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PREFACE

This report was prepared by David M. Cole, Research Civil Engineer, Applied Research
+ Branch, Experimental Engineering Division; Diane L. Bentley, Research Civil Engineer,
Civil Engineering Research Branch, Experimental Engineering Division; Glenn D. Durell,
Mechanical Engineering Technician, Engineering and Measurement Services Branch, Tech-
1 nical Services Division, and Thaddeus C. Johnson, Civil Engineer and Chief of the Civil En-
gineering Research Branch, Experimental Engineering Division, U.S. Army Cold Regions

Research and Engineering Laboratory.

This report covers certain aspects of a project partially funded by the Federal Highway
Administration and the Federal Aviation Administration, and the Office of the Chief of En-
gineers through DA Project 4A762730AT42, Design, Construction and Operations Technol-
ogy for Cold Regions; Task ;A/Z_,, Soils and Foundations Technology/Cold Regions; Work
Unit 004, Seasonal Change in Strength and Stiffness of Soils and Base Courses.

The work was done at CRREL and a number of people contributed to the successful con-
clusion of this area of the project. The authors acknowledge in particular the assistance of E.
Chamberlain who was closely involved in equipment development, D. Carbee, for his help in
specimen preparation, D. Keller who assisted in field coring and sample preparation, L. Ir-
win for helpful discussions of the test results, J. Ingersoll who was responsible for generating
the moisture characteristic curves and who assisted in the development of the tensiometer
systems, and A. Tice who generated the unfrozen water content data for the test soils.

This report was technically reviewed by E.J. Chamberlain and J.A. Richter-Menge of
) CRREL.

q The contents of this report are not to be used for advertising or promotional purposes. Ci-
tation of brand names does not constitute an official endorsement or approval of the use of
such commercial products.
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NOMENCLATURE
a b regression constants
A, regression constant
c regression constant
¥ frequency
JW) [(101.36-¥)/V.], moisture tension function
Sf(o) normalized stress parameter
\ Ji g, + 0, + 0,, first stress invariant
: J; 0,0, + 0,05 + 0,05, second stress invariant
K, coefficient of stress term in nonlinear expression for M.; can be a function of ¥
or 4, or both
K, constant, exponent of stress term in nonlinear expression for M,
¥ M, resilient modulus
T normalized temperature
w, total water content
w,, unfrozen water content
Ya dry density of soil
Yo unit density
8 temperature
9, reference temperature
B resilient Poisson’s ratio
Oo reference stress
g, first principal stress = o0, + 0, (in these tests)
g, third principal stress, confining pressure = o (in these tests)
o,/0,  principal stress ratio
04 cyclic axial stress or deviator stress
Toct il(o,-0;) + (03~05)* + (6;—0;)’]%
v soil moisture tension
Vo reference stress
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Resilient Modulus of Freeze-Thaw Affected Granular Soils
for Pavement Design and Evaluation

Part 1. Laboratory Tests on Soils from
Winchendon, Massachusetts, Test Sections

D. COLE, D. BENTLEY, G. DURELL AND T. JOHNSON

INTRODUCTION

Over the past few years, CRREL has been de-
veloping a method for the design of road and air-
field subgrades subjected to seasonal frost. The
method addresses both the frost heave characteris-
tics and the resilient properties of the pavement
systems. In order to investigate these areas of
pavement system performance, an approach of
laboratory testing and field verification was
adopted. For the case of the resilient properties,
repeated-load triaxial tests provided laboratory
data and these were verified in the field through
plate loading tests.

This report discusses the methods used to gener-
ate and analyze the laboratory data from repeated-
load triaxial tests. This includes retrieval and prep-
aration of frozen and thawed cores, laboratory
preparation of material that could not be cored,
equipment and procedures for triaxial testing, and
data reduction and analysis. The equipment and
testing procedure sections detail certain unique de-
velopments in triaxial testing hardware and the use
of soil moisture tension in the testing program.

The data presented in this report are for soils
used in six of the pavement test sections at a Mas-
sachusetts Department of Public Works research
site in Winchendon, Massachusetts. Data from
several of these soils have been published else-
where (Cole et al. 1981) but are included here for
completeness. Also, since refinements have been
made on previously published triaxial testing
methods (Johnson et al. 1978), the most recent
procedures are given in their entirety.

To make necessary distinctions among certain
soil conditions peculiar to the study of frost ef-
fects, we have developed the following terminol-

ogy. ‘‘Frozen’’ refers to material in which the soil
moisture is at least partially frozen. ‘‘Thawed’’ in-
dicates material that has been frozen either in na-
ture or in the laboratory and subsequently thawed
in the triaxial device, with no remolding. The
thawed condition includes the post thaw period in
which the resilient modulus gradually increases.
“‘Recovered’’ refers to the soil state after all tran-
sient effects of a freeze-thaw cycle have abated.
Soil cores taken in the fall, prior to any frost ac-
tion, are thus classified as recovered.

The testing requirements call for characterizing
the resilient properties of the soils under condi-
tions representative of a full year’s cycle of freeze,
thaw and recovery. Wherever possible, this was
done using field cores. In some cases however,
most notably for the coarsest of the six soils
(Dense Graded Stone), it was necessary to mold
and freeze specimens in the laboratory.

For the frozen soil, we determined the resilient
properties for various levels of applied stress at
temperatures between about -10° to -0.5°C. For
thawed and recovered soils, we varied the soil
moisture tension level and the resilient properties
were again determined at various levels of applied
stress. The use of moisture tension as the pertinent
soil characteristic stems from its importance in
governing the strength-recovery phase. The use of
moisture tension is convenient since it can be mon-
itored continuously in both the field and the lab-
oratory (see Ingersoll 1981).

Finally, we used linear regression techniques to
generate empirical equations that give the resilient
modulus in terms of applied stresses and either
moisture tension or temperature, depending upon
soil state.
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BACKGROUND

A great deal of effort has been spent at CRREL
in understanding the effects of freezing and thaw-
ing on the strength of soil. Work has focused on
laboratory testing techniques, primarily the re-
peated-load triaxial test, and full-scale testing of
pavement systems using surface deflection meth-
ods. As mentioned above, the field tests are used
to verify the laboratory findings. A computer pro-
gram for layered elastic analysis links the labora-
tory and field results—details of the computer
program are given elsewhere (Irwin and Johnson
1981).

The use of a layered analysis program for the
design or evaluation of pavements requires a
model for the resilient modulus of each layer in
the system (see Cole et al. 1981), and also values
for Poisson’s ratio, density and layer thickness.
Using this input, the program calculates stresses,
strains and surface deflections under a given load.
A modified version of the program back-calcu-
lates layer properties given system geometry and
surface deflection characteristics. The laboratory
work generates models for the resilient modulus of
each layer in the system. These laboratory-gener-
ated models must be valid through the complete
cycle of freeze, thaw and recovery. To this end,
the models must incorporate the effect of varying
temperature for the frozen state, and soil mois-
ture, stress and density for the unfrozen states.

The results of field observations provide us with
information on the temperatures and moisture
tension profiles of the test sections. Analysis of
the frozen and recovered cores taken from the test
sections provides an indication of the likely chang-
es in density through an annual cycle. The layered
elastic analysis program calculates the stress distri-
bution throughout the soil mass under a suitable
surface load and thus provides an indication of the
range in stress that the laboratory test must ad-
dress.

An advantage of this approach, in which mois-
ture tension is used as a link between laboratory
and field results, is that it gives us a relatively con-
venient means of monitoring the rate of recovery
of the soil after thawing. Moisture tension is mon-
itored in the field during recovery and the ob-
served trends are reproduced in the laboratory
specimens. Triaxial tests are conducted during this
simulated recovery, and the resilient properties
can thus be determined at several points during the
recovery period. Tensiomcters have been devel-
oped that are capable of operating in the field en-

vironment (Ingersoll 1981) and similar devices
have been incorporated into our triaxial cells (Cole
et al., in press).

Our method of repeated-load triaxial testing—
cycling axial stress while holding the confining
stress constant—has been widely used. It allows us
to find the resilient modulus in a number of stress
states, but does not allow for a completely accu-
rate simulation of the actual stress path experi-
enced by the soil in the test section (see Brown and
Pappin 1981).

MODELING THE RESILIENT MODULUS

A true triaxial repeated-load test would allow
independent control of the three principal stresses
and would provide the most realistic simulation of
the actual stress states experienced by the soil.
This type of test, however, is fraught with difficul-
ties and thus not frequently attempted. Cycling of
both the axial and confining pressures in a stan-
dard repeated-load triaxial test, on the other hand,
more closely approximates the in situ stress condi-
tions we are attempting to model. Pappin and
Brown (1980) have demonstrated the effect on the
resilient modulus of cyclic confining pressure and
have used that capability to investigate the effect
of the stress path on crushed rock specimens. The
result is a more generalized, and more compli-
cated, model for the resilient response, which is
suitable for numerical analyses.

