significant.*2***!
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Moisture Conditions

Moisture is generally regarded as being second only to stress conditions in its influence on the
moduli of unbound pavement materials, with increases in moisture content typically resulting in
significant reductions in the resilient modulus of the soil. (See references 21-26, 34, 36-40)
Monismith et al. note that the modulus of a fully saturated material may be as much as 50
percent lower than that of the same soil in a partially saturated condition.*") However, Chou
suggests that the general trend of decreasing modulus with increasing moisture content is much
less significant when effective stress conditions rather than total confining pressures are used as
the basis of comparison.*

For “typical” Illinois fine-grained soils, Thompson and Robnett studied the effect of degree of
saturation on resilient modulus.'**! For saturation (S,) ranging from 50 to 100 percent, and
densities corresponding to 95 and 100 percent of AASHTO T-99 compaction, they obtained the
relationships given in Equations 12 and 13, respectively (M, in units of kPa (ksi)).

M, =45.2-0.428S, (12)

M,=32.9-0.3348,
(13)
Thus, as the degree of saturation varies from 50 to 100 percent, the predicted resilient
modulus decreases by roughly an order of magnitude. This work considered total (as opposed to
effective) stress conditions.

Rada and Witczak note that the reduction in stiffness of granular materials with increasing
moisture content is especially significant at degrees of saturation in excess of 80—85 percent,
where a rapid loss of stiffness occurs with increasing saturation.'”®! However, the magnitude of
this effect varies from one material to another. Kolisoja’s results appear to differ somewhat, in
that the resilient modulus increases with increasing saturation up to 35-45 percent, and falls off
gradually thereafter.”® However, the maximum degree of saturation investigated by Kolisoja
was 77 percent. Hence, the behavior of the soils in question as they approach the fully saturated
condition is not known.

Noureldin conducted an investigation of (among other things) the effect of changes in moisture
content on the (backcalculated) moduli of granular base and subgrade materials for one test site
in Saudi Arabia, with all other factors (for all practical purposes) held constant.!**! For this site,
he found that an increase in the base course moisture content from 5 to 9 percent (4 percent
increase) corresponded to a 22.4 percent reduction in the modulus. The corresponding increase in
moisture content for the subgrade was from 6.8 to 13 percent (6.2 percent increase) accompanied
by a 35 percent reduction in the modulus.

Ksaibati et al. looked at the effect of moisture on backcalculated moduli for highway pavement

base and subgrade materials in Florida.!*”! They observed modulus changes of up to 96 percent
as the moisture content varied, with the magnitude of the change depending on the deflection
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testing device (falling weight deflectometer (FWD) or Dynaflect) used to obtain the data.
However, based on the discussion provided, it appears that the potential for changes in modulus
due to stress state variations arising from temperature-induced variations in the stiffness of the
overlying AC layers was not considered. Thus, the author believes that some portion of the
observed variation may in fact be attributable to stress sensitivity, as opposed to pure moisture
effects.

Whereas most researchers have characterized moisture conditions on the basis of moisture
content or degree of saturation, Edris and Lytton used soil suction, which is related to moisture
content and saturation, along with the internal stress state of the soil.*! Although there is a
tremendous amount of scatter in the data presented, the general trend is for the modulus to
increase with increasing suction up to a point, and then level off. Although the authors assert that
suction is a more appropriate parameter than moisture content or degree of saturation for use in
characterizing the effect of moisture conditions on resilient behavior, the data presented do not
appear to support that assertion. While no goodness of fit statistics are presented, the graphical
presentations of the data show much less scatter, and much clearer trends when either moisture
content or degree of saturation, rather than suction, is used as the explanatory variable. Titus-
Glover and Fernando also used suction (as well as moisture content and saturation) as an
explanatory variable in their development of regression models to predict the coefficients for
Equation 5."*" The set of models selected as being best included the suction term as an
explanatory variable for K;, but not for K, or K3. This work is discussed in more detail under
"Relating Resilient Moduli To Material Parameters."

