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The object of this study was to determine what basic characteristics of 
soils must be used to better specify desired soil compaction. The den
sification of soils was studied from a rheological point of view, using 
data from laboratory tests. The plan of the study was to describe the 
mechanical properties of highway subgrade materials by fundamental 
strength properties, which can be used to show changes in the strength 
properties of the material caused by the type or amount of compactive 
energy applied. 

Experiments were performed to validate the application of the linear 
viscoelastic theory and mechanistic models to soils, and to determine 
the limitations of such approaches to compaction problems. Various 
types and amounts of compaction energy were programmed for the se
lected soils. Experiments were conducted using unsaturated soils over 
a range of molding water contents, input of compaction energies, satu
rations, dry unit weights, stress-strain levels and other environmental 
conditions. 

Stress relaxation experiments as well as confined and unconfined 
constant-load creep tests were carried out to study the mechanical re
sponse of soils on the phenomenological level prepared by several dif
ferent types of compaction methods. The study utilized the electrical
mechanical analogy and the complex elastic modulus to define the 
mechanical response of soils. 

•IN HIGHWAY and airfield construction projects, soils are used as embankment ma
terials, and as a result are required to support both the static load of the overburden 
pavement system and the transient traffic loads under all environmental conditions. 
To place the soil in the optimum state so that the material is able to support these 
loads under all adverse conditions, the soil is mechanically stabilized by the process 
of compaction. Compaction is generally defined as densification of soil by the applica
tion of external mechanical energy to improve the strength, to increase the stiffness, 
to reduce permeability and swelling characteristics, and to improve other properties 
of the soil for better overall performance under service conditions. The principal 
variables which influence the state of the compacted soils are the type and amount of 
compaction energy, soil texture, and moisture content (1, 2, 3, 4, 26, 27). 

To calculate the stress and the deformation experienced by the subgrade, the 
stress-strain characteristics under normal working conditions of the compacted soil 
are required as well as the mechanical properties of the other components of the pave
ment system. Generally, a study is performed in the laboratory utilizing soil specimens 
compacted by laboratory compaction methods wkich simulate field construction, al
though direct field compaction studies would be more useful. For a given compaction 
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energy the soil specimens compacted at the optimum moisture content yield the maxi
mum dry density, and these test specimens are generally employed in determining the 
strength and deformation characteristics of the soil. In many cases the design strength 
of the soil is based on empirical strength values taken from test specimens at their 
worst anticipated condition in the field, obtained by soaking the material. However, if 
proper drainage is achieved, this process is questionable. 

In order to evaluate the effectiveness of compaction in the field construction , the 
general practice is to utilize the dry unit weight of the compacted soil as a parameter 
which in turn is obtained by using nuclear devices, sand cone, balloon, etc. Other 
parameters in use today are the needle penetration resistance, seismic, bearing, shear 
strength evaluated by vane shear tests and the unconfined compressive strength when 
final strength is specified. These parameters are not a direct measure of the me
chanical response of soil as a subgrade, but they indirectly indicate the strength of the 
material. It is well known that the strength- deformation characteristic of a soil at or 
near the failure state is different from that at low stress-strain states under in-service 
conditions. A more rational method for evaluating compaction characteristics may be 
a technique in which the soil is subjected to the stresses and environmental conditions 
similar to those it will be subjected to under in-service conditions, and then the funda
mental strength properties of the material are evaluated. In some pavement design 
theories, the materials constituting the several loa-:-distributing layers are treated as 
ideal elastic materials in order to approximately determine the stresses and strains 
in different layers (5, 6) . It is well known that no pavement material is perfectly elastic 
because all materials have time-dependent stress-strain characteristics. Therefore, 
in defining the stress-strain time-dependent rheological characteristics of a compacted 
subgrade. the compacted soil may be more rationally treated as a linear viscoelastic 
material under specified conditions. Soil, being a natural material, is not an ideally 
linear viscoelastic material, just as there is no perfectly elastic Newtonian or plastic 
material (7, 8). But within a certain stress-strain range comparable to the highway 
service conditions measured at the AASHO Road Test, the mechanical behavior of soils, 
as an engineering approximation, can be treated like that of a linear viscoelastic ma
terial. The AASHO Road Test field measurements indicate that the stresses and strains 
experienced by the subgrade are low when compared to the loads and deformations at 
the failure state as measured by the unconfined compressive strength. The low stress
strain state experienced by subgrades has been shown by this research to be within the 
linear range of the soils and hence, as an engineering approximation, compacted soils 
used for the subgrade of pavement structures can be treated as linear viscoelastic ma
terials. By establishing the linear viscoelastic nature of soils, the viscoelastic con
stants of the material can be evaluated by any of the rheological tests which are all 
interrelated by the viscoelastic theory (9, 10). 

