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The purpose of the study was to describe the response of highway 
subgrade materials by fundamental strength properties which can 
be utilized to evaluate changes in the strength and deformation 
characteristics of soils produced by the type and amount of com
paction energy applied. The densification of soils was studied from 
a material science point of view using data from failure and non
failure types of laboratory tests. Four soils representative of the 
natural soils used for highway subgrades were investigated. Ex
periments were performed to investigate the application of the 
linear viscoelastic theory and mechanistic models to unsaturated 
soils and to determine the limitations of such approaches to high
way compaction problems. Three to five levels of impact com
paction energy were used to prepare the test specimens over a 
range of molding water contents or saturations. The unconfined 
constant-load creep test was the principal test performed to in
vestigate the mechanical properties of the compacted soils on the 
phenomenological level. Failure tests were also performed to 
evaluate the modulus of deformation and the ultimate unconfined 
compressive strength. The study has utilized the electrical
mechanical analogy and the concept of the complex elastic modulus 
to define the mechanical properties of compacted soils. Data have 
been obtained to validate the evaluation of soil compaction by the 
rheological strength parameters. 

•THE mechanical properties of highway subgrades under the dead load of the pavement 
structure and the dynamic loads imposed by traffic govern the structural safety of the 
roadway . The principal criteria for structural safety are that subgrade and embank
ment soils should not fail in shear and that the allowable differential settlement is not 
exceeded. In order to place the soil in an optimum state so that the material is able to 
support these loads over a wide range of environmental conditions, the soil is mechani~ 
cally stabilized by the process of compaction. 

To evaluate the effectiveness of soil compaction in construction, the general practice 
is to utilize the dry unit weight and moisture content of the compacted soil evaluated in 
the field as parameters to compare with the results of laboratory studies on the same 
material compacted under similar conditions using a standard type of compaction energy. 
Other parameters to evaluate soil compaction in common use today are needle penetra
tion resistance, seismic properties, shear strength evaluated by vane shear tests, nu
clear density values, and unconfined compressive strength whenfinallaboratory strength 
is specified. A more rational method to evaluate the compaction characteristics of a 
subgrade soil may be to evaluate the engineering properties of the material at the stress 
and adverse environmental conditions which the subgrade will experience in highway 
service conditions, rather than that at a failure state in which the loads and deforma
tions will be considerably higher. The use of dry unit weight for field control can be 
easily accomplished; however, it is questionable if dry density reflects the two engineering 
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properties of soils in roadway service conditions. The time-dependent response of 
natural soils at highway subgrade stress and strain levels indicates the viscoelastic 
nature of the material, a characteristic used in this study to evaluate soil compaction. 
By evaluating the viscoelastic nature of the soil, the instantaneous elastic response, and 
the time- dependent viscoelastic and viscous response of the subgrades can be considered 
in evaluating the engineering strength properties of the compacted soil. 

OBJECTIVE AND PROCEDURE 

Objective 

The objective of the study was to investigate the as-compacted state of four soils on 
the phenomenological level, utilizing fundamental rheological strength parameters such 
as the linear viscoelastic strength modulL The stress-strain-time response of a linear 
viscoelastic material can be completely defined by two material constants, the complex 
elastic and transverse moduli, E* and T* , analogous to the classical elastic theory con
stants, which are sufficient to define completely the behavior of the material (4, 5). 
Once the strength of a subgrade soil can be defined in terms of viscoelastic strength 
parameters, the allowable distribution of stresses and the structural design of pave
ments can be more rationally studied by use of material science design procedures now 
being investigated (1 , 4). 

Because soil is a natural material, it is not an ideally linear viscoelastic substance, 
but within a certain stress range, depending on the environmental conditions and state 
of the soil, its response can be treated like that of a viscoelastic material as a good 
engineering approximation. The experimental data indicate that the rheological proce
dures can be used to evaluate directly the state of a compacted soil , study the effects of 
field conditions, and supplement present compaction evaluation techniques. A descrip
tion of the rheological tests, and the theoretical interrelationships between them may be 
found elsewhere (!!, 10). 