In the present work, given our inability to test
for resilient response under generalized condi-
tions, we model the resilient modulus M, in the
more simple nonlin-ar form given in eq 1.

M. = K. [f(aN* )

where K, and K, are constants for a given soil state
and f(o) is a stress parameter normalized to a ref-
erence stress o, of 1.0 kPa.

We do, however, elaborate somewhat on the
basic model by making the coefficient K, a func-
tion of moisture tension and, in some cases, dry
density. We also take some liberty in the form of
the stress function f(o), developing models based
not only on the bulk stress (the first stress invari-
ant) but also on a ratio of the second stress invari-
ant to the octahedral shear stress.

The significance of moisture tension in model-
ing resilient response is now generally recognized
(Bergen and Monismith 1973, Fredlund et al.
1975, Brown and Pappin 1981, Cole et al. 1981,
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Rada and Witczak 1981). Fredlund et al. (1975)
stressed the fundamental importance of including
the pore air and pore water stress states as well as
the applied stress in the development of a resilient
modulus model. Since in a field situation the pore
air pressure will tend to equal atmospheric pres-
sure (Fredlund et al. 1975), it can be considered es-
sentially as a constant. This leaves us to consider,
apart from the externally applied stresses, only the
effect of pore water pressure. Generally, negative
pore water pressure is considered and referred to
as moisture tension.

Examination of our data showed that the stress
function exponent K is statistically independent
of the moisture tension (Cole et al. 1981). Further-
more, we found that the effect of moisture tension
on the resilient modulus could be adequately rep-
resented by making K a function of moisture ten-
sion. In the regression expressions employing the
moisture tension, we use the term f(¥)*' where A4,
is a regression constant and

sy = BV

0
The value 101.36 represents atmospheric pressure
in kPa, ¢ is moisture tension in kPa (expressed as
a positive number) and y, is a reference stress of
1.0 kPa.

Given appropriate conditions, the more frost-
susceptible soils will undergo more heave. The
moisture uptake associated with frost heaving gen-
erally results in a decrease in the sHil density along
with an increase in moisture content, possibly to
the point of complete saturation. This occurred to
varying degrees in the test soils, depending on
their level of frost susceptibility (see Chamberlain
1983). Upon thawing, the moisture tension is gen-
erally near zero, while during subsequent recovery
we find a continuing increase in ¢ (decrease in the

moisture content) and an increase in dry density.
Densification takes place not only upon thaw as
the soil consolidates and any pore water pressure
dissipates, but also under the action of the cyclic
loads imposed during testing. For certain soils
(Ikalanian and Hart Brothers sand) it was
necessary to address the effect of this density
change on the resilient modulus. When this was
necessary, a factor consisting of dry density raised
to a power was introduced in the regression equa-
tion. We interpret this factor, when present, as a
component of K, along with the moisture tension
term.

The use of dry density in the regression equation
complicates matters somewhat since it requires
knowledge of the state of the subgrade that is not
conveniently obtained. In the case of moisture ten-
sion, field gauges can provide year-round infor-
mation and thus sensible values can be readily ob-
tained. Such is not the case with subgrade density,
however, since accurate values can only be ob-
tained by actually sampling the soil, a task which
would be unduely expensive and time consuming.
As an alternative, we have used the density of the
laboratory-tested soil samples to estimate the den-
sity changes expected during recovery. We will see
below that it was not necessary to include the den-
sity term in many analyses since it did not change
significantly for most soils tested.

TEST SECTIONS AND MATERIALS

The test soils come from experimental pavement
sections at a site in Winchendon, Massachusetts,
which was constructed in 1978 by the Massachu-
setts Department of Public Works. There are 24
test sections; each measures 2.4 m square. Table |
gives some physical characteristics of the six soils
chosen for the present study. Each section consist-

Table 1. Physical properties of test soils.

Atterberg

Coefficients® limits Specific

Soil Cu Cc LL PI gravity
Dense Graded Stone 328 7.1 23 3 2.81
Graves sand 39.1 1.6 0 0 2.70
Hart Brothers sand 8.0 0.92 0 0 2.76
Hyannis sand 4.7 1.2 0 0 2.67
Tkalanian sand 4.5 0.96 0 0 2.70
Sibley tilt 235 4.1 19 4 2.74

¢ Cu—cocfficient of uniformity, Cc—coefficient of curvature.
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Figure 2. Cross section of the Winchendon test site.

ed of 50-90 mm of asphalt concrete and 1.5 m of
the test soil overlying the natural subgrade, which
was a clean, gravelly sand. Figure 1 shows grada-
tion curves for these materials.

Figure 2 shows a cross section of the test site.
Note that the construction of the test sections re-
sults in two different depths to the water table. All
the sections considered in this work were from the
sections having the higher elevation. For these sec-
tions, the water table is at a depth of 1.4 m below
the pavement surface.

Frost penetrated the test soils to depths ranging
between 0.5 and 0.8 m. Although freezing rates
varied considerably, the overall average was in the
range of 7.0 to 8.0 mm per day.

FIELD SPECIMEN RETRIEVAL
AND PREPARATION

Most test sections were sampled in both the fro-
zen and recovered states. Frozen cores were ob-
tained using a double flighted auger designed at
CRREL. A 150-mm-diameter core was first taken
from the asphalt concrete layer. We used com-
pressed air rather than water to clear debris from
the drilling. The soil sampler fit easily through the
hole thus prepared and a 50-mm-diameter frozen
core of the test soil was then obtained. The core
segments were generally 150-300 mm in length.
They were wrapped in several layers of polyethy-
lene film with a generous amount of snow and ice
to prevent sublimation and to help maintain tem-
perature during shipment back to the laboratory.

Cores representative of the recovered state were
taken in the fall using a split tube sampler. The
material was left in the 150-mm-long segments of
the split aluminum sleeves and kept tightly wrapped
in polyethylene film until just before trimming
and testing.

Shovel samples of the natural subgrade and the
Dense Graded Stone were obtained and specimens
of these very coarse-grained materials were pre-
pared in the laboratory.

LABORATORY PREPARATION
OF SPECIMENS

Soil

The field cores were tested at the diameter of 50
mm resulting from the coring operation. The cores
were cut approximately to length on a band saw
and the ends were machined flat and parallei using
a lathe. This aspect of specimen preparation is ab-
solutely critical to the acquisition of reliable mod-
ulus values for the frozen state. Rough or unparal-
lel specimen ends result in a nonuniform stress dis-
tribution in the material and can cause a slight
rocking of the specimen when the load is applied.
This rocking is detrimental to the precision of the
deformation measurements.

The coarse material, which was frozen in the
laboratory, required a considerable amount of
preparation. The soil was molded in a 150-mm-
diameter, 281-mm-high steel mold in five layers
with sufficient compactive effort to achieve the es-
timated in situ density. A sleeve of 22-gauge alu-
minum, placed in the mold before compaction,
provided sufficient confinement to support the
specimen once the mold was removed.

For the case of the natural subgrade, which was
to be tested only in the unfrozen state (this mate-
rial never froze in the field test sections), the mold-
ed specimen was placed on the base of the triaxial
cell. The aluminum sleeve was carefully removed
and a latex membrane installed along with the top
cap and O-rings. The specimen was then ready for
instrumentation and testing.

Pl ol gl
v b "
P4
v

[s
s

»
',

L}

4

51
4
y A4

~.‘v""'v Yo e
Gyl )y




M an e aa g o o o

End Cap

Bands <

Polyethylene
Film

' : Soil

Porous
Stone

Water Supply
——

Figure 3. Mounting technique for 152-mm-
diameter specimens to be subjected to unidirec-
tional, open system freezing.

The Dense Graded Stone, which was tested in
the frozen state, required further attention (Fig.
3). The molded specimen was placed on a special
lucite base equipped with a porous stone and a
water supply inlet. The sleeve was removed and
polyethylene film was wrapped around the speci-
men several times. Then, specially prepared alumi-
num belts were placed about the circumference of
the specimen and secured by rubber bands. The
belts were coated on the inside with an adhesive-
backed Teflon film and on the outside with stan-
dard duct tape. The polyethelene film prevented
evaporation of s 1 moisture and the rings provid-
ed sufficient lateral confinement to prevent speci-
men degradation during subsequent handling and
freezing. The coatings on the approximately
40-mm-wide belt segments were designed to pre-
vent both side wall friction if there was any heav-
ing and to inhibit unwanted advancement of the
freezing front along the sides of the specimen dur-
ing freezing,.

The specimens were frozen unidirectionally at
about 25 mm/day in insulated cabinets (see Cham-
berlain and Carbee 1981) using open-system freez-
ing, i.e., a constant head water supply to the base
of the specimen. Once completely frozen, the
specimen was removed to a coldroom and the ends

were prepared for testing in the following manner.
We made a slurry from a portion of the material
from which the large aggregates had been re-
moved. The ends of the frozen specimen were then
capped employing the same equipment used to cap
concrete specimens with a moiten sulfur com-
pound. The slurry was placed in the base of the
capping jig and allowed to freeze to the soil speci-
men. This method resulted in smooth, flat speci-
men ends.

