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The special significance water has for pavement systems is that such 
structures are generally associated with soils close to ground surface, are 
subject to large moisture content variations, and are strongly influenced 
by environmental conditions. The object of this study is to esta~lish ex· 
perimentally the relationship between the strength and deformation 
characteristics under highway loading conditions and the soil moisture 
regime in terms of the soil-water potential (or soil suction). To do th!s1 

laboratory specimens of a mixture of a typical Wisconsin subgrade soil 
am.I 25 percent sand were compacted at optimum and ±2 percent of 
optimum moisture content. These were subsequentll equilibrated to a 
range of suction values up to 1500 kPa (217.4 lbf/in ) in a soi l moisture 
extractor. The specimens were subjected to a repetitive uniaxial com· 
pression loading of 80 kPa (11 .6 lbf/in2) at a frequency of 0.5 .c.ycle/s up 
to 1 O 000 loading repetitions. After the computed values of resilient mod· 
ulus and residual strain were studied as a function of the moisture parame· 
ters it was concluded that soil suction is the fundamental parameter in 
char'acterizing the moisture state and its effects on the mechanical be· 
havior of soils. For the silt loam soils (low-plasticity clays) considered, 
compaction at dry·of·optimum moisture content results in subgrades 
more susceptible to moisture changes. There appear to be significant 
advantage.s in taking suction-related improvements in the mechanical 
properties· into account if1he regional climatic conditions are to ensure 
a suitable range of moisture index. However, there seems to be a limit 
to the increases in resil ient modulus with increasing soil suction because 
the resilient moduli decrease for suction values greater than a critical 
value. 

When a pavement is subjected to a wheel load, it under­
goes both recoverable (resilient or elastic) and irre­
coverable (permanent or plastic) deformations. The 
most significant factor influencing the design of a flex­
ible pavement for given traffic and environmental con­
ditions is subgrade soil support. 

In recent years, the importance of resilient deforma­
tion, the major component of the total deformation for 
adequately designed paveme1lts, has been studied exten­
sively. Numerous field studies have established that 
pavement performance is controlled by the magnitude 
of resilient deformation responsible fo1· fatigue failures 
in asphalt conc1·ete surface courses (!). Several studies 
have shown that repetitive loading tests can be used to 
establish appropriate resilient properties for fine­
grained subgrade soils~,~,_!), and, since then, the 
deformation cha1·acteristics of soils under repetitive 
action of compression load.s have been studied exten­
sively. 

One very important panmeter for cohesive soils is 
the moisture state of soil. In order to fully describe 
and control the mechanical behavior of st1bgrade soils, 
methods for predicting {a) moisture movement and 
equ.ilibl'ia in pavement systems and (b) influence of 
moisture on pavement behavior are needed ~). The 
emphasis in thIB investigation is on the latter aspect, 
and we expect the findings to be a complement to the 
research on moisture movement and equilibria by other 
investigators @, .:!) . 

Water has special significance i11 highway paveJDent 
systems because such sti·uctw·es are generally associ­
ated with the sw•ficial boundaries of the te1·rain. There­
fore, they are S\lhjer.t to large moisture content varia­
tions and are strongly influenced by envil'orunental con­
ditions. It is for this reason that the problems of con-

trolling moisture cl1anges and accumulation in soils under 
covered areas are of prime impo1·tance in relation to 
pavement design, construction, and performance. The 
recent advances in theoretical soil physic.s have pro­
vided researchers with a better understanding of the 
energy status of soil water (potential or suction). This 
has encouraged the application of the principles of soil 
suction to the mechanical i·es1>0nse characterization (8). 

The i·esearch reported here was further facilitated 
by the introduction of soil suction measuring devices 
that a1·e practically applicable for all ranges of soil 
suction encountered (9). 

The energy of a sOu-water system can be expressed 
as a function of its characteristic water retention curve, 
or the i·elationship between water content and total soil­
water potential or soil suction, whe1·e the latte1· is the 
difference between the free energy of water in the soil 
a1~d that of pure water in a free surface condition. 
Total soil-water potential or soil suction is defined as 
the work required to remove an infinitesimal quantity 
of water from the soil and provides a measure of the 
combined effects of the fol'ces holding the water in the 
soil. With the exception of cementation bonds, it 
implicitly includes the effects of the fundamental inter­
action forces that influence the defo1·mation character­
istics of the soil. The total soil-water potential of a 
soil varies with its water content, mineralogy, solutes 
present in the pore water, and soil fabric, among other 
parameters. This potential can be divided into several 
components. 