Research Procedure 

The principal variables which affect the state of compacted soil are the type of soil, 
the moisture content, and the amount and type of compaction energy. Each combination 
of these variables results in a different state of the compacted soil. Four different soils 
and one major type of compaction energy, the impact (drop hammer) type, were investi
gated in this study. The amount of compaction energy and of molding moisture content 
were also varied. Soil specimens were tested in constant-load creep tests to evaluate 
the creep and complex moduli rheological strength parameters. The unconfined com
pressive strength, the strength test commonly used in spil laboratories to evaluate com
paction, and moisture content of the samples were evaluated as molded, and also after 
completing the rheological tests. Using both the rheological and the conventional soil 
parameters to evaluate the compaction of the soils, the optimum combination of the 
principal variables was studied; that is, the desired optimum level of compaction energy 
and moisture content were determined for each type of soil and level of compaction 
energy. A review of the literature describing the theoretical aspects of linear visco
elastic materials, methods of obtaining the original test data, description of the experi
mental apparatus, and a detailed analyses of the test data are documented elsewhere 
(!!, 10). 

EXPERIMENTATION AND MA TE RIALS 

There are many basic types of static and dynamic loading patterns (5), and it is pos
sible, if the behavior of the soil can be shown to be linearly viscoelastfC, at least for 
techriological purposes, to develop the interrelations among the viscoelastic functions 
on the phenomenological level. To obtain complete information about the viscoelastic 
properties of materials, it is necessary to obtain stress and strain measurements over 
a wide range of the time or frequency scale. For the materials and conditions employed 
in this part of the study, the rheological creep test was found to be the most suitable 
experiment. 
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TABLE 1 

CLASSIFICATION OF FOUR SOILS 

Atte rbe rg Limits 
Soll Cla ssification 

Name Specific 
LL PL PI Gravity Unified Soil AAS HO FAA (%) (%) (%) 

Kaolinite clay 58 36 22 2.60 MH A-7-5 (16) E-8 

IlTRI clay 37 15 22 2.70 CL A-6 (13) E-7 

Clayey sand 20 19 1 2.70 s c A-2-4 (0) E-3 

Silty clay 25 18 2.72 CL A-4* (8) E-6 

"O hio Specifi cation (A.-4b}. 

Constant-Load Creep Test 

The apparatus consists of a Clockhouse triaxial cell and two linear displacement 
transducers, one LVDT being used for measuring the axial deformation and the other 
for measuring lateral deformation. The displacement transducers were connected to a 
dual-channel Sanborn, Recorder Model 321, to obtain continuous recording of the axial 
and lateral strain. Test specimens were enclosed in two rubber membranes. The 
creep-test procedure consisted of cycling the desired load twice through the load and the 
unload cycles, each of 5-min duration, to condition the sample under the particular load 
(10). The third loading cycle used to obtain the creep experimental strain data was of 
f5-min duration under load, and 15 min in the unload state. 

Unconfined Compression Test 

In the unconfined compression test, the relationships between stress and strain were 
obtained by continuously and axially straining the sample at a constant-rate-of-strain 
until failure. The tests performed followed the ASTM specification D 2166-63T, using 
an Instron, Model TTDML, universal testing machine at a strain rate of 2. 82 percent 
per minute to obtain the failure strength data. 

Materials and Test Sample Preparation 

The results of the ASTM tests for identification and classification of the four soils 
used in this study are given in Table 1. The soils were premixed with the required 
amount of water and compacted in five equal layers inside a Harvard compaction mold 
to produce specimens, after being trimmed and extruded, of 1.3125 in. in diameterand 
2. 816 in. in height. The 4 to 6 levels of molding water contents covered both the dry 
and wet side of the optimum moisture content for the compaction energy levels s~udied. 
The degree of saturation ranged from 65 to 95 percent for the conditions investigated. 