Once the frozen tests were completed, the speci-
men was thawed in the triaxial device and then re-
tested according to the method given in the Test-
ing Sequence section.

Asphalt concrete

In the initial laboratory investigations for this
phase of the work, the resilient modulus of the as-
phalt concrete was measured in indirect tension.
Cores 102 mm in diameter were tested in repeated
indirect tension at two load durations and at a
range in temperature from approximately -10° to
32°C.

To perform cyclic load tests under uniaxial
compression, a suitable length-to-diameter ratio
was required. We accomplished this by forming a
composite cylindrical specimen from three of the
102-mm-diameter, 50- to 90-mm-long cores, yield-
ing a test specimen 200 to 250 mm long. Each core
was machined on the top and bottom on a preci-
sion grinder so that the ends were smooth and par-
allel. The ends were then cemented together with a
thin layer of asphalt emulsion. Once the com-
posite specimen was assembled, it was bonded and
excess emulsion was extruded by applying an axial
compressive stress. Five specimens were thus con-
structed.

These specimens were then tested in unconfined
compression at temperatures of -10°, 5§°, 25° and
39°C and cyclic axial stresses of 69.0, 103.4,
137.9, 172.4 and 241.3 kPa. Two hundred cycles
were applied at each stress level. Three loading
wave forms were used: a 1-second pulse applied
every 3 seconds, which simulates the load pulse of
the repeated plate bearing device; a continuous
haversine wave form at 1, 4 and 16 Hz according
to ASTM standards (D3497-76T) for testing
(ASTM 1981); and a 28-ms haversine pulse every 2
seconds, which simulates the load pulse of the fall-
ing weight deflectometer. Tests were performed
on the same closed-loop, electro-hydraulic testing
machine used for the soil tests. Load was moni-
tored by a load cell mounted on the testing ma-
chine piston. Deformation was monitored by two
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Linear Variable Differential Transformers
(LVDTs) mounted on circumferential clamps at
third points along the specimen length. Load and
deformation were recorded simultaneously on a
strip chart recorder.

EQUIPMENT AND PROCEDURES
FOR TRIAXIAL TESTING

Triaxial cells

Special triaxial cells were constructed to accom-
modate the instrumentation used to monitor load
and deformation (see Cole et al., in press). Cells
for both the 50- and 150-mm-diameter specimens
are shown in Figure 4. In both cells, the top and
bottom plates and the cylinder may be removed
from the cell base. This facilitates the testing se-
quence, which calls for several tests on any given

a. 152-mm-diameter specimen in the large triaxial cell.

specimen. With this arrangement, a specimen need
not be disturbed by removing it from its base be-
tween tests. Each specimen can remain on its base,
with end caps and membranes in place, while the
cell and all instrumentation are removed and in-
stalled on the next specimen and base. In this way,
up to six SO-mm-diameter specimens could be
mounted and tested in a rotating sequence without
requiring any remounting or handling of the speci-
men. As will be explained in more detail later, we
did several tests on each specimen in order to ob-
tain its resilient properties at several levels of soil
moisture tension.

A miniature, high-precision load cell mounted
in the triaxial cell on the loading piston monitors
the load applied to the specimen and also acts as a
feedback source for the testing machine used in
this program.

b. 50.8-mm-diameter specimen in the small triaxial
cell.

Figure 4. Specimens fully mounted for testing.
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Figure 5. Detail of the multi-VIT mounting. Variable Impedance Trans-

ducer is positioned with micrometer.

The axial strain is monitored using four LVDTs
mounted on hinged arms. The LVDT cores are
mounted on two spring-loaded circumferential
rings on the specimen. This system has been de-
scribed in detail elsewhere and remains unchanged
in this work (see Johnson et al. 1978). Some im-
provements have been made, however, in the sys-
tem of noncontacting displacement transducers
used to measure radial deformation (presented by
Cole 1978). As seen in Figure 5, the multi-VITs
(Variable Impedance Transducers) are no longer
mounted directly on the micrometers located on
the cell wall, but are now mounted on standards
that bolt to the floor of the triaxial cell. The loca-
tion of each transducer is still adjusted by a
micrometer, which now reacts against the spring-
loaded rod to which the transducer is affixed.
These devices and the testing and calibration pro-
cedures are fully documented in Appendix A.

As mentioned earlier, moisture tension is moni-
tored in these tests as a means of linking labora-
tory and field results. To facilitate the laboratory
triaxial tests across the range of moisture tensions
encountered in the field, we developed a special
base for the triaxial cell.

Soil moisture is sensed through an element of
porous ceramic protruding from the center of the
pedestal on which the specimen is mounted (see
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Fig. 6). These porous tips typically have an air en-
try value of 100 kPa. A very small diameter duct
through the base connects the porous tip to a larg-
er tube on which a vacuum gauge is mounted. The
tip and duct system, which has an associated
branch that permits flushing to remove air bub-
bles, is in effect a tensiometer. Once the tip is in
contact with the pore water of an unsaturated soil,
the stress state of that pore water is transferred to
the tensiometer system and registers on the vacu-
um gauge. In this manner, we continuously moni-
tor the stress state of the soil moisture. This stress
increases as water content decreases accordingtoa
relationship of the type shown in Figure 7. Mois-
ture retention curves for all test soils appear in Ap-
pendix B. Field work indicates that as a soil recov-
ers from a freeze-thaw cycle, it drains and consoli-
dates, and the moisture tension level rises accord-
ingly. This tensiometer system allows us to simu-
late a controlled recovery period in the triaxial cell
by merely draining the specimen until a desired
moisture tension level is reached. At that point,
the specimen is tested to determine the resilient
properties associated with the prevailing moisture
tension value; the process is repeated several
times, until the highest moisture tension level ex-
perienced in the field has been reached. Note that
at no time during this testing sequence is it neces-
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Figure 6. Cross section of small triaxial cell base. Vacuum gauge
continuously monitors moisture tension level. System may be flushed to

expell gas bubbles.
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Figure 7. Moisture retention curve for

Ikalanian sand.

sary to remove the specimen from its base since all
cell components may be removed from the base
without disturbing the mounted specimen. Addi-
tional details on the performance of this system
are given in Appendix A along with testing and
calibration procedures.

Waveform of applied stress
Two waveforms were used in the laboratory
testing that simulate the loading conditions associ-

RN Iy

ated with field testing devices (Fig. 8). The pulse
designated as RPB simulates the load pulse gener-
ated by the Repeated Plate Bearing apparatus.
The pulse is approximately 1 second on and 2 sec-
onds off. The waveform designated FWD simu-
lates the pluse generated by a Falling Weight De-
flectometer. This waveform is a 28-ms haversine
pulse repeated every 2 seconds.
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Figure 8. Waveforms of the Repeated Plate Bearing (RPB) apparatus and Fall-
ing Weight Deflectometer (FWD).
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Testing sequence Table 2. Applied stress levels. LN
Once mounted and instrumented, the specimen .'_-';::.
g is tested in repeated-load triaxial compression us- Static axial  Static confining  Cyclic axial® '-'.‘; .
ing a closed-loop, electro-hydraulic testing ma- stress, oy siress, o3 stress, a4 )
chine according to the sequence of stresses given in (kPa) (kPa) (kPa) 91/03
Table 2,
Upon thawing, specimens were generally highly a. Frozen specimens
saturated, corresponding to the most severely — 69 60 -
thaw-weakened state in the field. Low moisture - 69 138 -
tension levels (or possibly pore water pressure) _ :; :2; _ .
and low modulus values characterize this state. Of- - 69 345 _ RS
ten the complete schedule of stresses given in - 69 482 - o
Table 2b could not be applied without causing ex- — 69 620 - AN
cessive damage to the specimen, a circumstance to - 69 827 - ;__-": .
. . » LR ]
be av.mded since Fach specimen was retested sev- b. Thawed and recovered specimens g
eral times. Thus, it was necessary for the operator .
to exercise judgment in proceeding with the stress - 6.9 34 1.5 el
levels, avoiding those that could render the speci- _ 138 8.9 1.3 AR
’ - 27.6 13.8 1.5 SO
: men unusable for subsequent testing. — 483 2.1 1S -:.'.-‘:.'_
. As mentioned previously, the thawed testing se- - 69.0 3.5 1.5 e
. quence called for a series of tests at successively _ 6.9 6.9 2.0 oo
higher levels of moisture tension. Field tensi- - 13.8 13.8 20
ometer data provided the limits of moisture ten- - 21.6 21.6 20
! sion values in these tests. A set of tensiometers at - 48.3 48.3 2.0
varying depths in each field test section provided a - 69.0 69.0 20
continuous record of the stress state of the soil - 6.9 10.3 2.5
moisture. These values gave the necessary link be- _ ;.3,': fl’z ;:
tween field and laboratory data in the following _ 483 724 28 .
way. - 69.0 103.4 2.5 QN
Surface deflection measurements, made at vari- .f.-.::-.
ous times throughout the year, generated data on c. Natural subgrade material :.-"-“
the test section’s performance. We recorded both 13.8 (X} 3.4 - -ﬁ'-f.\
temperature and moisture tension profiles in the 2.6 11.0 6.9 - Voda
section when doing these tests. We tested the val- 35.2 2.1 13.8 =
idity of the laboratory results by using them in a * Deviator stress. ::_.'-'
s
’ :j:'l'::-‘
10 RN




layered elastic analysis of the test sections. Lab-
oratory-determined moduli and Poisson’s ratio
characterize the resilient properties for each layer
of the analysis. Since the moduli are moisture-ten-
sion dependent (or temperature dependent if fro-
zen), appropriate values of these variables must be
used in the regression equations to generate realis-
tic moduli for comparison with the field results.
The field data taken at the time of the surface
deflection test provided us with these appropriate
values of moisture tension and temperature.