Two of these components of p1imuy interest are 
"matric potential", which arises from both capillarity 
and particle surface adsorption, and "solute potential", 
which arises from osmotic effects when water of a dif­
ferent solute content than pui·e water is extracted from 
the soil (9). In water retention curves, the data are 
usually presented in te1·ms of equilibrium or steady­
state vai.ues of water content, as related to some com­
ponent of the soil-water potential. Expressed in terms 
of water content, so1·ption values are lower than de­
sorption values; th.is is referred to as hysteresis. Soil­
water extractors consisting of a pressure chamber con­
taining a porous membrane of an app1·opriate bubbling 
pressw·e (for example, a cenmic plate) are commonly 
used for measul'ing or controlling matric suction. 
Solute suction can be evaluated by using freezing-point 
depression measurements and vapor-pressure depres­
sion measurements by thermocouple psychrometers 
(9). 
- The soil suction concept provides a fundamental soil 
parameter that reflects mechanical behavior (10). 
A nether analytic advantage of soil-water potential over 
moisture content stems from the fact that a small error 
in moisture content may lead to a very serious erro1· in 
the mechanical properties when Uie moisture content 
app1·oaches satuntion, whe1·eas it takes correspondingly 
large values of suction to cause the same error. 
Furthermore, an indication of t he effect of location and 
topography on soil suction values occurring under pave­
ments can be obtained by correlating field suction 



values with a climatic moisture index such as Thorn­
thwaite moisture index (11). O'Reilly, Russam, and 
Williams (12) have showna broad correlation between 
the average value of soil suction in the top 0. 6 m (2 ft) 
of the subgrade under the pavement and the Thornthwaite 
moisture index for a number of soil groupings. 

The few existing investigations that relate the me­
chanical response under repetitive loading conditions to 
soil suction (13, 14, 15, 16, 17, 18) indicate that soil suc­
tion is an importantmoisture variable for describing 
resilient behavior and relating it to the soil enviromnent. 
Consequently, the study of soil suction is of ever­
increasing importance to the design of pavements for 
arid areas, to the selection of placement conditions for 
base-course materials on ex.pansive subgrades, and to 
the p1·ediction of pavement performance. However, the 
resilient behavior of soils as a function of suction and 
other moisture parameters is not yet well understood, 
and only a very few investigations into it have been 
undertaken in this connection. 

Therefore, the general objectives of this paper are 
to present experimental results concerning the resilient 
properties of selected fine-grained soils and to identify 
and quantify the effect of soil water in terms of soil 
suction and other pertinent parameters on the resilient 
a11d strength characteristics under typical pavement 
loading conditions. 

PROPERTIES OF SOILS USED 

The basic material selected for the testing program is 
Fayette silt loam from Richland County, Wisconsin. 
It is typical of the soils adopted for subgrade construc­
tion by the Wisconsin Department of Transportation. 
The Fayette series of soils, which are available in 
several southwestern counties in Wisconsin, develop 
over clay residium from dolomite bedrock (19). These 
are moderately permeable soils with high available 
water. They have moderate frost heave potential and 
bearing value and are considered fair to good in 
compaction but poor as road subgrade. 

Fayette silt loam and a mixture of it with Keweenaw 
sand were used in the testing program. For ease in 
identification, we shall call them Fayette and sandy mix. 

Sandy mix, selected from a number of trial mix­
tures, was intended to produce a soil with textural charac­
teristics different from those of Fayette silt loam. The 
sand used in preparing sandy mix was a reddish-brown 
loamy sand from Douglas County, Wisconsin. The 
final mixture used in the testing program contained 75 
percent Fayette silt loam and 25 percent Keweenaw 
sand. Pertinent engineering properties of the soils 
used are listed in the table below (1 mm = 0. 039 in; 1 
N = 0. 22 lbf; 1 KN/ m3 = 5. 647 lb/ft3

). 

Item 

Liquid limit (%) 
Plasticity index 
Sand (0.074-4.76 mm) (%) 
Silt (0.002-0.074 mm) (%) 
Clay (<0.002 mm) (%) 
AASHO soil classification 
Unified soil classification 
Optimum moisture content (%) 
Maximum dry unit weight (kN/m3 ) 

Specific gravity 

Fayette 
Silt Loam 

39 
18 
2.4 
77.6 
20.0 
A-6(11) 
CL 
18.2 
17.3 
2.69 

Sandy Mix 

33 
12 
21.6 
63.5 
14.9 
A-6(9) 
CL 
15.8 
18.3 
2.71 

The compaction characteristics of the two soils used 
were determined by using the Harvard miniature com­
pactor following the p1·ocedure given by Wilson (20) 
and using a compressive fo1·ce of 178 N (40 lbf). Based 
on the results of the compaction tests, specimens at 
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approximately optimwn moisture content and nominally 
2 percent dry and wet of it were compacted to be used 
in the repetitive loading tests, again using the Harvard 
miniature compacto1·. 