The impact compaction energy was applied by a mechanical drop hammer device. 
The 5 levels of impact compaction energy were 25, 40, 60, 80, and 120 total blows per 
sample for kaolin clay and 25 , 40, and 60 total blows for other soils. The input of im
pact compaction ener gy can be calculated in work units, and the 40 total blows per sam
ple (54 , 480 ft-lb/ft3) corresponds closely to the modified AASHO compaction energy 
level of 56, 300 ft -lb/ ft3 . 

Samples were tested to evaluate their unconfined compressive strength as molded in 
order· to develop the conventional dry unit weight, molding moisture content, and uncon
fined compressive strength relationships of the four soils . To determine the stress 
range within which the response of the soil can be defined as that of a linear viscoelastic 
material, a series of unconfined creep tests under different axial stresses were con
ducted, and the linear range was determined by using the axial strain response in the 
third loading cycle as a parameter. This linear viscoelastic range was found to depend 
on the environmental conditions of the test (10). All rheological tests were performed 
at stress or strain levels within the normai'working stress range experienced by sub
grade materials in highway service conditions (11) . By applying a confining pressure 
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to the soil specimen (triaxial testing) , the linear viscoelastic range of stress is extended 
to a higher stress level (9), and the appiication of rheologic concepts to highway field 
conditions is justified. -

Because of the unsaturated state of the soils and the low stress levels employed, some 
scattered data were noted and analyzed statistically. But one important task was to ob
tain uniform and identical soil samples. A quality control procedure was used to obtain 
relatively identical samples and reliable test data. Each test was repeated at least three 
times and the data averaged. 

EXPERIMENTAL RESULTS 

Thixotropic Effects 

Specimens were tested in unconfined compressive strength experiments and in con
stant-load creep tests at different ages, to study the effect of sample age on the strength 
characteristics of the compacted soil. The unconfined compressive strength, cr~, and 
the axial strain, Ezz, at a loading time of 30 sec in the third loading cycle, were usedas 
the strength parameters to determine the age at which the strength of the remolded com
pacted soils reached an equilibrium state. Test results indicated typical thixotropic 
characteristics for the soils and the curing ages, 7 to 9 days, at which the samples must 
be tested in order that sample age will have a negligible effect on the creep and the fail 
ure strength parameters of the soils. 

Viscoelastic Linearity Tests 

The viscoelastic linearity tests, extremely important to this study, were performed 
to determine whether (a) the materials, such as the unsaturated soils similar to those 
used in highway subgrades, can be defined by linear viscoelastic concepts, and (b) the 
range of stresses and strains, within which these concepts are applicable to soils, can 
be obtained. The axial strain response at several loading times in the third loading 
cycle were used as parameters to evaluate the linear viscoelastic range of axial stress 
in the constant-load creep tests. Identical specimens were tested in the constant-load 
unconfined creep tests in which the axial stress varied from 4 to 30 psi. The load in 
each test was cycled as previously mentioned. The axial, the radial, and the volumetric 
strains were measured in the third cycle. Loading times selected were usually 0. 1, 1, 
15, 30, and 900 sec. Typical axial, radial, and volumetric percent strain-time plots 
for the IlTRI clay are shown in Figure 1. Figure 2 is a typical plot of the percent axial 
strain versus axial stress at the selected loading times. The linear relationship between 
stress and time-dependent strain at low stress levels indicated the linear viscoelastic 
nature of the soils for the conditions investigated. The constant-load creep test data of 
the four soils indicated that compacted soils respond as linear viscoelastic materials. 

In the confined creep linearity tests performed on the kaolin clay, with a confining 
pressure of 12 psi, the linear viscoelastic range of axial stress was increased up to 75 
psi (8, 10). In highway service conditions where the subgrade soil will be in the con
fined"" state, the linear response range will be increased to higher axial stress levels than 
those evaluated in the laboratory from unconfined creep tests. The conditions in the 
rheologic tests are within the normal working stress and strain range to which the upper 
surface layers of highway subgrades are subjected in service conditions (11). However, 
these stress levels are relatively low compared to the unconfined compressive strength 
of the material for given test conditions. A detailed study of the kaolin clay has been 
documented (8, 10) in which the data of extensive confined creep tests, stress relaxation 
experiments,- unconfined creep tests, and the interrelationships between the viscoelastic 
functions have indicated the linear viscoelastic nature of the kaolinite clay. In this study, 
the experimental data for the three natural soils followed the same trends as noted for 
the relatively uniform kaolin material and verified the application of the material science 
type of approach to the study of soil compaction. All data obtained for the other three 
soils have been reported (~). 
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Evaluation of Soil Compaction by Rheological Parameters 