As might be expected, the specimens densified
to varying degrees during this testing sequence.
We applied approximately 200 cycles at each load
level, so a given specimen was subjected to thou-
sands of load cycles by the end of its use. This situ-
ation caused an undesired bias in the results by
generating a covariance between density and mois-
ture tension. That is, the results contained data
sets that always showed moisture tension and den-
sity increasing together, and the subsequent statis-
tical analysis was incapable of separating the ef-
fects of the two variables. To avoid this circum-
stance, we resaturated the test specimens after the
highest moisture tension level had been reached.
This gave additional data points with low moisture
tension but high density values. The covariance in-
herent in the first part of the sequence was thus eli-
minated and the effects of the two variables were
more easily separated.

In most of these tests, we applied a vacuum to
the specimen through the drainage system of the
cell equal to the moisture tension level at the start
of testing. This assured the maintenance of a con-
stant level of tension in the specimen as testing
proceeded.

As can be seen in the stress table (Table 2), the
tests began at low levels of confining and deviator
stress and proceeded to high stress levels. Thawed
soil tests generally began producing measurable
results at stress levels near 3.5- to 7.0-kPa deviator
stress and 7.0-kPa confining stress, since their
moduli are very low and the deformation is corre-
spondingly high and easy to measure. The frozen
tests, however, presented difficultes in this re-
spect. Since the moduli are up to two orders of
magnitude greater, the strains can be about two
orders of magnitude smaller than the thawed case
for a given stress. These small strains became very
difficult to measure and, consequently, we applied
significantly greater stresses in the frozen tests in
order to produce deformations that could be accu-
rately measured. Hence the rather large deviator
stress levels given in Table 2a. The modulus of the

11

frozen material becomes a strong function of tem-
perature for temperatures approaching the melt-
ing point. At high temperatures, then, it was gen-
erally possible to obtain valid results for a range of
stresses that overfapped that of the thawed tests,
thus providing some continuity in stress level over
the transition between the frozen and thawed
states.

DATA REDUCTION AND ANALYSIS

For each set of applied deviator and confining
stresses, we recorded the resilient and permanent
axial and radial strains and can thus calculate a re-
silient modulus and a resilient Poisson’s ratio. The
resilient modulus is defined as the applied deviator
stress divided by the strain recovered upon un-
loading for a representative loading cycle, and the
resilient Poisson’s ratijo is defined as the recovera-
ble radial strain divided by the recoverable axial
strain. The recoverable strains generally stabilized
within 10-20 cycles and the permanent strains, for
all but the highest stress levels, became virtually
imperceptible within the first 50 cycles. Thus, our
measurements taken near the 200-cycle mark rep-
resent an approximately steady state condition for
the prevailing stress levels.

After several specimens from a given test sec-
tion had been tested, the data were tabulated and
entered into a computer. Entries consisted of con-
fining stress, deviator stress, resilient axial strain,
resilient radial strain, density and moisture tension
or temperature. The tables in Appendix C contain
these data along with the calculated results, as dis-
cussed below.

We performed linear regression analyses on
these data with various forms of stress, density
and moisture tension used as independent varia-
bles and either resilient modulus or Poisson’s ratio
as the dependent variable. The frozen material
was analyzed in terms of either unfrozen water
content or temperature.

Stress functions used either the first stress invar-
jant J,(= o0,+0,+0,) or a ratio of the second
stress invariant to the octahedral shear stress
Ji/ 7., to help characterize the stress dependence
of the material. The use of J, is traditional in such
analyses. The use of J,/ ..., while somewhat unor-
thodox, has proven valuable in some cases since it
reflects the tendency of the modulus to increase
with confining stress but to decrease with increas-
ing principal stress ratio. Details on this stress
function may be found elsewhere (Cole et al.
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1981). It may be calculated from the confining
stress o, and the deviator stress o, by the following
formula:

_ 903 +6050,

Jof Toee =
’ \[2-0:1

As noted earlier, the nonlinear form given in eq 1
was used to represent the modulus in this analysis.

The coefficient K, is often a function of other
test parameters such as moisture tension or density
and has the units of stress. Moisture tension y is
incorporated through the term [(101.36 — )/ )
where | is expressed in kPa and y, is a reference
stress of 1 kPa. The expression (101.36-y) then
represents the deviation from atmospheric pres-

03]

where 6 is temperature (°C) and @ and b are con-
stants.

The constants were determined for a range of
initial water contents that could be expected in the
field. Although there is a hysteresis effect between
the warming and cooling temperature paths, the
values of a and b did not change significantly for
the range of conditions considered here, and were
thus assumed constant. Dimensional considera-
tions prompted some changes in the form of these
equations. The temperature is normalized to a unit
value 8, = 1.0°C and the constant a is divided by
100.0 to yield values of W, in decimal form rather
than as a percent. The resulting expressions used
for each soil are given in Table 3. It was necessary
to assume values for @ and b in the case of the

sure of the soil moisture stress state; A, is deter- Dense Graded Stone since the large aggregate size N
mined in the regression analysis. prevented testing in the nuclear magnetic reson- Neve
In analyzing the results of frozen tests, the mod- ance apparatus used to determine unfrozen water T
ulus can be expressed either directly in terms of content. TS
temperature or in terms of the unfrozen water The expressions for the resilient modulus in 2.:.: .
content. Initially, a second order expression using terms of unfrozen water content tend to be simpler -
temperature appeared sufficient in most cases. than those in terms of temperature or temperature EN
During the course of this work, however, experi- and water content. However, an additional calcu- e
mental data on the unfrozen water content of the lation is required in order to obtain the unfrozen s
Winchendon soils became available,* which pro- water content prior to evaluation of the modulus. e
vided an alternative means of accounting for tem- The data sets upon which the frozen state equa- ol
perature effects (see Cole 1984). The expressions tions are based include several points from the -
. . ~ameran.
for unfrozen water content are of the form thawed data. These points have very low moisture AR
s tension values and are thus representative of the :--;.:~ -
W.% = a(-6) 3) condition of the soil upon thaw. The inclusion of :.:x'_'{#
b
. e
.'1‘-\
Table 3. Expressions for unfrozen water content (§, = 1°C, ;::::::'
W, expressed as a decimal).* BRGES
RS
Equation v
Material Equation number
T
Ikalanian sand W. = 1.43x 107 (-6/0,)0214 1 ‘-:_-:
Graves sand W, = 3.06x 107 (-6/6,)0-309 2 :_:':.;
Hart Brothers sand W, = 1.81x 107 (-6/6,)0-340 3 Sy
Hyannis sand W, = 2.23x 107 (~6/0,)0-413 4
Dense Graded Stone W, = 2.00x 10" (-6/6,)-0-400t 5 R
. . Lty
Sibley till W. = 4.29x107 (-6/6,)0%5 6 2
IS
* Based on unpublished equations from A. Tice (CRREL). A
1 Assumed since test data were not available. o
—— NN
* Personal communication with A. Tice, CRREL, 1983. *at
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these points extends the range of validity of the
frozen state equations to the completely thawed
condition and thus helps maintain continuity be-
tween the frozen and thawed state results.

The regression equations are used in the com-
puter analysis to predict deflection basins in the
pavement system (see Johnson et al., in prep.). It
is noted here that for the Ikalanian and Graves
sands, equations in the form of eq 3 were not de-
veloped at the time the deflection basins were be-
ing computed. Instead, equations based only on
frozen-soil data points and employing a second
order expression in terms of temperature were
used in the computer analysis. Equations based on
unfrozen water content and including thawed-soil
data points were eventually developed but we did
not rerun the computer analysis with the updated
modulus expressions since the equations based on
temperature led to satisfactory results.