Recent work by Witczak, Andrei, and Houston examined the laboratory modulus-moisture data
assembled and used in a number of earlier research efforts, and found relationships of the general
form presented in Equation 14,

log e =k *(m-m,,) (14)

rref

with My.¢being the resilient modulus at a reference moisture state represented by my.r, and m
being the moisture state associated with M. ') They considered both gravimetric moisture
content and degree of saturation as the variables used to characterize moisture state (m), and
recommend the use of degree of saturation, because data errors are more readily identified when
degree of saturation is considered. They also recommend use of the laboratory optimum
condition for the reference values. Witczak et al. developed the modified model presented as
Equation 15 because the laboratory data set on which Equation 14 is based was composed
entirely of test results within £30 percent of optimum, whereas field data indicate that lesser
degrees of saturation often occur in practice.
M b-a
log —=a+
M, 1+ EXP (B +k,*(S-S,,))
a = min(log( M, /M)
b = max(log( M, /M)

B =In(-b/a)

(15)
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This relationship is being used in the 2002 AASHTO Guide.

Density and Soil Structure

Some measure of density has been considered in most investigations of the factors affecting the
resilient behavior of granular and fine-grained materials. (See references 21-23, 26-28, 34, 36-
40.) Among the parameters considered are density, degree of compaction (relative to Standard
Proctor density, for example) or compaction energy, and void content. Although density affects
the moduli of both granular and fine-grained materials, it has been found that the magnitude of
this effect is small in comparison to those of stress and moisture conditions. This is especially
true when density variations are small.

For granular soils, resilient modulus tends to increase with increasing density. Further, this
general trend is relatively independent of moisture content or degree of saturation.”>**** Hicks
and Monismith found that for granular materials, the influence of changes in density decreased
as the percent fines increased.”? It has also been found that the effect of variations in density is
greater for partially crushed aggregate than for crushed aggregate.*”

For fine-grained soils, the resilient modulus may increase or decrease with increasing density,
depending on the moisture conditions."*” Wetter than optimum, the modulus tends to decrease
with increasing density; whereas, dryer than optimum, the trend is for modulus to increase with
increasing density. In addition, soils having a flocculated structure (typically resulting from static
compaction methods) tend to have higher moduli than those having a dispersed structure (from,
for example, kneading compaction).”*"

Material Characteristics

When one considers the many factors (such as gradation, mineralogy, angularity, surface
roughness, and plasticity) that make one soil different from another, it is intuitive that material
characteristics will have an effect on the moduli of the materials. Evidence that this is indeed the
case may be found in work by Rada and Witczak ** and Titus-Glover and Fernando,*") among
others. Key results from Rada and Witczak’s investigation of the resilient behavior of a broad
array of granular materials are presented in Table 7. The coefficients given in the table are for the
bulk stress model (Equation 2). Note that the mean values for the different classes vary
considerably, and that even within a given aggregate class, K; values may vary by more than an
order of magnitude. While some of this variation is more than likely attributable to differences in
moisture conditions and density, it is reasonable to assume that much of it is attributable to
differences in other material characteristics.

The results obtained by Titus-Glover and Fernando when they applied Equation 5 to test results
for a somewhat broader array of material types are summarized in Table 8."*" The testing from
which these results were derived was conducted at the optimum moisture content for each
material, which ranged from 3.97 percent for the sand to 19.76 percent for the fat clay. As with
the results of Rada and Witczak, there is considerable variation in the model coefficients
between the material types.
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More recently, Von Quintus and Killingsworth obtained the results presented in Table 9 for
laboratory test results from 125 LTPP test sections, evaluated using Equation 5.°) They report
that average R” values of 0.85 or greater were obtained in all cases. Substantial, differences are
observed between many of the mean values presented in Table 9 and those presented in Table 8.
However, most of the Table 8 values fall within the ranges reported in Table 9 for comparable
materials. The between-material variability reflected in the ranges and standard deviations (SD)
reported in Table 9 is very high.

Table 7. Summary of K1 and K2 statistics by aggregate class

[26]

No. of
Aggregate | Data K; Parameter (kPa (psi)) K, Parameter
Class Points | Mean SD Range Mean | SD Range
4,895 to
Silty sands g | ILIT0N 53781 56 407710 t0] 0.62 | 13 03610080
(1620)|  (780) 1830)
5,929 to
S;‘:del 37 'Z’i’ﬁg %2360%7) 88,529 (860 to| 0.53 | 17 |0.24 to0 0.80
grav 12840)
Sand- 12,962 to
aggregate 78 %2&95902) 3,613303) 76,325 (1880| 0.59 13 {0.23 t0 0.82
blends to 11070)
11,756 to
S(r:,sehed 115 ‘(‘3271101) ?71;‘69‘82) 390,726 (1705 045 | 23 |-0.16t0 0.86
to 56670)
39,300 to
Limerock 13 %1673?3 (17853%2) 578,194 (5700| 0.40 | 11 [0.00 to 0.54
to 83860)
64,121 to
Slag 20 25121590? }1397921705) 636,800 (9300| 037 | 13 [0.00100.52
to 92360)
4,895 to
All data 271 ?351%% (17175’295‘; 636,800 (710| 0.52 | 17 |-0.161t00.86
to 92360)
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Table 8. Summary of dimensionless K;-K3 parameters for
selected materials modeled using Equation 5'*"