The rheological parameters of a linear vis coelastic material can be evaluated fro m 
any of the basic rheological test s , and in this study, the unconfined creep tests wer e 
employed (5, 6). Axial stresses within the linear range were used in this pha se of the 
study . Data from the third creep cycle , such as the axial and radial deformations , 
were recorded . At the end of the creep test, the specimens were tested to determine 
their unconfined compressive strength before determining the moisture content of the 
samples. The complex elastic modulus, Elf, sometimes designated as the complex 
creep modulus , is a complex number consisting of a real part , E 1 , (w), which is made 
up of the instantaneous elastic response as well as portions of the retarded elastic re
sponse , and an imaginary part, E2 , (w), which in turn includes a part of the time-de
pendent elastic component and total viscous response of the soil under load (5). The 
elastic creep modulus , Ee, is defined as the constant creep stress divided by the time
dependent axial strain at a given time. The creep modulus at a loading time of 30 sec 
was used as a rheological parameter to study the effect of the principal variables of 
molding moisture- content and the input of compaction energy . The axial s train data, 
as functions of time, were used to evalua te the absolute value of the complex modulus, 
/ E*/, and the phase angl e of the modul us, ¢E, as functions of load frequency, by trans
forming the experimental results from time domain to frequency domain. A typical cal
culation of the magnitude and phase of the complex elastic modulus from the creep test 
data can be found in the literature (3 , 4, 10) . By an analogous procedl1r e , similar cal
culations can be performed using the transverse or radial creep str ain, Err• to calcu
late / Tlf/ and ¢T at any desired frequency . In the analyses of t he data, the value of the 
parameters at w = 0 .1 radians per second was generally used. 

Viscoelastic Model Representation 

The mechanical properties of linear viscoelastic materials may be quantitatively de
scribed by a model representation (2 , 5, 6). Such a mechanical system consists of 
Hookean springs and Newtonian dashpots connected in series or parallel configurations. 
Figure 3 shows a typical model which represents the response of the compacted kaolin 
clay at the conditions specified within the linear viscoelastic range. This model was 
obtained directly from the strain- time response of the soil and consists of one Kelvin 
unit in series with a Maxwell unit to form a Burgers model (2). The rheological Burgers 
model represents the elastic, retarded viscoelastic, and viscous deformation charac
teristics of the material which may be quantitatively evaluated and utilized in rheological 
pavement design procedures. Comparable mechanical models were evaluated for all the 
materials, compaction energies, and molding water content or saturation conditions 
studied using the electrical-mechanical analogy (8). A selected stress may be imposed 
on the model and the axial strain of the soil calculated. The evaluation of the strain can 
be determined directly in the time domain using the operator equation form of the Bur
gers model. By the use of mechanical impedance principles, the response of the soil 
can be obtained in the frequency domain and the frequency-dependent response trans
formed back to the time domain . The method of obtaining the graphical approximation 
of the material' s response, typical calculations, and evaluation of the complex moduli 
as functions of frequency may be found in the literature @) . 

Soil Compaction Parameters 

Specimens were tested in creep experiments under an axial stress of 12 psi which is 
within the linear viscoelastic stress range determined by direct experimentation. The 
axial creep modulus, evaluated at a loading time of 30 sec, was used as a parameter 
for the analyses of the data. Figure 4 shows typical plots obtained from the clayey sand 
data for the elastic portion of the creep modulus versus moisture content. 