The objective of this study was to investigate the possibility of evaluating soil com
paction utilizing rheological techniques and the limitations of such approaches. This 
was accomplished by evaluating the rheological strength parameters of compacted soils 
which are fundamental properties of the material and independent of the type of test. 
These parameters have been utilized to evaluate the optimum combination of (a) the 
amount of compaction energy utilized, (b) the type of compaction energy applied, and 
(c) the molding moisture content for the soils used in laboratory tests. Once having 
established that the viscoelastic procedure can be used to more rationally evaluate the 
state of a compacted soil and supplement present techniques, then evaluation for a 
given soil can be better accomplished under many climatic and loading conditions. The 
parameters used to evaluate soil compaction also have immediate applications in pave
ment design techniques (11, 12), which utilize the fundamental strength properties of 
the material, the complex moduli (11). 

MATERIALS 

The following four soils were rigorously investigated in this study. 

1. Kaolin Clay-This plastic kaolinite clay mined and processed in Edgar, Florida, 
is a relatively uniform soil when compared to other natural soils. The major portion 
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T ABLE 1 

C LASSIFICATION OF THE FOUR SOILS INVESTIGATED 

Atterber g Limits Soil Classification 
Soil Specific Gra vlty 

LL(%) PL(%) PI(%) Unified AAS HO FAA 

Kaolinite clay 58 36 22 2. 60 MH A-7-5 (16) E- 8 
!ITRI clay 37 15 22 2 . 70 CL A-6 (13) E-7 
Clayey sand 20 19 1 2.70 SC A-2-4 (0) E - 3 
Silty clay 25 18 2. 72 CL A- 4a (8) E -6 
0
0 hio speci fi cotion (A-4b). 

of the research effort was concentrated on this soil because of its relatively uniform 
composition and negligible thixotropic effects. 

2. IITRI Clay-A moderately plastic clay used by IITRI in the field study phase of 
this research. 

3. Silt-A natural soil obtained in the Cleveland, Ohio, area. 
4. Clayey Sand-Another natura: soil obtained at a construction site in Columbus, 

Ohio. 

Considering the nonuniformity of almost all of the natural soils, it was decided to 
use the relatively "ideal" mined soil, Kaolin, to perform the major portion of the basic 
research work reported here and to obtain the trend of the soil 's response. It was 
postulated that the research results observed for Kaolin would be applicable to other 
natural soils. This was found to be true after subsequent tests were performed on the 
other three natural soils to confirm the research results. ASTM standard tests for 
identification and classification of the materials were conducted on the four soils 
(Table 1). In this paper only the results of the research on the kaolinite soil are pre
sented for the impact compaction method. Comparable results and trends were obtained 
for the other three soils and the kneading type of compaction investigated. 

Sample Preparation 

The soil passing a number 12 sieve was oven-dried and mixed with the required 
amount of distilled water following the mixing procedure specified in ASTM D 698- 64T. 
The mixed soil was then stored in a sealed plastic container in a humid room for a 
minimum of 24 hr to allow the molding water to equally distribute itself within the soil. 

Test specimens wer e prepared using the drop hammer (impact ) type ,of compaction. 
The mechanical drop hammer compaction apparatus developed and built at Ohio State 
University is described in detail elsewhere (14). The input compaction energy was 
var ied by changing the total number of drops or blows applied to the sample. The 
human element involved in preparing the soil samples is critical and extreme care 
must be used by the laboratory technician to obtain identical samples. 

The mold used produced a sample of 1. 3125 in. diameter and 2. 816 in. in height 
after the sample was trimmed and extruded. All samples were prepared by compacting 
the soil into the mold in five equal layers. After extruding the sample out of the mold, 
the test specimen was weighed, wrapped in a plastic bag, and completely coated with 
wax. The samples were then stored in a humid room until testing and also until all 
thixotropic strength changes in the soil with age were negligible. Each data point was 
reproduced by repeating each test a minimum of four times. 