Material K1 Kz K3
Limestone 2431 0.95 |-6.5%107
Iron ore 75| 1.01 | —2.2%10”
Sandy gravel | 152]0.88 |-2.9*10"
Caliche 322 10.88 | -9.8%10
Shellbase 318 | 0.80 | —9.8*10”
Sand 498 | 0.77 | —0.01
Silt 195 | 0.071 | —6.5%107
Lean clay 1951 0.068 | —0.19
Fat clay 1221019 | -0.36

Table 9. Summary of average elastic coefficients and exponents for LTPP materials
modeled using Equation 5 (dimensionless)"’

Mean K; Mean K, Mean K;
Material (Range) (Range) (Range)
SD SD SD
594 0.44 —0.19
Clay (87 to 2039) (—0.20 to 0.53) (—0.55 t0 0.30)
472 0.16 0.22
426 0.42 -0.23
Silts (136 to 838) (—0.05 to 0.66) (—0.57 t0 0.05)
187 0.17 0.15
598 0.44 —0.12
Sands (103 to 3494) | (—0.33 t0 0.99) (—0.43 t0 0.89)
351 0.21 0.16
836 0.23 —0.08
Gravels (229 t0 3172) | (—0.27 t0 0.59) (—0.33t0 0.67)
710 0.22 0.23
869 0.65 —0.04
Base (250 to0 2323) | (—01.8 to 1.07) (—0.33 t0 0.61)
292 0.15 0.13

Parameters describing gradation are perhaps the most widely investigated material
characteristics. Several investigators have approached this issue by varying the fines content
for several different aggregates. (See references 22-23, 26, 28.) The results reported typically
show inconsistent trends, with the effect of increased fines content varying from one material
to another”~%. Although one would intuitively expect that extreme increases in the fines
content will have a very marked affect on behavior, regression equations developed by Rada
and Witczak indicate that the influence of fines content in the range of 3 to 17 percent is
negligible in comparison to stress, moisture, and density parameters.*®!
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The results of Monismith, Hicks, and Salam show an increase in modulus as the fines content
increased from a coarse (2—3 percent fines) to a medium (5—6 percent fines) gradation for both
crushed and partially crushed materials.”*) However a decrease in modulus occurred as the
fines content was further increased from a medium gradation to a fine gradation (8—10 percent
fines).

Ishibashi et al. looked at four soils. Two were gravelly silty sand base materials differing only
in fines content. Two were subgrade materials, which were identical but for the substitution of
a sandy silty clay material for the minus number 7 fraction of the original gravelly sandy silt
in one soil.”™ For both the base and subgrade materials, the material having the higher fines
content exhibited the lower modulus.

Thompson and Smith looked at the resilient modulus of seven Illinois granular materials,
including two crushed stones, two crushed gravels, two gravels, and a partially (30-35
percent) crushed gravel.[48] The partially crushed gravel, and one material from each of the
other types conformed to one gradation specification, while the remaining three materials
conformed to another. The two gradation specifications differed only in the percentage
passing the no. 200 sieve. The one with the lower fines content required 2 +2 percent passing
200, whereas the higher fines content required 8 +4 percent passing 200. The materials were
tested at or near the maximum dry density, which varied from 1962 kg/m® (122.5 pcf) (low
fines content crushed stone) to 2300 kg/m’ (143.6 pcf) (high fines content crushed stone) and
the optimum moisture content, which varied from a low of 4.0 percent (low fines content
crushed stone) to a high of 9.0 percent (partially crushed stone, high fines content). At a bulk
stress of 138 kPa (20 psi), their resilient modulus results ranged from a high value of 244 MPa
(35.4 ksi) for the crushed stone having the higher fines content to a low of 134 MPa (19.4 ksi)
for the partially crushed gravel, which also had the higher fines content. Looking at the pairs
of similar material, in all cases, the material with the higher fines content had a slightly higher
modulus. How much of the difference is attributable to the different fines content, and how
much is attributable to different moisture and density conditions cannot be discerned from the
data.