The complex moduli were also evaluated from the strain-time data of the creep tests. 
Figure 5 shows the corresponding plots of /Elf/ and ¢E versus moisture content. The 
complex modulus is a fundamental strength parameter of a linear viscoelastic material, 
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and the compacted soils have been shown to be linear viscoelastic materials , for tech
nological analyses, within the normal working stress-strain range of subgrades. 
Therefore, the use of Eif as a soil parameter in the equations of state of a compacted 
soil is appropriate in order to gain insight into the soil compaction problem and pave
ment design techniques. To define completely the stress-strain response of a linear 
viscoelastic material, two material constants are required, as in the elastic theory. 
The second suitable material constant which can be evaluated experimentally from the 
creep tests is the complex transverse modulus, T;'. This parameter was utilized in 
this study on a limited basis. The complex transverse modulus can be evaluated by 
measuring the radial or lateral strain, Err. The lateral-strain measuring device de
veloped in this study was satisfactory to evaluate the low lateral strains experienced by 
the samples for short periods of time up to 30 min (8). In the linear viscoelastic theory 
/E;' / and ¢E as well as /T* I and ¢T are the required material constants necessary to 
define the state of a compacted soil (_; _i, '!.). 
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DISCUSSION OF RESULTS 

It is known that the soil parameters of dry unit weight, unconfined compressive 
strength, penetration needle resistance, California bearing ratio, etc., although con
venient parameters, are not directly related to the basic strength and deflection prop
erties of subgrades which can be used in the structural design of flexible and rigid 
pavements, although these parameters do give an indication of the mechanical proper
ties of subgrade materials. The rheological parameters evaluated in nonfailure exper
iments seem to describe the mechanical characteristics of compacted soils for highway 
subgrades more rationally than many parameters presently in use. For better per
formance of soils, the suggested procedure would be to compact the soil, using the op
timum combination of molding water content, type and magnitude of compaction energy, 
to yield a compacted soil with the desired rheological strength characteristics over the 
range of climate and boundary conditions which the soil will experience in service. For 
any given compaction energy, there seems to be an optimum molding moisture content 
at which the selected soil parameters would be a maximum. 

Unconfined Compressive Strength and Creep Test Results 

By interpolating the basic experimental data of the soil parameters of dry density, 
unconfined compressive strength, creep modulus, and magnitude and phase of the com
plex elastic modulus versus moisture content, the parameters were analyzed at con
stant moisture contents and constant saturations (9). The results indicated that, at a 
given moisture content, the parameters of dry density and unconfined compressive 
strength generally continue to increase, but not at the same rate as the input of com
paction energy. This disproportion may be due to such factors as structural arrange
ment of the soil particles, possible shifting and breaking of soil grains and various 
water layers under high compaction energy, and others. These factors are beyond the 
scope of this study of the phenomenological behavior of soils. 

From the creep test data, plots were prepared for the elastic portion of the creep 
modulus at a loading time of 30 sec versus moisture content as shown in Figure 4. The 
maximum possible value of the parameter Ee would correspond to the most desirable 
state of the compacted soil. In the case of the kaolinite clay where higher energy levels 
were studied, the optimum level is 80 total blows for the impact method of compaction 
using an economical criterion. The experimental creep modulus data obtained for the 
Ohio clayey sand, Ohio silty clay, and !ITRI clay indicate that near the optimum mois
ture content for the maximum dry unit weight, 40 total blows is the desired level of 
drop-hammer compaction energy. In many cases, using the drop-hammer type of com
paction, the creep-modulus parameter continues to increase with an increase in com
paction energy. However, the rate of increase is not proportional to the energy ex
pended. For example, in the case of kaolinite clay, 80 or even 40 blows per sample 
may be considered as the optimum compaction energy, depending on the engineering 
characteristics of the soil desired and th~ economy criteria. 

Complex Elastic Modulus 

From the creep data of axial strain as a function of time , using the electrical-me
chanical analogy (2), it is possible to transform the creep moduli or compliances from 
the time domain to the frequency domain and to calculate the magnitude of the complex 
elastic modulus, /E'f/, and its phase angle, ¢E, in the frequency domain. The param
eters /E* / and ¢E can be evaluated for a particular frequency of loading and the speed 
of a moving traffic load ( 4, 10). Therefore, the complex moduli strength parameters 
that describe the soil at a given loading frequency can be evaluated for a corresponding 
traffic load moving at a given vehicle speed. The soil parameters were plotted at a 
frequency of 0. 1 radians per second to evaluate the effectiveness of compaction on the 
four soils investigated, although any frequency could have been selected. 