TESTING APPARATUS AND EXPERIMENTAL PROCEDURE 

To evaluate the rheological parameters for a linear viscoelastic material the fol
lowing basic rheological tests were conducted: (a) confined and unconfined creep tests, 
(b) stress relaxation tests, and (c) deformation at a constant rate of strain. 
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Creep Tests 

The creep test apparatus consists of a Clockhouse triaxial cell, two linear displace
ment transducers (LVDT), one for measuring the axial deformation and the other for 
measuring lateral deformation. The transducers are connected to a two- channel Brush 
recorder or a Sanborn recorder to obtain continuous recordings of the axial and lateral 
deformations. Samples were enclosed in two rubber membranes, and after the rheologic 
test, the samples were tested for unconfined compressive strength and evaluation of 
moisture content. The creep test procedure generally consisted of cycling the desired 
load through two load and unload cycles, each of 5 min duration, in order to condition 
the sample under the specified load. The third loading cycle which was used to obtain 
the experimental data was of 15 min duration in the case of short-term creep tests and 
approximately 1500 min duration under load in the case of long-term creep tests and 
15 min in the unload state. Axial strain was measured with an LVDT and a dial gage in 
order to check the deformation readings. 

Stress Relaxation Experiments 

The stress relaxation apparatus consisted of a Genor triaxial cell and Instron testing 
machine. The stress generated was measured by a load cell and continuously recorded. 
The relaxation tests basically consisted of applying a predetermined constant strain 
and measuring the stress generated as a function of time. The test procedure consisted 
of applying a predetermined deformation and allowing the stress relaxation to take place 
for a 10-min period. Then the applied deformation was removed until the stress gen
erated was zero. This straining and relaxation cycle was repeated seven times. The 
stress response in the sixth cycle was used to obtain the data. 

Unconfined Compression Tests 

In unconfined compression tests, a relation between stress and strain is obtained by 
continuously axially straining the sample at a constant rate of strain until failure. The 
test was performed following ASTM specification D 2166- 63T using a Karol Warner un
confined compression tester at a strain rate of 2. 82 percent per min. 

RELATED THEORY AND EXPERIMENTAL RESULTS 

Notation 

The following notation is used throughout the ensuing discussion: 

E (t) 
c 

E (t) 
r 

\Eif\ 
V* 

t 

<(t) 

yd 

s 
a' 

c 
rio 

creep modulus; 

stress relaxation modulus; 

absolute value of complex elastic modulus; 

complex Poisson's ratio; 

time; 

strain; 

time - dependent strain; 

dry unit weight; 

saturation; 

ultimate unconfined compressive strength; 

viscous coefficient of Newtonian flow; 

axial stress; 

phase angle of E*; 

circular frequency in radians per second; 
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W water content; and 

X
0 

coefficient of tractive viscosity. 

Dry Density-Moisture Content-Compaction Energy 

The principal variables investigated utilizing the Kaolin soil were (a) the molding 
moisture content, {b) soil saturation, (c) the amount of compaction energy and (d) 
the type of compaction energy applied. The five molding water contents ranged from 
21 to 31 percent, which covered both the dry and the wet side of the optimum moisture 
content for the compaction energy levels studied. The degree of saturation ranged 
from 95 to 65 percent. 

Using the mechanical drop hammer device, it was possible to prepare identical 
samples with normal care by technicians, and this device expedited the research work 
on the three other natural soils. The five levels of compaction energy used were 25, 
40, 60, 80, and 120 total blows per sample. Figures 1 and 2 show dry density and un
confined compressive strength vs moisture content. After extruding the compacted 
soil samples from the mold the specimens were weighed and representative samples 
were tested for unconfined compressive strength, cr'c• and the moisture contents det_er
mined. 

Thixotropic Tests 

In order to study the thixotropic characteristics of the compacted soil, identical 
soil specimens were prepared and placed in plastic bags which were coated with wax 
and then stored in a humid room until tested. Specimens were tested in unconfined 
failure strength experiments and in constant-load creep tests at different ages to study 
the effect of age on the strength characteristics of the compacted soil. The unconfined 
compressive strength, cr'c, a.11d the axial strain, !zz, at a loading time of 30 sec due 
to an axial stress of 12 psi in the third loading cycle, were used as the strength param
eters to determine the age at which the strength of the remolded compacted soil reached 
an equilibrium state. Tests indicated that Kaolin soil has no significant thixotropic 
characteristics and the curing age has a negligible effect on the creep and failure 
strength of the soil. 
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Figure 1. Dry density vs moisture content. 