Addition of 25 percent sand to Fayette silt loam re­
sulted in higher maximum dry density and lower opti­
mum moisture content than found in the natural state. 
Preparation of nominally ± 2 percent of optimum mois­
ture content specimens was successful in the natural 
Fayette; however, the wet-of-optimum specimens 
tu1·ned out to have molding moisture contents very close 
to the optimum in the case of sandy mix (a situation that 
could not be ascertained until after the termination of 
the testing program) . 

EXPERIMENTAL PROCEDURES 

The experimental phase of the investigation involved 
three stages: (a) p1·eparation of soil samples, (b) 
equilibration of samples to various suction values, and 
(cl repetitive load testing and subsequent compression 
testing of s_amples. 

Sample Preparation 

The test specimens were prepared from the two soil 
samples by compaction with controlled moisture con­
tent by using a miniature Harvard compactor in ac­
cordance with the procedures described by Wilson (20). 
Three sets of test specimens were compacted with -
molding moisture contents in the range of ±2 percent 
of optimum. Each set contained nine specimens to be 
equilibrated a nd load tested at suctions of 6. 25, 12. 50, 
25, 50, 100, 200, 400, 800, and 1500 kPa (0. 9, 1. 8, 
3 . 6, 7. 3, 14.5, 29.0, 58.0, 116.0, 217.5 lbf/ in2

). 

During compaction the Harvard compactor was 
equipped with a 178-N (40-lbf) spring. Compacted 
specimens were allowed to equilibrate in sealed jars 
for about a week to ensure more uniform internal mois­
ture distribution. The procedure described here re­
sults in reasonably homogeneous, reproducible speci­
mens with controlled moisture contents. The compac­
tion and subsequent moisture extraction resulted in 
moisture contents (weight basis) i·anging from 12 to 
25 pe1·cent. The dry density, once fixed during the 
compaction process, did not vary significantly during 
subsequent moisture extraction; therefo1·e, no conclu­
sive relationships between density a11d the observed be­
havioral patterns could be discerned. 

Another important soil parameter, soil fabric, was 
not controlled or measured. During compaction of soils 
fabric is influenced primarily by the method of compac­
tion and the compaction moistw:e content (21). Johnson 
and Sallberg (22) report that the kneading compaction 
method best represents the soil fabric obtained in the 
field. For this reason, among others, the Harvard 
method was used to prepare all specimens. The in­
fluence of compaction moisture content was included by 
preparing specimens at optimum as well as dry- and 
wet-of-optimum moisture contents. 

Equilibration of Specimens to Various 
Soil Suctions 

The soil moisture extractors were used to equilibrate 
the soil samples to various rnatric (soil) suctions. One 
of the extractors, which contained a ceramic plate of 
100 kPa (14. 5 lbVin2

) air-entry pressure, operated 
within the range of6.25-50 kPa (0.91-7.25 lbf/ in2

), 

whereas the other one, which contained a 1500 kPa 
(217.4 lbf/ in2

) air-entry pressure plate, was used in 
the 100-1500 kPa (14.5-217 .4 lbf/ in2

) range. By 
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doing this, it was possible to substantially reduce the 
total equilibration time for the whole series. 

Ailer lh~y were placed in the extractors, the samples 
were left to equilibrate with water under zero chamber 
pressure until no noticeable tlow of water i nto the ex­
tractors' pressu1·e plates was observed. Then chamber 
p1·essm·es of 6. 25 kPa (0. 91 lbf/in~) and 100 kPa (14. 5 
lbf/ in2

), respectively, were applied as the first incre­
ment; the pressul'es were doubled when equilibrium was 
reached under each incremental pressure. As soon as 
the ail' pressure inside the chamber is raised above the 
atmospheric pressure, the higher pressul'e inside the 
chamber fo1·ces excess water through mic1·oscopic pores 
in the porous membrane (ceramic plate). The high­
pressure air, however, will not flow through the pores 
because they are filled with water a nd the surface tension 
of the menisci formed at the gas-liquid interface at each 
of the pores supports the pressure in much the same way 
as a flexible rubber diaphragm would. When the air 
pressure is increased inside the extractor, the radius 
of curvature of this interface decreases. However, the 
menisci will not break and let air pass throughout the 
whole pressure range of the extractor. At any given air 
pressure in the chamber, soil water will flow from 
around each of the soil pa rticles and out through the 
porous membrane to the space under it, which is kept 
at atmospheric pressure by a tube connected to the 
atmosphere. 

This process continues until such time as the ef­
fective curvature o! the water films throughout the soil 
are the same as those in the pores of the porous mem­
brane. When this occurs, equilibrium is reached and 
the flow of moisture ceases. At equilibrium the air 
pressure in the extractor and the soil suction are equal. 

Each time the equilibrium between the chamber pres­
sure and pore-water llressure in the samples was 
reached, three samples (with dry-of-optimum, optimwu, 
and wet-o.f-optimum compaction moisture contents) were 
taken out, weighed, measurec~ trlmm ed (if necessary 
to provide parallel top and bottom s u.rfaces for resilience 
testing), reweighed, and remeasured after trimming. 