Figure () is a plot of maximum dry density versus compaction energy on a semi
logarithmic plot. In Figures 7 through 9, the parameters of ac, Ee, and /E* I of the 
four soils do not vary in the same way as the optimum dry density with compaction 
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energy. For the levels of cotnpaction energy investigated, in the case of the three nat
ural soils, 40 blows is the optimum compaction energy utilizing the r heological param
eters, and indicates that a form of "over-compaction" is talting place. Although the 
failure strength criterion, u~, continues to increase, the service strength moduli ofthe 
three natural soils decrease with higher compaction energies. In the case of kaolinite 
clay, where higher levels of compaction energy were investigated, 80 total blows may 
be considered as the optimum compaction energy using economy criteria, or other 
energy levels may be selected depending on the mechanical properties of the soil that 
are desired . 

An inspection of the magnitude and phase angle of the complex modulus versus com
paction energy plots of the three natural soils shows that near the optimum moisture 
content for maximum dry unit weight of the three levels of impact compaction investi
gated: (a) the value of / E{f/ for clayey sand (W = 9 percent) decreases at a low rate with 
increase of energy beyond 40 blows, values of ~E remaining essentially constant, (b) 
the value of / E* I for the IITRI clay (W = 15 percent) increases rapidly to 40 blows and 
then decreases fo.t• compaction energies greater than 40 blows, the value of ¢E remain
ing constant, and (c) the magnitude of / E* /for the Ohio silty clay (W = 14 percent) 
seemed to peak at approximately 40 blows. However, the value of ¢E obtained m'inl
mum values at 25 and 60 blows, although the values were not significantly less than¢E 
at 40 blows. The value of ¢E in all cases was less than two degrees for compaction 
energies of 40 total blows and greater. The values of ¢E at w i:::: 0. 1 radians per second 
seemed to have a negligible effect on / E"* I for the materials and conditions studied. 

SUMMARY AND CONCLUSIONS 

The objective of this research was to establish fundamental strength and deformation 
properties of soils that can be utilized to specify soil compaction more rationally. The 
parameters in use today to evaluate soil compaction do not exactly define or directly 
represent the true engineering strength and deformation properties of soils in service 
conditions. It has been demonstrated that the four soils investigated can be defined as 
linear viscoelastic materials at the conditions investigated. In order to define the state 
of a compacted soil more rationally and to determine the optimum compaction conditions 
of molding water content and the input of compaction energy to be employed, rheological 
strength parameters can be utilized to specify the compacted soil with the most desh-a
ble overall characteristics. An extensive evaluation of soil compaction using material 
science techniques has been completed .on the kaolin clay and the results are documented 
(8, 9). Typical experimental results are presented herein, which were verified by the 
data obtained studying the four soils. 

For the soils investigated, the environmental conditions considered, and the compac
tion energies studied, the following are the major conclusions of this investigation: 

1. Compacted soils can be described as linear viscoelastic materials, within a.given 
range of stress or strain, depending on the environmental conditions. The constant
load creep test data indicate that the four compacted soils behave as linear viscoelastic 
materials at low stress and strain levels when compared to the unconfined or confined 
ultimate compressive stre11gth evaluated at the failure state. However, the linear vis
coelastic stress and strain levels are well within those experienced by highway sub
grades in 1101tfailure service conditions when the higher quality materials in the upper 
pavement system distribute the high ti1·e pressures to· the lower structural layers. For 
the conditions studied, the four soils exhibit linear viscoelastic characteristics up to 
an axial stress of 20- 24 psi in the unconfined constant-load creep tests. The use of 
confining pressures similar to service conditions (triaxial testing) has been shown to 
extend the linear viscoelastic stress range of soils (8, 9). Therefore, as an engineer
ing approximation, the response of compacted soil under highway pavements can be 
treated and studied as th~t of a linear viscoelastic material. 