.fl s .. 
I 

~-
N 

.. r 

~ 
~ 
E-< 

"' ...:i 

~ 

BO 

350 

Kaolin Clay 
Drop Hammer Compaction 

300 0 25 Total Blowe 

·~ 
0 40 Total Blowe 

8 60 Total Blowe 

0 80 Total Blowe 
250 0 120 Total Blowe 

200 

150 

100 

50 
20 24 26 28 30 32 

MOISTURE CONTENT % 

Figure 2. Unconfined compressive strength vs moisture content. 
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Figure 3. Relative axial strain vs time for six loading cycles. 
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Mechanical Conditioning of Soil 

Constant-load creep tests in both the confined and the unconfined state as well as 
stress relaxation tests were the principal rheological tests performed in this study. 
It was found that the axial and lateral strain response of the soil under load in the first 
loading cycle was significantly higher than in the subsequent loading cycles. This phe
nomenon may be due, among other factors, to the initial seating adjustment of the 
LVDT and soil sample (even though a small set load is used in the loading procedure), 
a decrease in the void ratio because of decrease in the air content of the soil, and a 
form of mechanical conditioning of the soil under load. The load to apply an axial 
stress of 12 psi was cycled six times, each cycle consisting of 15 min under load and 
15 min under no load . The relative axial strain in each load cycle and relative axial 
recovery strain during the unloading period were plotted vs time. Figure 3 indicates 
that the second cycle and all later cycles are approximately constant. Therefore, all 
the creep test data were obtained from the response of the material in the third load 
cycle. 

It was also found that reducing the duration of the mechanical conditioning cycle 
from 30 to 10 min during the first two cycles had a negligible effect on the response 
of the material in the third cycle. Therefore, a load cycling pattern of 5 min under 
load and 5 min under no load was used for the first two cycles. The third cycle, which 
was used to obtain data , was either of 15 min duration under load in the short-term 
creep tests or up to 1500 to 2000 min duration under load in the long-term tests when 
the soil was allowed to reach a steady-state strain condition. In each case the rebound 
of the soil was evaluated for 15 min or greater. 

Stress Relaxation Tests 

In the stress relaxation test, a constant strain is applied to the specimen and the 
stress generated as a function of time is evaluated. After a given time the strain is 
removed until the specimen relaxes to the zero stress state. The response under the 
first cycle of strain is significantly different, as in the creep tests, from the response 
of the soil in subsequent cycles. The stress relaxation modulus, Er(t), which is de
fined as the time-dependent stress at any time, t, divided by the applied constant strain, 
was utilized as a rheological strength parameter to study the response of soils under 
constant strain cycles. In the cases where the moisture contents are dry of optimum, 
the samples seem to reach a stable condition after the second or third cycle, while the 
samples with a moisture content higher than the optimum did not appear to reach a 
steady-state condition until the sixth cycle. Therefore. the response under the sixth 
cycle was used to evaluate the rheological strength and deformation properties of the 
soil. 

Viscoelastic Linearity Experiments 

The viscoelastic linearity tests, which were extremely important to this phase of 
lhe sludy, were performed to determine if materials such as unsaturated soils com
parable to those used in highway embankments can be defined by linear viscoelastic 
concepts, and to determine the range of stresses and strains within which these prin
ciples are applicable to soils. The linear viscoelastic response of a material is, of 
course, a function of the environmental conditions of the test and the material studied. 
Similar restrictions are also required in the classical elastic, plastic and Newtonian 
liquid theories. The axial, radial, and volumetric strains at several loading times in 
the third loading cycle were used as parameters to evaluate the linear viscoelastic 
range of stress in constant-stress creep tests in both the confined and the unconfined 
test conditions. Identical specimens were tested in the constant-load creep tests in which 
the axia l stress varied from 4 psi to 120 psi. The load in each test was cycled as pre
viously mentioned, and the strains at selected loading times were analyzed. In the 
case of drop hammer compacted specimens, the linear viscoelastic range (15, 16, 
17) for the unconfined state was up to 20 psi , as shown in Figure 4. In the confined 
creep tests with a confining pressure of 12 psi, the linear range of axial stress was 
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increas ed to 75 psi. Figur e 5 shows the t riaxial creep linearity tests; the straight 
line portion of the graph indicates the linear viscoelastic range of stress. An identical 
procedure was used to evaluate the radial and volumetric strains from the same 
constant-load tests performed on the Kaolin. The radial, the axial and the volumetric 
strains illustrated that the linear viscoelastic theory is a good approximation to depict 
the response of the soil at the stress levels and conditions studied. The linearity data 
were obtained from the strain-time plots in which only the stress level is varied. 

Another form of rheologic test used in this study to evaluate the linear viscoelastic 
response of soils was the stress relaxation test. Identical specimens were subjected 
to different strains ranging from 0.1 percent to 0. 84 percent, and the stress generated 
at times of 0, 24 and 600 sec in the second and sixth straining cycles were selected as 
parameters to determine the linear range. Figure 6 shows stress vs strain obtained 
from the relaxation tests; the straight line portion indicates the linear viscoelastic 
range. The drop hammer compacted Kaolin soil is found to be linear in the stress 
relaxation tests up to a strain of 0. 7 percent, generating a stress of nearly 100 psi. 
Of course, this linear range is a function of many factors, such as soil type, soil 
structure, molding moisture content and the testing environmental conditions. There
fore, within the linear range the response of compacted soils to stress and strain can 
be studied from the material science point of view as a linear viscoelastic material. 