Repetitive Load Testing 

Cylindrical specimens [approximately 70 mm (2 . 76 in) 
high and 35 mm (1.38 in) in diameter) equilibrated to 
desired soil suctions were subjected to repetitive load­
ing tests in an apparatus capable of applying repeated 
dynamic loads of controlled magnitude and duration with 
a choice of a nW11ber o.f loading functions . Repetitive 
loading tests were carried out under uniaxial loading 
conditions. Factors considered in adopting the uncon­
fined compression procedure included 

1. Simplicity and ease of testing, 
2. The very small [ normally less than 40 kPa (6.0 

lbf/ in2
) ) magnitude of confining pressure that exists in 

the upper regions of the subgrade of a typical flexible 
pavement, and 

3. Difficulty in assessing change in induced soil suc­
tions as a result of the application of an all-around pres­
sure, which introduces problems in correlating the re­
silient behavior with soil suction. 

During repetitive load testing, an-1nitial axial load 
of 20 N (4 . 5 lbD was applied; this axial load was then 
varied between 20 and 100 N (4. 5 and 22. 5 lbf), which re­
sulted in a reJ?etitive axial stress of approximately 80 
kPa (11. 6 lbf/in2

). The load-time curve form chosen 
was haversine, and a series of pilot tests was per­
formed with frequency of loading varying from 0. 2 to 2 
cycles/ a and number of cycles running up to 10 000 
repetitions. 

Based on these tests, and the time constraints, a 
maximum of 5000 r epetitions, a frequency of loading 
of 0. 5 cycle/s, anrl a loading time of 0. 3 s/ repetition 
at a time interval of 2 s between two consecutive load­
ings were adopted as reasonable values in the main 
testing effort. Half of the Fayette series was carried 
to 1U UUU repetitions. 

Resilient deformation and the applied load were taken 
di1·ectly from a built-in recorde1·, and the resilient moduli 
were calculated. After the resilience testing, the uncon­
fined compressive strength of each specimen was deter­
mined by a conve11tional unconfined compression testing 
apparatus following standard procedures (23) . 

EXPERIMENTAL RESULTS 

Definition of Mechanical Parameters 

The term "stress" refers to the average load per unit 
area, and "stl'ain" is defined as t he ratio of the average 
change in a dimension (deformation) to the original 
value of that dimension. Resilient or elastic strain is 
the ratio of that portion of the total deformation that is 
recovered after t he repeated axial load is removed to 
the original specimen length. Residual or plastic strain 
is the i·atio of that portion of the total deformation that 
is not recovered after the repeated axial load is re­
moved to the original specimen length. Resilient 
modulus is the ratio of the repeated axial stress (01· 
the repeated principal stress difference) to the resil­
ient strain. And soil suction is tile ener gy with which 
water is held in soil and is measured by the work re­
quired to move an infinitesimal quantity of water from 
the soil to a pressure-free and pure state. 

Soil suction, when expressed as energy pe1· unit 
volum e, is a negative quantity witb dimensions of pres­
sure. However, in engineering use, its absolute value 
or positive magnitude is normally used for ease of dis­
cussion. This usage is also adopted in this study . 
Thus, a soil suction of -800 kPa (-116 lbf/in2) is re­
ferred to as a suction of 800 kP a (116 lbf/in2

). 

The influence of the moisture state variables on the 
resilient properties and post-repetitive loading strengths 
is demonstrated and discussed in the following sections. 

Water Retention Curves 

After they were prepared, the cylindrical specimens 
were allowed to stand on the moisture extractor plate 
with access to free water. In response to the suction 
pressures induced during compaction, the specimens 
tended to absorb water, which they were allowed to do 
until there was no noticeable movement of water into 
the ei-.-ti·actor. The specimens were then brought to 
equilibrium at various soil suctions, al ways following 
a fixed pressure schedule, i.e. , always doubling the 
previous pressure. Only variations from the initially 
nearly saturated state were studied by means of a de­
sorption schedule. Some of the specimens we1·e taken 
out after equilibrium at various suctions to determine 
their equilibrium water contents and dry densities. 
They were tested in uniaxial repeated loading and 
static comp1·ession for resilient deformation and 
strength charactetistics. The ceramic plate extrac­
to r primai-ily controlled the specimens' matric poten­
tial; the solute potential was not considered to be a 
significant component of the total potential for the 
materials and the conditions of this study. 

The characteristic water retention curves associ­
ated with the indicaled desorption schedule arc given 
in Figure 1 for the two soils tested. The gradual 
concave shape of tne curves for the specimens molded 



at the optimum and wet-of-optimum moisture contents 
(0 to W specimens) indicates that, within the range 
tested, each of these specimens had a wide distribu-
tion of pore sizes, because the presence of a dominant 
pore size would have yielded a rapid decrease in water 
content at the value of the soil suction associated with the 
water-holding capacity of a pore of that given size. This 
was observed in the case of the specimens molded at 
dry-of-optimum moisture content (D specimens), par­
ticularly of Fayette and, to a degree, of sandy mix. 