Chen et al. considered six base/subbase materials used in Oklahoma, three limestones, one
sandstone, one granite, and one rhyolite, with all six materials prepared to have the same
gradation.!*”? Their results showed a 20- to 50-percent variation in resilient modulus with
aggregate type, with the magnitude of the difference depending on the bulk stress. The
samples used were compacted to 95 percent maximum dry density (relative to AASHTO
T180-90D), at optimum moisture content. The ranges for the densities and optimum moisture
contents were 2355 to 2403 kg/m® (147 to 150 pcf) and 5.2 to 6.0 percent, respectively—quite
narrow relative to those for the materials studied by Thompson and Smith. Hence, it is
reasonable to believe that much (but not all) of the observed between material variation in
modulus can be attributed to other characteristics of the materials.

One factor that contributes to between material differences in resilient behavior is the particle

shape or angularity, in the sense that crushed aggregates typically exhibit higher moduli than
partially crushed aggregates, due to the increasing angularity and surface roughness present in
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the crushed material.'”*! The magnitude of this effect has been found to increase with
increasing fines content.

In their investigation of Illinois subgrade soils, Thompson and Robnett found that percent
clay, plasticity index, liquid limit, percent organic carbon, percent silt, and group index were
all significant factors (at the 0.01 level) in explaining observed material variations in resilient
behavior.[*¥ Interestingly, their analysis of variance results indicated that soil classification
(AASHTO, Unified, or U.S. Department of Agriculture) is not a significant factor in
determining the resilient behavior of the soils studied. Thus, they concluded that soil
classification is not sufficient to characterize the resilient behavior of fine-grained soils. This
is not surprising when one considers that, at the extremes, two soils having the same
classification may be quite different, or conversely, that two soils having similar
characteristics may be just different enough to fall into different classifications.

Soil State with Respect to Freezing and Thawing

Although seldom considered in laboratory investigations (due to the complexity of the
required testing), the state of granular and fine-grained soils with respect to freezing and
thawing can have a very great effect on their resilient behavior, and thus be an important
consideration in the design and evaluation of pavements in regions subject to frost
penetration. Whereas most efforts to characterize the resilient behavior of soils have
addressed only nonfrozen materials, investigations at the U.S. Army Corps of Engineers’ Cold
Regions Research and Engineering Laboratory (CRREL) have considered a range of soil
states encompassing frozen, thawed, recovering (from thaw weakening), and fully recovered
conditions. (See references 27, 29-32, 50, 51, 52). Details of the CRREL investigations are
presented in the section “Relating Resilient Moduli to Material Parameters.” Key findings
relating to the impact of freezing and thawing on resilient modulus are as follows.

Cole, Irwin, and Johnson obtained core samples of a frozen sand base material, and conducted
laboratory resilient modulus testing on the samples in frozen, thawed, and recovered states.'*”
Constitutive models considered in this work included the bulk stress model (Equation 2), and
Equation 16.

Ki(J2/ 7o )™ (16)

In the frozen state, the resilient modulus of the sand base material remained around 10,000
MPa (1450 ksi) (depending on the applied deviator stress) at temperatures in the range of
—10 °C to about —4 °C, at which point it began to decrease rapidly with increasing
temperature, reaching 1,000 MPa (145 ksi) at a temperature near 0 °C. In the thawed state,
the observed resilient moduli varied (with stress and moisture tension levels) in the range of
40 to 200 MPa (5.8 to 29 ksi).
Subsequent work by Cole et al.*! and Johnson, Bentley, and Cole™" expanded this effort to
look at additional granular materials and additional test sites in a similar fashion. They found
that for frozen soils, the modulus is primarily a function of unfrozen water content, with
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applied stress becoming significant as the temperature approached the melting point. A
significant reduction in modulus upon thawing was followed by a gradual increase as the
materials drained during the recovery period.

Further extension of this work is reported by Cole et al.*' and by Johnson et al.** They note
that the modulus of frozen soil may be two to three orders of magnitude greater than the
thawed state modulus for the same soil. The relatively fine-grained soils exhibited lower
moduli in the frozen state than did the more coarse-grained soils. The difference was
attributed to the greater unfrozen moisture content of the fine-grained material. In general,
stress dependency in the frozen soils was found to be negligible in comparison to the
temperature effects. The lone exception to this was a silty fine sand subgrade for which stress
level was a significant factor in the frozen state. The M; versus temperature relationship was
found to be a strong function of the relationship between temperature and unfrozen moisture
content for each soil. For the thawed soils, as in previous investigations, K; was found to be
primarily a function of moisture tension, with some soils being more sensitive to variations in
moisture tension than others. During the recovery period, the observed increase in modulus
with increasing moisture tension ranged from a factor of 1.5 for a silty fine sand to a factor of
3.5 for a silty sandy gravel.