The classical elastic theory deals with the response of purely elastic materials 
where stress is proportional to strain. However, elastic materials are idealizations. 
Real materials existing in nature generally show stress and time anomalies. A visco
elastic material is one which exhibits both elastic and viscous characteristics, and 
stress is related to strain by a function of time. To describe the response of such ma
terials by the model representation (13, 17), a mechanical system is used consisting 
of Hookean springs and Newtonian dashpots connected in series or parallel in various 
configurations. 

The mechanical response of materials may be approximated by models composed of 
a finite number of springs and dashpots such as the Kelvin, Maxwell and Burgers models 
(15, 18), which have been applied by many engineers in studying polymers. Several 
authors (19, 20, Q, 29) have suggested that it is possible to represent the response 
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of viscoelastic materials using more refined models consisting of a larger number of 
elements in the model. Such concepts have been applied to bituminous materials with 
success. 

The generalized Voigt and Maxwell models consist of 11 + 1 and n number of elastic 
and viscous elements, respectively. Under a constant stress the Voigt model exhibits 
creep behavior; the creep compliance, Jc (t) , used in this study is defined as the tirne
dependent axial strain divided by the constant axial stress: 

J (t) 1 
J iP (t) 

t 
= E + + -c Tio 0 

where 

n 

J (t) L: J.(1- e-t/ri) 
lb i = 1 1 

Such a model under given conditions has constant element parameters defining the 
material properties. The generalized Maxwell model represents a continuous spec
trum of relaxation times. In a parallel arrangement the stresses are additive and 
response of the material is described by 

n 

E (t) = 
r L 

i = 1 
E -t/Ti . e 

1 

Each Maxwell element consists of a spring and dashpot in series. In addition to the 
model theory there are several other methods for specifying the response of a linear 
viscoelastic material such as the operator equation and the electrical analogy (21, 22). 

The general stress-strain equations of a lineru· viscoelastic material are definedin 
the frequency domain in terms of algebraic coefficients which are only functions of 
frequency. These coefficients are complex numbers whose magnitude and phase define 
the properties of the material. The detailed analytical and graphical methods for ob
taining the complex moduli of a given material ai·e presented in the literature (11, 21, 
28, 29, 30). The parameters may be obtained experimentaUy by a series of dynamic 
testS,- a single static creep test or a stress relaxation test. The first method yields 
discreet pairs of the magnitude and phase of the moduli at each frequency used, while 
the sect:>nd and third methods yield analytical expressions for the modulus as a con
tinuous function of frequency. 

The static test methods were applied to determine the complex creep modulus, El~, 

and the complex transverse modulus, Tlf, of soils. The phenomenological theory of 
linear viscoelastic behavior is of great value for interrelating the dynamic, creep and 
stress relaxation types of experimental measurements, and for describing the re
sponse of soils in the time or frequency domain. In theory, once the response of a 
linear viscoelastic material is evaluated in one type of test (creep), the response of 
the material in different independent types of tests may be determined (dynamic and 
stress relaxation) (13) . The literature shows that by means of the linear viscoelastic 
theory, it is possible to represent the response of a viscoelastic material with a me
chanical model and predict the response of the material in the other types of tests (18). 
Both creep and stress relaxation tests were performed and an excellent correlation -
between the results of the two types of tests was obtained in this study. 

Using the interrelations among the viscoelastic materials, the complex moduli of 
the material were determined from the static test results. The impedance of the me -
chanical system, Elf, using a Voigt model representation can be shown to be of the form 
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E*(j w) = 
1 

· · + E + jw>.. + jw.A 
n n o 

1 1 1 1 
+ 

where E and,\. are the spring and dashpot constants, respectively (11). 

1 
+ Eo 

As shown by the several types of linearity tests , the compacted Kaolin soil can be 
approximated to a linear viscoelastic material within the normal stress ranges experi
enced in highway embankments (10, 24). For a linear viscoelastic material it is pos
sible, in theory, to transform the creep compliance directly to the stress relaxation 
modulus. The mathematical relations and formulas relating the creep compliance to 
the relaxation modulus have been developed by Secor and Monismith (20) and Ferry 
(18). The References contain the complete details of the mathematical development of 
the necessary equations. The equation used for this transformation of creep compliance, 
J (t), to the relaxation modulus, E (t), is of the form c r 

where 

t 

E (t) 
r 
f(t) 

n - 2 

t - }: n 
i= 0 

= 

time, 

stress relaxation modulus, 

Jt J (T) dT, and 
0 c 

J (t) creep compliance. 
c 

By the use of the above equation and the assumption that in the numerical integration 
the creep compliance is assumed to be constant between t = 0 and t = t 11 the first 
time increment, this assumption allows the first value of the compliance function to be 
defined by 
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If we are dealing with a linea1· viscoelastic material it would then be possible to cal
culate the values of the stress relaxation modulus over the same time range as those 
obtained from the creep test. An IBM 7094 Scatran computer program was written to 
transform the creep compliance function to the relaxation modulus function. 