2. The total deformation under load in the creep test can be separated into three 
components: (a) the instantaneous elastic, (b) the retarded elastic, and (c) the viscous 
deformation . As an approximatio11, the creep modulus, evaluated at a loading time .of 
30 sec, was used to study the instantaneous or elastic response of the material and to 
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investigate the compaction of soils. Using the creep modulus at 30-sec loading time as 
a parameter, the compaction characteristics of the four soils were evaluated and the 
data support the results obtained by evaluating soil compaction using the E* parameter. 

3. Analogous to Young's modulus for an ideal elastic material, the complex elastic 
or creep modulus, E1f, or the magnitude of the complex elastic modulus, /E1f/ and the 
corresponding phase angle, ¢E, can be used as rheological strength parameters in 
evaluating the state of a compacted soil. The current trend of study and other recent 
research (3, 4) is to develop pavement design procedures using complex moduli. The 
desirable characteristics of a compacted subgrade are a maximum value of /Elf I and a 
minimum value of the phase angle, ¢E· The optimum compaction energy for obtaining 
a maximum value of /E"/, and minimum ¢E coincides with that obtained using Ee as 
the compaction parameter. In the case of impact compaction, the value of the param
eter increases with an increase of compaction energy, but not in the same proportion 
for the kaolin soil. In Figure 9 it can be concluded that the kaolin clay samples com
pacted with 80 blows is the optimum compaction level from economic considerations. 
By similar analyses of the data of the three natural soils, it can again be concluded that 
the optimum state determined by employing the /E* / criterion is the same as the opti
mum compaction state determined by the Ee criterion, both compaction levels being 40 
total blows for all three soils. 

4. In order to define rigorously the stress-strain-time behavior of soils, two mate
rial constants are required analogous to the elastic theory. The complex elastic mod
ulus, E*, and a second modulus which may be any one of the following: complex Pois
son's ratio, V1f; complex transverse modulus, T*; complex shear modulus, G*; and the 
complex bulk modulus, K*, will be sufficient to describe the true stress-strain-time 
response of a viscoelastic material. In many pavement design procedures, such as in 
the Westergaard or Boussinesq approaches, appropriate values of Poisson's ratio are 
often assumed and used in design techniques; likewise, an approximate and suitable 
value of V* can be assumed, using the additional insight gained from laboratory tests 
which measure the lateral strains or volumetric changes. Using two material constants, 
the constitutive equations between stress and strain can be established and used in the 
frequency domain {12) to predict the performance of a subgrade under any type of load
ing. Ultimately, it is suggested that the complete structural design of a pavement can 
be solved by using the viscoelastic theory and the rheological parameters. Once the 
optimum saturation or molding moisture content and the maximum possible or the most 
economically desirable value of E* and V* are determined, then a suitable type of com
paction program in the field can be specified to yield an optimum compacted soil. Such 
optimum compaction trends would have to be validated by trial compaction of soils in
digenous to a given area with selected compactors. Once the compaction program is 
completed, then, as an additional check, soil specimens could be tested under relatively 
simple creep or dynamic tests in the laboratory or field. 

5. The conventional soil compaction parameter of dry unit weight increases with an 
increase of the input compaction energy. It is an established fact that there is an opti
mum level of compaction energy beyond .which additional compaction will cause over
compaction of the materials and a reduction in the overall strength of the soil. There
fore, using conventional soil strength parameters, it may be difficult to find the most 
effective level of compaction energy. By verifying the linear viscoelastic response of 
soils under environmental conditions, comparable to highway service conditions, it is 
now possible to utilize rheological parameters such as Ee, E*, and others to evaluate 
soil compaction. Hence, by employing the rheological parameters, it is possible to 
determine, by conducting the specified rheological tests on the compacted soil speci
mens in the laboratory or field, the optimum type and amount of compaction energy re
quired as well as to evaluate adverse soil environments. 
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