The variety of complex interactions between clay 
particles and water made it virtually impossible to cal­
culate theoretically the water-retaining characteristics 
of a given soil. However, the measurement of water 
retention can be made without regard to the individual 
forces holding the water in the clay, and a qualitative 
interpretation of the different possible mechanisms 
can be advanced. 

Two factors affecting the matric potential of a soil 
at equilibrium to a large degree are the pore size and 
number and the adsorptive forces associated with the 

Figure 1. Water retention curves for Fayette and sandy mix. 
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particles' surfaces. Accordingly, soil fabric strongly 
influences the pore-size distribution and consequ.entiy 
the shape of the characteristic water retention cu1'Ves, 
especially in the low suction range . 

The individual points on a given water retention 
curve were obtained by testing different specimens with 
hypothetically th.e same initial fabric and dry density. 
Specimens compacted wet and dry of optimum as well 
as at optimum moisture content follow distinct curves 
throughout the moisture-extracting process. These 
water retention curves do not tend to merge at higher 
suctions, which reflects the dominant influence of the 
initial fabric characteristics (i. e. , pore sizes and 
shapes) on the water retention rather than the role of 
the surface adsorptive forces holding water in the soil 
for the l·ange of soil suctions used. 

This rationalization is based on the premise that, 
as the soil suction inc1·eases, the larger pores empty 
and shl'ink, and the role of surface adsorptive forces 
is increased. The1·efore, water-retaining character­
istics tend to be increasingly governed by the specific 
surface area of the particles rather than by the fabric. 
Since specific surface area is expected to be the same 
for specimens of compositionally the same soil, the 
retention curves can be expected to merge at suffi­
ciently high suctions. 

The D specimens seem to have a fabric distinctly 
different from that of the 0 or W specimens. This is 
reflected in the shape of the.ir respective water reten­
tion curves. It appears that the D specimens contain 
a la1·ge portion of relatively large pores of roughly 
equal size when compared to the 0 and W specimens at 
approximately the same void ratio (average molding 
void ratios were 0. 55 and 0.48 for Fayette and sandy 
mix, respectively). 

This observation conforms with the reported open, 
flocculant fabric of specimens compacted dry of opti­
mum versus the oriented, dispersed 1abric of speci­
mens compacted wet of optimum (21). Furthermore, 
the stress-strain curves obtained in the unconfined 
compression testing of the compacted specimens in­
dicated a peak for the D specimen, whereas smooth 
curves were obtained for the 0 and W specimens. This 
again reflects the variation in the fabrics of these 
specimens. 

In order to demonstrate these inferences, a more 
direct approach was adopted, and the fabric of speci­
mens wet, dry, and optimum were obse1·ved under a 
scanning electron microscope (SEM). A difference 
between the fab1·ic of the D specimen and 0 01· W speci­
mens was discernible on the micrographs, and the 
preponderance of voids in the mic1·ogra.ms was com­
pued in a qualitative manner. There appeared to be 
hardly any discernible difference between 0 and W 
specimens, and the fabric differences of sandy mix 
specimens were much more subtle. 

The soil suctions corresponding to the as-compacted 
state of the wet, dry, and optimum specimens can be 
estimated indixectly by reading the suction values cor­
responding to the molding moisture contents from the 
respective i·etention curves. The average compaction 
suction values in kilopascals (kPa = 0.145 lbf/in2

) 

of the specimens prepared are given below. 

Soil Sample 

Fayette 
Sandy mix 

Suction (kPa) 

Dry of Optimum 

530 
280 

Optimum 

250 
200 

Wet of Optimum 

130 
25 

These values could differ from the actual as-compacted 
suctions; nevertheless, the specimens compacted dry of 
optimum indicate much higher suction values and a more 
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open fabric than the wetter specimens. When allowed 
access to water, as in this stucly in the e.xtractor before 
the desorption cycle, they absorb much more water 
than the wetter specimens (Figure 1). 

'For instance, the dry Fayette and sandy mix speci­
mens gained 7. 8 percent and 2. 5 percent in moisture 
content, respectively, when allowed access to wate1• in 
the extractor under a small suction p1·essure (6. 25 kPa 
(0. 91 lbf/inz) and 14 kPa (2. 03 lbf/in2

), respectively], 
whereas the optimum ancl wet-of-optimum Fayette and 
sandy mix specimens gained, under the same conditions, 
on the order of 2.1 and 1. 2 percent in moisture content, 
respectively. 