Figw·e 7 shows stress relaxation modulus vs ti.me obtained directly from stress 
relaxation tests and also by the transformation procedure mentioned using creep test 
data. The excellent agreement of the data can be noted. The test specimens were 
conditioned identically for these tests by use of the Instr on testing machine. The close 
agreement between the two tests is a direct measure of the degree to which the com
pacted soil is a linear viscoelastic material, and provides additional verification of 
applying rheological concepts to soils. 

EVALUATION OF COMPACTION BY RHEOLOGICAL TECHNIQUES 

Rheological parameters of a linear viscoelastic material can be evaluated from any 
or all of the rheological tests previously mentioned at stresses within the linear range. 
Data from the third loading creep cycle, such as the axial and radial deformations, can 
be evaluated and the instantaneous deformation determined at very low loading times, 
down to approXimately 0. 01 sec. 

The complex elastic modulus, Eif, 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 
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the retarded elastic response, and an imaginary part, E
2 

(w), which Lncludes a part of 
the time-dependent elastic component and the total viscous r esponse of the soil under 
load (23, 18). It should be noted that in many cases the axial deformation at 30 sec 
may be roughly equal to the instantaneous elastic response. The elastic portion of the 
creep modulus, E , at a loading time of 30 sec wa~ also used as a rheological parain
eter to study the ;:Hect of the principal variables of moisture content and the input of 
compaction energy. The axial strain data as functions of time were used to evaluate 
the absolute value of the complex modulus, I E* l , and the phase angle of the modulus, 
0E, as functions of loading frequency by transforming the experimental results from 
time domain to frequency domain. 

Soil Specimens Prepared by Impact Compaction 

Using samples prepared by the drop hammer type of compaction energy, creep 
tests under an axial stress of 12 psi were performed. The elastic creep modulus eval
uated at a loading time of 30 sec was used as a parameter for the analyses of the data. 
In Figure 8, plots of the elastic creep modulus vs compaction energy are presented 
for constant molding moisture contents and degrees of saturation. Similar plots to 
evaluate compaction using the magnitude and phase of the complex modulus, E*, as 
parameters are shown in Figure 9. 
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Curve fitting teclmiques were applied to the typical plots of the basic creep test 
data of strain vs loading time to fit an exponential equation to the strain-time creep 
curve using a method described in detail in the pavement design literature (11). A 
second Scatran computer program was written to transform the exponential strain
time equation from the time domain to the frequency domain and determine the magni
tude and phase of E* and T* over a wide range of frequencies from 0.1 to 1000 radians 
per sec. 

Long-Term Creep Tests 

A second type of constant-load creep test was utilized to study the long-term re
sponse of the soil in which the specimen was under load until the strain reached a 
linear steady-state flow condition. Figure 10 shows the axial strain vs time on a log
log scale. It should be noted that strain and time are related by a power function of 
the form € = ctm in tbe initial stages of the mechanical response of the soil, ai:i in
dicated by the straight line portion on the plot. Strain and time also related by an 
equation of the form € = c' + m 't, which is the linear relation indicated by the straight 
line portion of the curve on the natural scale plot shown in Figure 11 during the steady
state portion of creep behavior. The slope of the steady- state portion or steady-state 
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strain rate during the final stages of the creep plots can be used to find the coefficient 
of viscosity, Ao, of the soil. This Ao represents the viscosity element of the outside 
dashpot if the material is represented by a generalized Voigt model. 

Stress Relaxation Tests 

Another independent basic rheological test performed in this study was the classical 
stress relaxation test. At any experimental time it was possible to calculate the stress 
relaxation modulus, Er(t), which is defined as the time-dependent stress at a given 
time divided by the applied constant strain. Because most of the relaxation of stress 
takes place within the first minute, the Er(t) at 1 min was selected as a parameter to 
study the effect of the variables of moisture content and input of compaction energy. 
Figure 12 shows interpolated data of the relax.ation modulus Er(t) vs compaction energy 
at constant moisture contents and also constant saturations. 