Collectively, the CRREL investigations show that the phenomena associated with freezing,
thawing, and subsequent recovery result in substantial changes in the moduli of an array of
granular materials, including a crushed stone, a broad array of sands, a silty sandy gravel, and
a dense graded stone. They further show that temperature and moisture conditions (the later
characterized in their work by moisture tension) must be considered in any attempt to predict
seasonal variations in the modulus of unbound materials. Additional details on the CRREL
work are presented under “Relating Resilient Moduli to Material Parameters.”

Additional Factors Influencing Backcalculated Moduli

The influential factors discussed thus far affect the moduli of unbound pavement materials
irrespective of the method by which the moduli are determined (i.e., through laboratory
testing or through backcalculation from pavement deflection data). Several additional factors
influence the backcalculation of pavement layer moduli, and thus the moduli derived through
that process. In broad terms, the most important of those factors (assuming the input data are
accurate, and the backcalculation has been done “correctly”) are the extent to which the model
used accurately characterizes the pavement structure and its response to load, and the extent to
which measured surface deflections are sensitive to the modulus of the individual pavement
layers, or between-layer differences in modulus. These factors will be discussed in the next
several paragraphs.

The basic problem addressed in the backcalculation process is to identify a set of layer moduli
that are theoretically consistent with input data consisting of a set pavement layer thicknesses
and Poisson’s ratios, a given applied load, and a measured pavement deflection basin resulting
from that load. There is no closed-form solution to this problem. In fact, for any given set of
input data, more than one solution may exist. Thus, the analyst must exercise considerable
judgment in evaluating the results of the backcalculation process. A number of criteria have
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been established to aid in this evaluation.!”>*! Applying these criteria has proven helpful, but
not infallible.

There are some situations where it is virtually impossible to derive a meaningful set of
backcalculated layer moduli from pavement-deflection data. Those situations arise when the
measured deflection basin is insensitive to either the modulus of one layer or to differences in
modulus between two adjacent layers.”” The first situation quite often exists for pavements
having thin AC surface layers (where the definition of “thin” is typically on the order of 5-8
cm). The second situation occurs quite often when stabilized base layers are present, or where
the moduli of two adjacent layers are very similar. Often, the outcome of these situations is a
compensating error effect, wherein the backcalculated modulus of one layer is erroneously
high, while the modulus for the adjacent layer is erroneously low.

Measurement errors and errors in layer thickness arising from spacial variability in the
pavement may also result in moduli that are higher or lower than the “true” (unknown) value.
As a rule, the backcalculated moduli for the upper layers of the pavement are more sensitive
to errors in layer thickness than are deeper layers.[56]

Most often, the backcalculation of pavement layer moduli from deflection data utilizes a static
linear layered elastic model of the pavement structure.°”****) Key assumptions are that the
pavement layers are linear (i.e., not stress dependent), elastic, homogeneous, and continuous
in the horizontal plane. Real pavements violate all of these assumptions to one degree or
another, and there is little doubt that the discrepancies between model and reality have an
impact on the backcalculated layer moduli. For the purposes of backcalculation, the most
problematic discrepancies are the particulate nature and stress dependency of the unbound
materials. Some backcalculation procedures use approximate methods to address stress
dependency, with mixed success.|®” Use of a finite-element model (rather than the more
simplistic layered-elastic model) as the basis for backcalculation is seen as a mechanism to
more correctly model the particulate nature of unbound materials. However, much more
research is required to develop accurate finite-element-based backcalculation programs
suitable for use in pavement engineering practice.

Despite the challenges of the backcalculation process, and the noted discrepancies between
model and reality, backcalculation based on linear layered-elastic theory enjoys widespread
use as the best available nondestructive technology for estimating the in situ stiffness of
pavement layers. While theoretically imperfect, when used with engineering judgment, the
technology yields reasonable and useful results and fills a very real need.

RELATING RESILIENT MODULI TO MATERIAL PARAMETERS

The CRREL work cited in preceding discussions, as well as that of Yang,[3 4 Santha, " and
Titus-Glover and Fernando,'*! is of particular interest because these investigators were quite
successful in their efforts to relate the coefficients in the resilient modulus constitutive models
they studied to selected material characteristics. Their 