RESULTS AND DISCUSSION

General

The results of the laboratory tests for all soils
are tabulated in Appendix C. The tables in Appen-
dix C give values for all the relevant parameters at
each data point. We tested the specimens accord-
ing to the stress sequences shown in the first two
columns. The strain values were calculated using
the deformation measurements described earlier
divided by the instantaneous gauge length of the
measurement in question. Dry densities were gen-
erally back-calculated after testing, using speci-
men weights and permanent deformation records.
Moisture content and density were determined at
the end of testing for a given sample, and moisture
contents corresponding to each level of moisture
tension employed during testing were found from
the moisture retention characteristic curves for
each soil.

Resilient modulus

Table 4 shows the results of the regression anal-
ysis performed on these test data. The results of
tests on the asphalt concrete are also given here for
completeness: these equations give moduli values
for several different load pulse wave forms. The
asphalt equation for the FWD pulse was derived
from the haversine pulse equation with an appro-
priate value substituted for frequency f.

The number n in Table 4 refers to the number ot
points evaluated in the analysis. A given sample is
subjected to a series of confining and deviator

stresses for each moisture tension level. Each
stress combination at a given level of moisture ten-
sion results in one data point; thus, a single speci-
men gives rise to many data points. Generally, the
regression equations presented are based on from
four to six specimens. Tests in the recovered state
have the fewest data points since they were tested
at only one level of moisture tension.

The coefficients of determination (R?) for these
analyses are, for the most part, very good. The
standard error given in Table 4 applies to the natu-
ral logarithm of the modulus because each equa-
tion was linearized by taking the log of each side.
Thus, regression coefficients were found for equa-
tions of the form

InM, = Ao + A, In[f(¥)] + A: In[f(0)]. O)

The regression program established a standard de-
viation for eq 4, so care must be taken in applying
this to the exponentiated form of the equations
given in Table 4.

The significance of an independent variable was
established on the basis of F- and s-tests made dur-
ing the regression analysis. In order to examine the
influence of all variables, the F-level for accep-
tance into the analysis was set at an extremely low
value. An insignificant variable was subsequently
rejected on the basis of the ¢-test. Additionally, in
the interest of keeping the equations as simple as
possible, marginally acceptable variables were ig-
nored if they failed to increase the R’ value by
more than 0.02.

In some cases, the regression analysis did not re-
veal any strong trends in the data when certain in-
dependent variables were used. For example, use
of the stress function J,/7.. resulted in at least
marginally acceptable values of the correlation co-
efficients (0.65) for the thawed Hyannis sand.
However, an unacceptable correlation coefficient
(R? < 0.5) resulted when J, was used as the stress
parameter. Such equations were not deemed use-
ful and are thus not given in Table 4.

Figure 9 shows modulus versus temperature for
all six frozen soils using regression equations de-
veloped from tests in which the RPB waveform
was used. As seen in the equations given in Table
4, the modulus is primarily a function of unfrozen
water content. Deviator stress level is relatively in-
significant and consequently was rejected by the
regression analysis and thus does not appear in
several of the equations plotted in Figure 9.

Stress and density terms were occasionally ac-
cepted into the regression equations for the frozen
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Table 4. Results of regression analysis.

Sid. Egq.
Material Load puise Regression equation n R? error  no.
Asphalit concrete
RPB M (MPa) = exp{9.204-5.552x 107'7-9.744 x 10 T7} 8 097 0.287 1
Haversine M(MPa) = expl9.183-7.47x 107 T} (017" 158 0.81 0.469 2
FWD M, (MPa) = exp[9.429-7.47x 10°:T) — - —_ 3
Natural subgrade
RPB and FWD M, (MPa) = 8.829 f,(o)*'™® 65 0.67 0.235 4
RPB and FWD M (MPa) = 20.74 fy(o)*3% 65 0.76 0.201 5
Graves sand
Frozen RPB M(MPa) = exp(9.677-1.0314T-0.0708 T*X,,/ 0,) %8 6 088 0.332 7
RPB M, (MPa) = 39.1(w,/w) '™ 95 091 0.502 8
FWD M(MPa) = 32.14(w,/w)' % 73 095 0.446 9
Thawed RPB M/(MPa) = 2.139x 10* f(¥) 27 f(o)>*? 186 076 0209 10
FWD M. (MPa) = 9.27x 10° f(¥) 2% f (a7 222 071 0224 11
RPB M, (MPa) = 6.68x 10* {y) 33 f,(o)04" 186 089 0.144 12
FWD M(MPa) = 1.47x10* f(¥)?7 fi(o)P4 222 086 0.157 13
Recovered RPB M, (MPa) = 6.89 f (o) 36 076 0.247 14
RPB M, (MPa) = 4.80 f,(c0)> %% 36 087 0.185 15
Tkalsninn sand
Frozen RPB M(GPa) = exp[13.74-(0.820)T-(0.0538)7*-(0.8378)w 62 09 0308 16
+(0.04416)w’}(7, . /a,) 082
RPB M/(MPa) = 86.4(w,/w,) "2 87 092 0749 17
Thawed RPB M,(MPa) = 8.129x 10* f{y) % f(4)''5"8 f(a)P 4% 119 084 0.323 18
RPB M/(MPa) = 3.021 x 10* f(y)} 2 f(+)'" *% fy(c)*4? 119 089 0276 19
Recovered RPB M/(MPa) = 5.69x 10* f(y)* " f.(a)*V 38 088 02085 2
RPB M/ (MPa) = 2.405 x 10* f(¥)2?8 fy(o)044? 33 084 0238 21
Hart Brothers sand
Frozen FWD M, (MPa) = 38.28(w,/w,)"! ™8 88 095 0.53 22
RPB M(MPa) = 4.085x 10’ (w,/w)"** 9 092 0623 22
FWD M (MPa) = 8.05x 107 flyy)’ ® fi(0)°3% (w,/w) 'Y 88 097 0445 23
FWD M(MPa) = 4.689x 107" £,(0)°** (w,/w)' % 88 096 0464 25
Thawed RPB M,(MPa) = 2.97x 10° f{y)}% fly)** f,(o)f** 174 071 0.280 25
RPB M, (MPa) = 1.269x 10° f{y) 3% f(1)'9D f,(a)0*¥ 174 087 0.188 27
FWD M/(MPa) = 3.93x 10° A¥) 3¢ f(y)* 8 fi(a) 4% 164 067 0292 28
FWD M, (MPa) = 3.81 x 10 fA¥) 28 f4) 4 fr(oP '™ 164 0.67 0292 29
Hyannis sand
Frozen RPB M (MPa) = 0.68 f(v)'"'° (w,/w)2'? 69 09 0536 30
RPB M(MPa) = 33.45(w, /w) 3% 69 095 0617 31
Thawed FWD M/ (MPa) = 7.147x 10* f(¥)' ™ f,(o)f° 2% 1286 071 0.129 32
FWD M (MPa) = 3.57x 10" f{y)3 7 f,(o)> 12 61 0.74 0.194 33
Dense Graded Stone
Frozen RPB M/(MPa) = 82.27(w,/w) % 32 097 0413 34
Thawed RPB M/(MPa) = 1.56x10° f{y)'™ fi(o)0 1% 64 065 0202 35
RPB M, (MPa) = 7.17x 10* f{y)'3® fy(o)*"® 64 065 0203 36
Sibley ¢ll
Frozen RPB M(MPa) = 1.01 x 10(w,/w,) 3446 108 087 07 37
Thawed RPB M(MPa) = 7.47x 10* f(yP*? fi(a)'" 118 063 028) 38
RPB M(MPa) = 1.29x 10" f(y)?* 118 054 0313 39
NOTES:
S4o) = (Ji/a,) Jio) = [(Ny/ 1o/ 06) J(¥) = [(101.38-4)/¥,)
Yo = | Mg/m’ J(9) = /v, a9, = 1 kPa
Vo = 1 kPs T = 6/6, g, = 1°C
w, = unfrozen water content w, = total water content a = number of points
RPB = Repeated Plate Bearing apparatus waveform
FWD = Falling Weight Deflectometer waveform
f = load wave frequency
M, = resilient modulus
14
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Figure 9. Resilient modulus versus tem-
perature for all test soils.

state. The incorporation of dry density v, in the
expression for frozen Hyannis sand gives a slight
improvement in accuracy. However, the simpler
expression (eq 31, Table 4) is sufficient and re-
quires only one variable for the modulus deter-
mination.

In examining the regression results, several
other points require mention. We were not always
successful in sampling material in the recovered
state; in fact, only specimens from the Ikalanian
sand and Graves sand sections proved useful for
this characterization. For all other soils, we used
the thawed state equations, evaluated at suitably
high moisture tension levels, to represent the re-
covered state.