DISCUSSION OF RESULTS 

The effect of compaction energy on the selected rheological parameter can be studied 
either at a constant moisture content or at a constant degree of saturation. By inter
polation of the basic experimental data, it is possible to plot the soil parameters of 
dry density, unconfined compressive strength, creep modulus, complex moduli, and 
others vs compaction energy and to analyze these parameters at constant moisture 
contents, such as the optimum dry unit weight moisture content, or constant satura
tions. Figures 13 and 14 show dry density and unconfined compressive strength vs 
compaction energy. These plots generally indicate that at a constant saturation the 
parameters of dry density and unconfined compressive strength increase with an in
crease of compaction energy; however, the strength properties uI a compacted soil as 
indicated by rheological parameters do not proportionately improve with the increase 
of compaction enargy. This may be due to many factors, such as the nature of the 

24 

20 

g 
"' 0 16 -
"' II 
~ 

20 

Kaolin Cloy 
Drop Hammer Compaction 
a-n = 12 psi 

0 W = 98% optimum 'Y.l (Dry) 
0 W = optimum )d 
0 W = 98% opllm um Yd (Wet) 
6 W ~ 90% saturation 

40 60 80 100 

COMPACTION ENERGY, TOTAL BLOWS 

Figure 15. Creep modulus vs compaction energy. 

120 1<10 



39 

structural arrangement of soil particles of the compacted soil and possible degradation 
of soil grains under high compaction energy, which were beyond the scope of this study 
of the phenomenological response of soils. 

Figure 15 shows elastic creep modulus, Ee, vs compaction energy . The maximum 
possible value of Ee is the desil'able characteristic. The optimum compaction energy 
found by the Ee criterion in the case of impact compaction is quite different from the 
optimum energy determined by the maximum dry density criterion, and would be the 
most economical compacted state to be desired in field construction for the particular 
soil, type of compaction and conditions investigated. If comparable experimental data 
can be obtained for the field strength-compaction energy relation of a soil it will be 
possible to expend less compaction energy on a given soil and obtain a more stable 
material for the construction of engineering structures. 

The creep modulus parameter continues lo increase with an increase in compaction 
energy. However, the rate of change in strength parameter is small beyond 80 blows 
compaction energy and therefore an optimum energy can be a1-rived at keeping in 
view the ratio between the increase of creep modulus and input of compaction energy. 

From the creep data of axial strain as a function of time, using the electrical 
mechanical analogy (9) 1 it is possible to transform the creep moduli from the time 
domain to the frequency domain and calculate the magnitude of the elastic complex 
modulus, IE* I and its phase angle, 0E, dil'ectly in the frequency domain. The pa
rameters I Ei• ( and !DE can be evaluated for a particular frequency of loading lo define 
the response of a viscoelastic material to any type of loading fW1ction. Table 2 indi
cates the approximate correspondence between the frequency of loading in the laboratory 
and the speed of a moving traffic load. Therefore, the complex parameters evaluated 
at any given frequency can be i·elated o a corresponding traffic load moving at a par
ticular speed (12). Figure 9 shows the parameters IEuj and iilE at w = 0.1 radians 
per sec vs compaction energy at constant moisture contents. Figure 16 shows I Eif I vs 

TABLE 2 

TEST FREQUENCY AND VEHICLE SPEED CORRELATION 

_ ________ 1 1/2 Cycles ________ -1'1 

compression 
9' Radius of Influence 

Vehicle Speed Time of Influence w - Frequency 
in mph of One Cycle in Radians/ Second 

in Seconds 

0.065 63 0.1 

4 1. 02 6.2 

15 0.27 23.3 

30 0.135 46.6 
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compaction energy. The same optimum value of compaction energy can be evaluated 
using either Ee or IE* I as parameters, which in this case is 80 blows. The Ee com
paction parameter is easily evaluated in laboratory tests and the optimum level of com
paction energy is the same as the optimum obta:lned using IE* I and ¢E to evaluate soil 
compaction. 

It was found that IE* I does not generally change significantly beyond a frequency of 
0.1 radians per sec. However, the phase angle, ¢E, continues to vary slightly with 
frequency. Values of IE* I below a frequency of 0. 1 radians per sec pass through a 
transition zone near this frequency. It should also be noted that this fundamental ma
le1'ial property, E>+', is independent of the type of test and can also b di r ec tly utilized 
in pavement design procedures now in the research phase (12, 6). The parameters at 
a frequency of 0. 1 radians per sec were plotted to evaluate the effectiveness of com
paction, although any frequency could have been used. The desirable characteristics 
for the compacted soil, in the light of material science concepts, are a maximum value 
of IE* I and a minimum value of ¢E. The values of IE* \ increase with an increase of 
compaction energy except for the higher moisture contents but the rate of increase is 
not proportional to the increase in compaction energy and this should guide the engi
neer in selecting the optimum compaction energy. 