Practical implications are important in that certain 
soils when compacted to the same density, if the com­
paction moisture content is dry of optimum, will be 
mo1·e susceptible to moisture changes. In the presence 
of moisture they may equilibrate to higher moisture 

Figure 2. Resilient modulus and residual strain versus number of 
loading cycles. 
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contents than the corresponding soils compacted wetter. 
Since structural properties have a general dependency 
on moisture content, this would result in inferior 
performance. 

All the observations made above were more distinct 
for Fayette than for sandy mix. Tbis was probably be­
cau1:>t:! s&ndy mix packed better with its 25 pe1·cent sand 
and less clay. 

Repetitive Loading Test Results 

Uniaxial repetitive loading tests were performed on 
more than 60 specimens from the two soil samples. 
The results were analyzed in terms of he resilient 
modulus (E,) and the residual straiu (€ p). These two 
parameters define the behavior of subgi-ade soils and 
ue useful in the design of highway and airfield pave­
ments. 

Figure 2 shows the variation of E, and (pas a func ­
tion of the number of loading cycles (N). Bot)l E, and 
( P steadily increase with inci·easing N, and the soil be-

Figure 3. Resilient modulus and residual strain versus compaction 
moisture content. 
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comes less elastic. This behavior was usually ob­
served for all the specimens at all suctions. E, in­
creases approximately 1. 4-fold for both soils over a 
range of 1000-5000 N (225-1125 lbf), and €•increases 
approximately 2- and 3-fold for sandy mix and Fayette, 
respectively, over the same range. 

The general influence of compaction moisture con­
tent on Er and€• is shown in Figure 3. Variations in 
compaction moisture content on the dry side of optimum 
result in more significant changes in E, than similar 
variations on the wet side of optimum. In the case of 
€ •' the opposite of the resilient modulus response is 
observed. 

Permanent strains increase rapidly for the speci­
mens compacted wet of optimum. However, one must 
remember that moisture content of the soil may change 
after compaction in response to envirorunental conditions. 
In order to investigate this response, compacted speci­
mens were equilibrated to a range of moisture regimes 
in the laboratory and tested. 

Figure 4 gives the resilient modulus and residual 
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strain at 5000 load repetitions as a function of th~ 
equilibrium moisture content and the degree of satura­
tion for Fayette silt loam. The data indicate a general 
tendency for E, to decrease as w, increases. Changes 
in Er for moisture contents greater than the optimwn 
a1·e relatively small, whereas significant changes oc­
cur with moisture content in the dry-of-optimum range. 
Small variations occur in €• for moisture contents equal 
to or less than optimum. However, for states wetter 
than optimum, residual strains rapidly increase with 
moisture content. The data points are not scattered 
much, which indlcates a strong dependency on equilib­
rium moisture content. 

The moisture-density relations for soils can also be 
considered in terms of degree of saturation. In Figure 
4 a trend is noted between E, and fp and the degree of 
saturation (S1). Resilient modulus decreases at satura­
tions less than 75 percent for the range of S1 • The 
specimens tested at a suction of 1500 kPa (217 . 4 lb.f/in2

) 

had consistently lower moduli than the ones tested at 
800 kPa (116 lbf/in2

). 

Figure 4. Resilient modulus and residual strain versus moisture content and degree of saturation. 
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This change in behavior t rends at a suction roughly 
corresponding to 800 l<Pa is responsible for the lower 
moduli fo1· degrees of s aturation less th;:in t hP. cl'itical 
value of S1 (75 pe1·cent fOl" Fayette sut loam) . Residual 
sh·ains remain relatively constant for S1 eqi.1al to or 
greater than 95 percent. Significant changes in i: P take 
place when the soil is nearly saturated (::; 1 is smaller 
than 95 percent). Residual strains are apparently more 
strongly dependent on moistuxe content than on degree 
of saturation. 

A volume measurement is required to determine 
degree of saturation, and tllis introduces significant 
inaccuracies. Consequently the data points were quite 
scattered (especially for sandy mix) . It is noted from 
Figure 4 that the use of moisture coutent or degree of 
saturation alone to characterize moistu1·e regime of a 
soil is, in gene1·al, inadequate. 

Figure 5 shows the range of values for the resilient 
modulus and residual sti·ain as a function of the initial 
soil suction (,µ1) for the two soils. E, does not change 

Figure 5. Resilient modulus and residual strain versus soil suction. 
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apprecial)ly up to ¢ 1 = 100 kPa (14. 5 lbf/in2
) . There­

after, there is geuerally a shai·p increase in E, with 
increasing 1 except at l/l1 = 1500 kP a (217 . 4 lb!/in2

) . 

Tbe drop in E, at I/J i = 1500 kPa was observed fo1· both 
soils and was verified with duplicate specimens pl'e­
pared and tested i n the same manne1·. It is therefore 
lielieved to be an intrinsic behaviornl chn.rn.cterlstic 
rather than an experimental error. 