The “‘recovered’’ cores taken from the Ikala-
nian sand section possessed a sufficient range in
moisture tension to allow that variable into the re-
gression equation. This was not the case for the
Graves sand, where the moisture tension in the
cores varied little, and it was thus rejected as a sig-
nificant variable in the regression analysis.
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Additionally, in examining Table 4, the use of
the two load pulse waveforms does not appear to
be completely systematic. This happened because
many of these tests were performed in a period
when we were changing from the Repeated Plate
Bearing (RPB) device to the Falling Weight De-
flectometer (FWD) in the field verification work.

The Ikalanian sand, under all conditions, and
the recovered Graves sand were subjected only to
the RPB pulse. In the other tests, we applied both
waveforms. If there was a significant difference
between the results from the two waveforms, anal-
yses from both are given. For the thawed Sibley
till, the two waveforms resulted in virtually identi-
cal moduli values, as determined by several com-
parisons made early in the load cycling. Only the
RPB pulse was applied in subsequent testing. The
results given are assumed valid for the FWD pulse
as well. The stiffness of Hyannis sand, Dense
Graded Stone and frozen Sibley till resulted in ex-
cessive vibrations when the fast FWD pulse was
applied. Since this made the deformation meas-
urement very difficult, we decided to use only the
RPB pulse in these cases. Finally, the thawed Hy-
annis sand data from the RPB pulse did not re-
spond acceptably to the regression analysis and
thus an equation is not presented. We believe that
data scatter, coupled with a relatively low sensitiv-
ity to stress, brought this about.

Interestingly, in the Hart Brothers sand analy-
sis, unfrozen water content was the only signifi-
cant variable for results obtained wth the RPB
waveform, whereas unfrozen water content, den-
sity and stress were all found to be significant for
the same soil tested under the FWD waveform.

Poisson’s ratio

The measurement system described earlier al-
lowed us to calculate Poisson’s ratio directly in all
tests. We performed regression analyses similar to
those done with the resilient modulus data on the
results in an effort to correlate values with the per-
tinent variables. Unfortunately, these analyses
proved unsuccessful. Correlation coefficients did
not exceed 0.42 and in most cases were very near
zero. Consequently, no stress- or moisture-tension-
dependent model of Poisson’s ratio emerged from
these analyses. Table § gives the average values
obtained for each soil under various conditions.

No values are presented for the frozen case since
the radial deformations encountered in those tests
were too small to be measured reliably.
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) Table 5. Average values of Poisson’s ratio. Asphalt concrete ':-:::-
Equations 1-3 in Table 4 give the results of re- :"~.j:
: Load pulse gression analyses of the cyclic loading tests on the N
Material waveform* #y asphalt concrete. This material was found to be I
4 insensitive to the level of deviator stresses applied :-1_‘.
. Dense Graded Stone  Thawed RPB 0.31 for each waveform. For the slower RPB waveform {j-:
“ Graves sand Recovered RPB 0. (1 second on, 2 seconds off), the resilient modulus ::,-:: !
| Thawed RPB 0.25 M, was a function of temperature only, as seen in niy;
’ Hart Brothers sand  Recovered RPB 0.30 eq 1 of Table 4. For the haversine loading accord- >
FWD 0.29 ing to ASTM standards, M, was a function of _—
1 Thawed RPB 0.37 both temperature and frequency (see eq 2 of Table ﬁ "
\ Hyannis sand Recovered RPB 0.15 4). Here, a given load was applied at three fre- Ry
X (Remolded) RPB 0.3 quencies: 1, 4 and 16 Hz. The modulus increases t:-\-
3 Thawed ‘F._xg g.g VY“h increasing frequet_mcy pf loading. Represcpta- a:'_:.::
: ) tive results are plotted in Figure 10, where the lines .
Ikalanian sand Recovered RPB 0.25 are generated by the regression equations. o
Thawed RPB 0.26 : : B
We carried out a second set of tests in repeated e
5 Sibley till Thawed RPB 0.42 uniaxial compression on the same composite spec- e
" « RPB—Repeated Plate Bearing apparatus waveform. imens mentioned above in order to characterize in A
: FWD—Falling Weight Deflectometer waveform. the laboratory the asphalt concrete under the e
\ FWD load waveform. These tests included the A
same RPB and haversine load waveforms as well S
T T T T T as the FWD waveforms. The M, results were inter- }1’:
ols 7 nally very consistent for these data, but were no- .:{.}
Pulse ) ticeably low relative to the M, values obtained us- "
LT ] ing previously untested specimens. We believe that S
’ the previous repeated load testing cf these speci- &
o' _ mens re§ulted in fatigue damage, which lowered yre
E a8 B the resilient modulus. AN
I ] It was noted in this second data set, for the et
g - \\ Wareroine damaged samples, that the values of M., resulting t-..:::.*
. | from the FWD waveform differed by an almost A0,
é B \ constant factor of 1.5 from the 4-Hz-haversine 20a"
g + \ waveform results over the full range in tempera- o
. H tures. Based on this observation, the same factor .;::-:::.
7 0 of 1.5 was applied to the 4-Hz-haversine results e
s &0 = from the original tests on undamaged samples to .:-::\',-
r obtain an estimate of the FWD results on the spec- ;;
- \ imens in their original condition.
- \ \i
o — Unconfined \\ Natural subgrade
- g;’,’g”&?fe';’;m \ ] Regression equations 4 and § in Table 4 are for
——— — Tndirect Tension the natural subgrade material. The use of the
- | | | | \ stress function J,/7... instead of J, results in a sig-
2 0 20 40 nificant increase in the correlation coefficient. The
Temperature {°C) results for both the FWD and RPB waveforms
were merged when we found that there was no sta-
Figure 10. Resilient modulus versus tempera- tistically significant difference between the two
ture for the asphalt concrete (RPB— Repeated data sets. Plots of the regression equations are
Plate Bearing apparatus; FWD—Falling given in Figure 11.
Weight Deflectometer).
16
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Figure 11. Resilient modulus versus stress function ),/ 7, for

the natural subgrade.

K, values for thawed soils

Figure 12 shows how the coefficient K, changes
over the expected range of moisture tension y. The
current interpretation sets K, equal to the product
of all terms before the stress function in the regres-
sion equations. Thus, for a given moisture tension
value (and vy, value where applicable) the equa-
tions reduce to the form

M. = K\[f(1*
where
K = GlWI©
or
K = GUWI“G/v0)C.

and C,, C, and C, are the constants from the re-
gression equation and v, is unit density.

The values of K, are given over the range of ¥
used in the laboratory tests and this range brackets
the moisture tension values determined by the
field measurements. So, for a given stress state,
these curves show the relative stiffness of the soils
as well as the sensitivity of K,, and thus the resil-

17

ient modulus, to changes in moisture tension. In
the cases where v, occurs in the expression for K.,
typical values (1.6 Mg/m? for Ikalanian Sand, 1.8
Mg/m? for Hart Brothers sand) are used.

The curves in Figure 12 also give an indication
of the increase in stiffness of the soils as recovery
proceeds. Values along the y-axis, where y = 0,
indicate K, values upon thaw. Recovery may be
viewed as a steady progression to higher y levels as
the soil drains, and K, steadily increases as a re-
sult.

The power to which the moisture tension func-
tion is raised gives an indication of how strongly
the resilient modulus depends on moisture ten-
sion. Values of this exponent range from -1.57 for
the Dense Graded Stone to -3.324 for the lkala-
nian sand. For a given soil, there is only a small
change in the moisture tension exponent when the
modulus is expres  'd in terms of J, rather than
J2/ Tocen

The slope of the K, versus ¢ curves would be
steeper if, for equations possessing a vy. term, an
increase in dry density were considered along with
an increase in moisture tension. K, would then re-
flect the stiffening effect of both factors, and the
resulting rate of strength recovery after thawing
would be correspondingly greater.
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Figure 12. K, versus moisture for all test soils.

K, values for all soils

Table 6 shows the values of K, the exponent of
the stress function, for all soils. Hyannis sand,
Dense Graded Stone and Sibley till show the lowest
values, indicating the least stress-sensitivity. The
other soils are in the range of 0.418 to 0.537 when
J, is used and from 0.365 to 0.453 when J,/7,.. is
used. For a given soil, K, generally tends to be
somewhat lower when the stress is expressed in
terms of Jy/ Toer.

It is interesting that in the case of frozen Hart
Brothers sand, where stress was found to be a sig-
nificant factor, the exponent K, was close to the
value found for the thawed state.

The frequency of loading, which varied signifi-
cantly between the two load pulses, apparently has
little effect on the value of K; when J, is consid-
ered for the stress function. The Hart Brothers
sand data show a decrease in K, from 0.453 to
0.375 with an increase in the frequency of loading
when J,/r.., is considered.