In order to completely define the stress-strain response of a linear viscoelastic 
material, two material constants are required as in the case of the elastic theory. The 
second suitable material constant which can be evaluated experimentally is the com
plex transverse modulus, T*, which relates axial stress and radial strain. This pa
rameter was also utilized in this study on a limited basis. The complex transverse 
modulus can be evaluated by measuring the lateral strain . Thus, in the viscoelastic 
theory both IE* I and ¢E, IT* I and ¢T are the material constants necessary to define 
the state of a compactea soil. 

In Figure 10 the response of a soil under load in a creep test was represented by an 
equation of the form E = ctm. The values of c and m may be utilized as parameters 
to detennine the optimum combination of moisture content and compaction energy. 
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SUMMARY 

1. Compacted soils behave as linear viscoelastic materials within a given range of 
stress or strain depending on the environmental conditions and compaction methods. 
Soils compacted and utilized for subgrades under highway pavements are subjected to 
stresses and strains within the linear range noted by direct experimental testing. 
Therefore, as an engineering approximation, the response of compacted soils under 
highway pavements can be treated and studied as that of a linear viscoelastic material. 

2. General experimentation is usually conducted on samples previously untested; 
however, the loading history influences the mechanical behavior of the soil. Compacted 
soils exhibil a form of mechanical conditioning and when experimental specimens are 
tested both the deformation and strength properties measured will vary with subsequent 
repetitions of loading and unloading, suggesting that a conditioning of the samples by 
the testing loads may yield more realistic results in the case of highway pavement 
studies. 

3. The total deformation under load in the creep test could be separated into three 
components: (a) the instantaneous elastic, (b) the retarded elastic, ang (c) the vis
cous. As an approximation, the elastic creep modulus evaluated at a loading time of 
30 sec was used to represent the instantaneous or elastic response. Using the creep 
modulus at 30 sec loading time as a parameter, the compaction characteristics of 
soils were evaluated. In the case of drop hammer compaction the value of Ee increases 
with an increase of energy but the rate of increase is not proportional to the increase 
in the input of energy. 

4. Analogous to Young's modulus, E, for an ideal elastic material the complex 
elastic modulus, E*, or the magnitude of the complex elastic modulus, E* , and the 
corresponding phase angle, ¢E, can be used as rheological strength parameters in 
evaluating the -state of a compacted soil. The rheological parameters increase with 
increases of compaction energy, but not in the same proportion. From Figures 9 and 
16 it can be concluded that 80 blows is the optimum compact.ion energy based on eco
nomic considerations . 

5. In the stress relaxation tests, the desirable characteristic is a maximum value 
of Er(t). Eighty total blows per sample was the optimum compaction energy yielding 
a maximum possible value of Er(t) at a constant saturation. 

6. The strain-time response in a creep test indicates that the axial strain and time 
are related by a power relation of the form E = ctm during the elastic and portions of 
the retarded elastic strain of the total response. During the steady-state flow portion 
of creep response the strain-time function can be described as E = c' + m 't. 

7. To rigorously define the stress-strain-time behavior of soils two material con
stants are required as in the elastic theory. The complex elastic modulus, E*, and a 
second modulus (which can be any one of the following: complex Poisson's ratio, V*, 
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 any 
viscoelastic material. In many pavement design procedures, such as Westergaard's 
or Boussinesq's, an appropriate value of Poisson's ratio is often assumed and used in 
design techniques. Likewise an approximate and suitable value of V* can be assumed 
with the additional insight of laboratory tests of the measured lateral strains or volu
metric changes. Using two material constants, the classical elastic equations can be 
used in the frequency domain (25) in predicting the performance of a subgrade under 
any type of loading. Once the optimum saturation or molding moisture content and the 
maximum possible or most economically desirable value of E*, T*, V*, etc. , are 
determined, then a suitable type of compaction program in field can be evaluated to 
yield an optimum compacted soil. 

The conventional soil compaction parameters, dry density and unconfined compres
sive strength, both increase with an increase of the compaction energy and are not 
fundamental properties of the material. It is established that there is an optimum level 
of compaction energy beyond which additional compaction will result in overcompaction 
of the material and a reduction in the overall strength of the soil. Therefore, using 
conventional soil strength parameters it may be difficult to find the most effective level 



42 

of compaction energy. By verification of the linear viscoelastic response of soils 
under environmental conditions comparable to highway service conditions it is now 
possible to utilize rheological parameters such as Ec, Er(t), E*, and others to evaluate 
soil compaction. 
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