The cl'itical suction value at which the change in 
behavior occurs cannot be precisely determined; how­
ever, it probably has a value sligl1tly in excess of 800 
kPa. This cl'itical suction corresponds to a moisture 
content approximately 2 percent dry of optimum. 
Similar observations with regard to the changes in 
mechanical behavior at certain critical suctions have 
been reported. Krizek and Edil (24) reported a change 
in the static compression behaviorof kaolin.itic soil 
samples at a suction of 500-600 kPa (72. 5-86. 9 lbf/in2

). 

Edris and Lytton (16) refer to a chang·e in resilient 
modulus response Of certain Texas soil samples from 
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Figure 6. Effect of repetitive loading on unconfined compressive 
strength. 
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Figure 7. Post-loading unconfined strength versus soil suction . 
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"effectively saturated" to "effectively unsaturated" at a 
suction corresponding to 2 percent dry-of-optimum 
moisture content. The reasons for this change in be­
havior have not yet been identified. The dependency of 
E, on l/J 1 for dry, wet, and optimum samples appears 
similar; however, tbere are no cllstinguishable trends 
with respect to the compaction moisture content and the 
resultant fabric. 

Major changes in Ep take place for the suction range 
less than 100 kPa (14. 5 lbf/in2

), beyond which irrecov­
erable strain stabilizes and remains, in general, equal 
to or less than 5 x 10-3

• As suction increases from 
6. 25 to 100 kPa (0. 91-14. 5 lbf/in2

), Ep decreases 
2. 5- to 7-fold, depending on the specimen's com­
paction condition (i.e., wet, dry, or optimum). 
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Figure 8 . Post-loading unconfined strength versus water content. 
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The specimens that were used in the repetitive loading 
tests were subsequently subjected to unconfined com­
pression tests. This strength is referred to as the 
"post-loading unconfined compressive strength" and is 
designated q"P' The q.P value represents the soil's 
strength after 5000-10 000 cycles of repetitive loading 
to a stress level only a fraction of its strength. 

As a i·esult of the repetitive loading, the initial 
charactelistics of the specimens are expected to change 
somewhat. Tile post-loading strength of coQ'lpacted 
specimens are compared in Figure 6 with those of the 
specimens not subjected to repetitive loading. The 
specific repetitive loading level used causes a slight 
increase in unconfined strength. No attempt was made 
to measure the final suction at the end of the repetitive 
loading. Based on the data presented by Edris and 
L.ytton (16), the ratio of final to initial suction is very 
11early one for the soils tested in this program. Conse­
quently, the variation of qup values with the known initial 
suction (¢,) is considered and presented in Figure 7 for 
Fayette soil . As shown in this figure, qup increases 
with increasing values oi !Ji1. 

Similar behavior by kaolinite samples prepared by 
consolidation from a slurry has been reported by Edil 
and Krizek (10). At each suction value, there is a 
range of qup values that results from the difference in water 
contents of dry, wet, or optimum specimens equilibrated 
to the same soil suction. In order to demonstrate the 
effect of water content, log qup is plotted versus Wt in 
Figure 8; there is a distinct dependency on water con­
tent and q.P varies with Wt in approximately an exponen­
tial manner. 

SUMMARY AND CONCLUSIONS 

A study of the relationship between the resilient modu­
lus, residual strain, post-repetitive loading strengtJ1 
and the moisture regime of two fine-grained soils has 
been made. Based on the behavior of the silt loam 
soils investigated here, the following conclusions 
can be drawn. The application of these conclusions to 
similar soils may be possible in a qualitative manner; 
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however, for quantitative comparisons caution must be 
exercised. 

1. Characteristic water retention curves are useful 
for reflecting the susceptibility of compacted soils to 
moisture changes. The silt loam soils compacted dry 
of optimum are found to be more suoccptiblc to mois­
ture content changes than are the ones compacted at 
optimum or wet-of-optimum moisture contents at 
compa11able compaction densities. For example, the 
specimens compacted dry of optimum equilibrated to 
higher moisture contents than the optimum and the 
wet-of-optimum specimens at low soil suctions. Since 
most mechanical properties are adversely affected by 
increasing moisture content, the necessity of specifying 
the compaction moisture content in addition to the com­
paction density becomes apparent in field compaction 
of fine-grained soils. 

2. The resilient modulus and strength strongly de­
pend on compaction moisture content on the dry side of 
optimum with insignificant dependency on the wet side 
(within the range of ±2 percent of optimum), whereas 
the residual strain exhibits the opposite behavior. 

3. The moisture regime subsequent to compaction 
can be expressed most suitably in terms of soil suction. 
It is an intrinsic parameter of the moisture equilibrium 
and reflects the effects of soil type and fabric, climate, 
and position of groundwater table on the mechanical 
response better than moisture content or degree of 
saturation alone. 