Table 6. Stress function exponents (K,) from regression

analyses.
Stress function
Toct 3 33/ 100

lkalanian sand Frozen -0.382 + t

Thawed 0.490 0.442

Recovered 0.537 0.442
Graves sand Frozen -0.682 t +

Thawed 0.462 0.414

Recovered 0418 0.4046
Hart Brothers sand Frozen te 0.484* 0.365*

Thawed 0.453 0.453

Thawed 0.457+ 0.375*
Hyannis sand Thawed 0.3628 0.264°
Dense Graded Stone  Thawed 0.1725 0.136
Sibley till Thawed t 0.192

* Falling weight deflectometer (all others repeated plate bearing
apparatus).
t Stress function not accepted into analysis.

Earlier work (Cole et al. 1981) demonstrated
that K, does not change appreciably with increas-
ing values of K, (i.e., for a given soil, increasing
moisture tension and density, where applicable,
does not influence the value of K, significantly).

It is possible that this would not always be the
case, and that the stress function exponent could
change with, say, increasing levels of moisture ten-
sion. Thus, data sets should be examined closely,
and if need be, K; should be expressed as a func-
tion of the appropriate independent variable.

Comparison of stress functions

The stress function J,/ 7., proved more effective
than J, in some cases and equally effective in
others. Three soils showed the most dramatic in-
creases: natural subgrade (where R? increased
from 0.67 to 0.76), thawed Graves sand (R? in-
creased from 0.76 to 0.89) and thawed Hart
Brothers sand (R? increased from 0.71 to 0.87).
Ji/ 1., produced marginally acceptable results for
thawed Hyannis sand and thawed Sibley till where
the use of J, did not result in acceptable correla-
tion coefficients.

In the cases where J,/ .., proved successful, the
soil showed a marked trend toward a decrease in
resilient modulus with an increase in principal
stress ratio 0,/0,, as well as the typical trend for an
increase in modulus with bulk stress at a constant
principal stress ratio.

19

Figure 13 demonstrates the response of the test
data to the two stress functions. Figure 13a shows
modulus as a function of J, for data from thawed
Hart Brothers sand with ¢ = 5 kPa. The applied
stresses result in principal stress ratios of 1.5, 2,
2.5 and 3. Each cluster of points on the graph rep-
resents data obtained in tests where the confining
pressure was held constant and the cyclic deviator
stress o, was changed incrementally to achieve
these four stress ratios. In this case as o, increases,
a,/0, and the bulk stress J, also increase, but, as
seen in Figure 13, the modulus generally decreas-
es. If, on the other hand, ¢, remains constant
while o0, increases, o,/0¢, decreases, J, increases
and the modulus increases.

Given this behavior, we see that an adequate
model of resilient modulus in terms of applied
stresses must reflect the effect of stress ratio as
well as bulk stress. The function J,/7.., addresses
this pattern in behavior as seen in Figure 13b. This
figure shows the data from Figure 13a replotted in
terms of J,/7,,. It is evident that this stress func-
tion all but eliminates the systematic trends ob-
served when J, is employed. Again, the utility of
the function J,/7.., stems from its sensitivity to the
principal stress ratio as well as the bulk stress. Al-
though we do not suggest that this stress function
is of extremely wide applicability, it adequately
represents soils exhibiting the observed behavior
trends.

13
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Figure 13. Resilient modulus versus the two stress functions for

Hart Brothers sand, specimen HB-4-2, v =

Data from soils that either do not exhibit the
above mentioned trends or have sufficient scatter
to obscure these trends, respond equally as well to
both J, and J,/7.., for the most part. One case, re-
covered lkalanian sand, showed a slight drop
(0.88 to 0.84) in correlation coefficient with the
use of J:/7....

SUMMARY

This paper presents methodology developed to
evaluate the resilient characteristics of soils in-
tended for use as road or airfield subgrades. Re-
sults from repeated-load triaxial tests in the lab-
oratory lead to empirical relationships between the
resilient modulus and the imposed stress state.
These relationships also account for the effects of
soil moisture as well as density and temperature
where applicable.

5 kPa.

Appropriate laboratory testing techniques allow
for modeling the changes in resilient behavior that
occur during the freeze-thaw-recovery cycle com-
mon to cold regions. This work details the equip-
ment, testing methods and analytical techniques
employed in all phases of this modeling process.

Appendices include a complete description of
the repeated load triaxial testing procedure as well
as the results from six soils from the road test sec-
tions of the Department of Public Works at Win-
chendon, Massachusetts. Laboratory characteri-
zation of the asphalt concrete and natural sub-
grade materials is also included.

A method used to characterize the strength re-
covery period by testing each specimen at success-
ively higher levels of moisture tension is also
given, Of particular importance to laboratory
work are the triaxial cells developed for this work.
The cells feature detachable bases that allow for
retesting without remounting the specimen. The
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cells are also equipped to monitor the moisture
tension level in the soil. This work uses moisture
tension as the primary variable affecting a given
soil’s response to stress in the thawed state. Since
moisture tension can be monitored in the field as
well, it provides a convenient link between in situ
observations and laboratory results.

CONCLUSIONS

The laboratory testing methods detailed in this
report allow the determination of the resilient re-
sponse of granular soils throughout a freeze, thaw
and recovery cycle. Soil moisture tension proved
to be a suitable quantity with which to monitor
this recovery phase. The resilient modulus in the
frozen state is a strong function of unfrozen water
content, and applied stress becomes significant at
temperatures close to the melting point. Most of
the soils tested exhibited a significant loss of
strength upon thaw, but strength was gradually re-
gained as moisture drained from the soil during
the recovery period.

The resilient response can be modeled by equa-
tions of the form

M, = K, [f(9)*

using linear regression techniques to determine K|
and K. The coefficient K, is often found to be a
function of soil moisture and occasionally dry
density while K is considered constant for a given
soil. The analyses use either J, or J,/7,. as the
stress function f(¢). In general, higher correlation
coefficients resulted with the use of J./7... because
of its sensitivity to the influence of the principal
stress ratio.
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APPENDIX A: DETAILED TESTING PROCEDURES

This Appendix provides details of the testing
equipment, calibration procedures, test operation
and data reduction. A basic understanding of the
principles of operation of a closed-loop, electro-
hydraulic test machine is required for a thorough
understanding of some of the following methods.
However, the bulk of the material deals with the
triaxial cell set-up and specimen instrumentation,
Specifications appear in English units since virtu-
ally all of the electronic devices and the testing ma-
chine itself are calibrated in that system. An Eng-
lish~SI conversion chart appears at the end of this
appendix for the reader’s convenience.

System overview

Figure 1 in the main text shows the two triaxial
cells that were built for the repeated load tests.
The large cell (Fig. 1a) provides for testing
6-in.-diameter, 15-in.-high specimens, while the
small cell (Fig. 1b) is used for 2-in.-diameter,
5-in.-high specimens. The radial and axial defor-
mation measuring systems, as well as the minia-
ture load cells, are interchangeable. The load cells
are of 200-, 500- or 10,000-1b capacity. The size
and state (frozen or thawed) of the soil specimen
determines the appropriate capacity load cell.

A system of four Linear Variable Differential
Transformers (LVDTs) measures axial deforma-
tion. The cores of the LVDTs are mounted on
miniature universal joints, which are in turn af-
fixed to spring-loaded circumferential clamps.
There are two clamps placed at the third points
along the specimen length and two LVDTSs meas-
ure the excursion of each clamp during load cy-
cling. The outputs of each pair of LVDTs are
averaged electrically and the resulting averages are
combined to give a single output for the differen-
tial clamp movement. Resilient axial strain is then
calculated by dividing this deformation by the dis-
tance between the two clamps. The sensitivity of
this system may be adjusted in order to accommo-
date a range of material stiffnesses.

A system of three noncontacting displacement
transducers (multi-VITs [Variable Impedance
Transducers]) measures radial deformation at
points about the center of the specimen. The three
transducer outputs are added and recorded along
with the axial deformation. This information al-
lows the calculation of radial strain and hence
Poisson’s ratio.

3
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The cell bases are equipped with a system for
measuring soil moisture tension, as mentioned
earlier in the text. This system provides a continu-
ous monitor of the moisture tension. It must be
kept free of entrapped air bubbles in order to per-
form properly, and the porous ceramic tip must
remain saturated at all times.

A pressurized air system provides the confining
pressure. It is regulated by a bleeding-type pres-
sure regulator (accurate to 0.01 1b/in.?) and moni-
tored by a dial type pressure gauge (accurate to
0.1% full-scale).

Testing is done on an MTS machine in LOAD
control. The miniature load cell mounted in the
triaxial cell serves as the machine’s feed-back
source. The machine receives a command signal
from either the electro-mechanical device (Data
Trak) or a digital function generator. The former
device supplies the RPB (Repeated Plate Bearing
device) waveform and the latter provides the FWD
(Falling Weight Deflectometer) and haversine
waveforms.