4. Resilient modulus and post-repetitive loading 
strength are primarily related to soil suction. Fo1· silt 
loam soils investigated, variations in these properties 
were small for suction values less than 100 kPa (14. 5 
lbf/in2

). This suction corresponds roughly to 2 percent 
dry-of-optimum moisture content. For suctions 
g reat e1· than this, however, significant increases in 
mechanical properties (on the order of three- to six­
fold) are obtained. 

5. The opposite of this behavior is obtained in the 
case of residual strain. Major decreases in residual 
strain take place up to a suction of 100 kPa. However, 
for suctions greater than this, residual strain remains 
virtually constant. 

6. Resilient modulus increases monotonically for 
soil suctions from 100 kPa to a critical suction beyond 
which it decreases. This critical suction appears to 
be about BOO kPa (116 lbf/in2

) (co1Tesponding moisture 
content is 2 percent dry of optimttm) for the soils tested. 
This anomaly in behavior was not observed in the case 
of i·esidual strain or strength. 

7. The significant range of soil suctions is from 100-
800 kPa for the soils considered. This corresponds to 
a rall!!e of Thornt waite moistu1·e inde.x of from -15 
to + 15 for the soils tested. In the regions where the 
climatic moisture in terms of rainfall and evapotrans­
piration yields a moisture index in tl1is range, an ad­
vantage of improved mechanical properties as a func­
tion of soil suction can be taken. In terms of moisture 
content, this significant i·ange corresponds to 
( W01u1mum) tO ( WopC mum - 2 perC ent). 

8. Number of loading cycles results in significant 
increases in resilient modulus and residual strain (the 
latter is not very desirable) and some increase in com­
pressive strength. 
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Comparison of the Precise Freezing 
Cell with Other Facilities for 
Frost-Heave Testing 
R.H. Jones andS.J-M. Dudek, Department of Civil Engineering, University 

of Nottingham, England 

Identification of frost-susceptible materials on the basis of their physical 
properties is too imprecise for many practical purposes, and direct 
freezing tests need to be employed. Heave is measured by two main 
types of test : the constant rate of penetration test and the constant 
boundary temperature test. The latter has the advantage of greater sim· 
plicity of operation and is easier to model mathematically. Neverthe· 
less, its reproducibility is relatively poor and improvements are being 
sought. The development of a self-refrigerated unit (SRU) is outlined 
and likely future revisions to the constant boundary temperature test 
specification discussed briefly. A precise freezing cell (PFC) that uses 
the Peltier effect and permits unidirectional freezing with the boundary 
temperatures controlled to ±0.1° C has been developed. Specimens 
heave much less in the PFC than in the SRU because the heat extrac· 
ti on is more rapid and a constant temperature ls applied to the moving 
boundary (top of specimen) rather than to the stationary boundary. 
Thus the penetration of the zero isotherm is accompanied by high sue· 
tions that favor ice penetration over segregation. The role of the PFC lies 
in research, not in routine testing, particularly in connection with the 
development and evaluation of mathematical models. 

The process of frost heaving, which occurs when the 
zero isotherm penetrates below the bound materials of 
a typical road structure (Figure 1) , can be explained in 
terms of the capillary theory (1, 2, 3). This postulates 
that, to pass through the neck oCa 'Pore, the radius of 
curvature of the ice front (r1.) must be reduced to a 
critical value (r.) (Figure 2). The curved interface is 
associated with both a pressure difference and a freezing­
point depression according to the equation 

(I) 

where 

Pi. p. = ice and water pressures respectively (Pa), 
r 1• = radius of ice-water interface at a particu­

lar instant (m), 
a1. = interfacial energy (ice-water) (J / m2

), 

L = latent heat of fusion (J / kg), 
tiT = freezing point depression (K), 
V. = specific volume of water (m), and 
T. = 273 K. 

Because in the absence of restraint Pi will not differ 
significantly from atmospheric pressure, p. will be less 
than atmospheric, which will give rise to a suction that 
draws wate1· continuously toward the freezing front. ln 
frost-·susceptible materials, ther e is a tendency for the 
radius of curvature to remain above r 0 for long periods, 
which results in ice segregation and excessive frost 
heave. For materials with a range of grain (and hence 
pore) sizes, vai-ious suggestions have been made re­
garding the selection of a characteristic critical pore 
radius (4) . 

Identification of frost-susceptible materials con­
tinues to be a significant p1·oblem for both designers 
and research workers. Direct tests based on the funda­
mental work of Taber (5) have been developed by the 
U.S. Cold Regions Research and Engineering Labon­
tory (CRREL) (6-8) and by the U. K. Transport and Road 
Research Laboratory (TRRL) in Great Britain (9). In 
both, cylindrical specimens from either undisturbed 
samples or recompacted material are subjected to uni­
directional freezing from the top, while their bases are 
kept in contact with unfrozen water. 

In the CRREL procedure, the top temperature is ad­
justed to give a specified rate of penetration, while in 