The axial and radial deformations and the axial
load are all recorded on a multi-channel strip chart
recorder. Representative loads and deformations
are then taken for each set of test conditions from
the strip chart recording. Stress and resilient strain
levels are calculated from this information and
these results are then tabulated, entered in a com-
puter and analyzed by linear regression.

Calibration

Load cells

The miniature load cells should be calibrated
periodically using a standard calibration load cell.
Care should be taken to properly match the range
of the calibration load cell with the cell to be cali-
brated. The sensitivities of the three cells are
shown in Table Al.

Table Al. Load cell sensitivity.

Cell Load
capacity MTS range Factor
(b} range (ib) (mV/ib)
200 | 0-200 50
500 I 0-500 20
10,000 {1} 0-2000 S
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Note that range 111 for the 10,000-1b cell gives
20% of the cell’s capacity as full-scale, whereas
range 1 gives 100%.

Before the calibration load cell and the test load
cell are fastened securely to the MTS piston, make
sure that the correct range card is in the load dc
conditioner. Each load cell has a range card asso-
ciated with it to ensure the proper gain for each
load cell. Follow the calibration procedure for the
MTS model 440.21 dc conditioner located in the
appropriate MTS manual.

LVDTs

The LVDTs that measure axial displacement are
calibrated individually. Each pair shares a Shaev-
itz carrier amplifier, but each individual LVDT
has a separate gain pot located in the averager cir-
cuit chassis. A calibration jig with a large micro-
meter head, accurate to 0.0001 in., is used to cali-
brate the LVDTs (Fig. Ala).

Place one LVDT from the upper pair in the cali-
bration jig. Connect the pair to the cable marked
no. 1. On the adder circuit box, move the no. 1
(upper) switch to ‘‘on’’ and the no. 2 (lower) and
zero switches to ‘‘off.’’ This isolates the output of
the LVDTs to be calibrated. Connect the output
from the adder to a digital voltmeter. Slide the

core into the barrel of the LVDT in the jig and ad-
just for 0 V output. Adjust the core with the mi-
crometer until the desired full-scale displacement
is obtained. Adjust the pot on the averager circuit
that corresponds to the LVDT to obtain 2.5 V. If
there is not enough adjustment in this pot, the
gain adjust on the Shaevitz carrier amplifier must
be adjusted. In this case, use the carrier amplifier
gain for a coarse adjustment and the averager cir-
cuit pot for fine adjustment. Check several incre-
ments during calibration, such as 0.125 in., 0.075
in., 0.925 in., 0.005 in., to determine if the system
is linear and adjust the averager pot to compensate
for any discrepancies. Recheck full-scale displace-
ment again. Repeat the operation for the second
LVDT in the pair but do not adjust the carrier
amplifier gain again since it will change the cali-
bration of the first LVDT. Adjust only the pot on
the averager circuit. Note that for the pair of
LVDTs being calibrated, the core must be re-
moved completely from the LVDT not mounted in
the calibration jig.

The lower pair is calibrated exactly as was the
upper pair. Hook the lower pair connector to the
no. 2 output cable and turn the no. 2 switch on the
adder circuit to ‘‘on,”’ and the no. 1 and zero
switches to ‘‘off.’”’ It is necessary to adjust all

a. LVDTs.

Figure Al. Calibration jigs.
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b. Multi-VITs.
Figure Al (cont’d). Calibration jigs.

LVDTs to exactly the same calibration factor.
Each LVDT has its own core and they must not be
interchanged or the sensitivity will change. The
LVDTs must be calibrated frequently since they
have a tendency to shift. It is good practice to cali-
brate them before each day’s testing.

Multi-VITs

The radial displacement measuring devices
maintain their calibration very well. They should
be checked monthly, however, using the same cali-
bration jigs that were used for the LVDTs. Since
the target must be of the same shape and of the
same material as that used during testing, use a
plexiglass target with aluminum foil glued to it
(Fig. Alb). Targets with either a 1- or 3-in. radius
of curvature are used, depending on whether the
2- or 6-in. diameter samples are being tested. Ad-
just each multi-VIT to 1x10* in./mV using the
calibration procedure given in the Kaman Sciences
instruction manual.

Mounting specimen and
installing instruments

The tests of both frozen and thawed soils em-
ploy essentially the same equipment, except that a
cell base without a built-in porous ceramic tip is
used for the frozen samples. This second type of

base has a thermocouple in place of the porous tip
for directly monitoring the specimen temperature.

Before mounting, carefully measure and weigh
the specimens. Drill a %-in. hole, approximately
1 in. deep, in the center of the bottom surface of
the specimen to receive the porous tip. Carefully
place the sample on the pedestal. Place a top cap
on the sample. Next, install a latex membrane on
the entire sample by first stretching the membrane
on the inside of a 3-in. by 6-in. plexiglass cylinder
and applying a vacuum to draw the membrane on-
to the walls of the cylinder; then slide the cylinder
membrane over the sample. Releasing the vacuum
will cause the membrane to fit tightly against the
sample.

Remove the cylinder and secure the membrane
to the top cap and the pedestal with O-rings. Set
the triaxial cell base on the pedestal and set the
Mutlti-VITs with mounts in their proper mounting
bases. Place three 1- x2-in. aluminum foil targets
on the sample so that the multi-VITs are centered
on the targets. Applying silicone grease to the
back of the target material sticks the targets to the
membrane. Remove the multi-VITs and the cell
base. Place another membrane on the sample in
the same manner as the first, being careful not to
disturb the multi-VIT targets. Place two more
O-rings to secure the second membrane to the ped-
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Figure A2. Specimen mounted on pedestal with membrane

and multi-VIT targets in place.

estal and top cap. The sample is now ready for in-
strumenting (Fig. A2).

As noted above, the frozen 2-in. samples are to
be mounted on solid aluminum pedestals that have
thermocouples through their centers to monitor
temperature. Drill a small hole in the center of the
sample base and place the sample on the pedestal,
aligning the thermocouple and the hole in the bot-
tom of the sample. With a squirt bottle, apply a
small quantity of water around the base of the
sample to bond the frozen sample to the pedestal.
Avoid saturating the sample. Place the top cap on
the sample and then apply water along the top
cap/soil interface. Allow the water to freeze for a
few minutes and then place the membranes,
O-rings and multi-VIT targets as on the thawed
sample.

Keeping the pedestal clean helps to avoid any air
leaks when the confining pressure is applied.
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Cell assembly and instrumentation

Place an O-ring in the O-ring groove of the ped-
estal and install the base plate of the cell on the
pedestal, aligning the three bolt holes. Secure with
three allen-head bolts, tightening equally.

Screw the LVDT cores onto their respective
stems on the LVDT clamps. These stems are con-
nected to miniature universal joints which accom-
modate tilting of the circumferential clamps and
thus prevent binding between the LVDT core and
barrel. Place the two LVDT mounting rods into
the mounting holes on the cell base. Place the two
clamps around the sample, keeping each clamp at
least 1 in. from the specimen end.

Placement of the clamps is critical (Fig. A3). It
is important to leave enough space between them
to get a gauge length of about 2 in. but also to
keep them far enough away from the top cap and
the pedestal to avoid end effects. A good rule of




Figure A3. Installation of cell base and LVDT core
clamps.

thumb is to keep a 3-in. gauge length on a 5- to
6-in.-long, 2-in.-diameter sample, and a 9- to
12-in. gauge length on a 16- to 18-in.-long,
6-in.-diameter sample.

The clamps are held onto the sample with
springs. Choose the stiffest spring that will not
damage the sample. Use a vernier caliper to make
fine adjustments to the clamp to achieve a uni-
form gauge length. Record this gauge length along
with the sample measurements (see Fig. A4). Stag-
ger the LVDT cores close to the LYDT mounting
rods so that the double-hinged barrel mounts can
easily reach the cores. The doubie hinged barrel
mounts employ miniature ball bearings and pre-
cision-ground steel shafts. They allow complete
freedom of movement in the horizontal plane but
do not move vertically. Thus, as the specimen
deforms and the LVDT cores move laterally, the
barrels move laterally as well. Thus, alignment is
maintained and binding between the core and bar-
rel is avoided.

Install the bottom LVDT barrels onto the
mounting rods, matching the serial number of the
core to that of the barrel. Slide the barrel over the
core using caution not to disturb the circumferen-
tial clamps. There is a mark on the stem that the
core is screwed into which is approximately the
LVDTSs’ electrical zero. Slide the barrel to this
point and tighten the set screw on the barrel
mount, ensuring that the two hinges of the barrel
mounts are able to rotate freely. Attach the LVDT
connector to the corresponding connector on the
cell base. Repeat the procedure for the upper
LVDTs (Fig. AS).

Install the multi-VIT mounting rods in the num-
bered holes in the cell base that corresponds to the
multi-VIT number. Adjust the multi-VITs so that
they are perpendicular to the targets on the sample
and tighten the set screw at the base of the multi-
VIT mounting rod. Install the twin BNC con-
nector for each multi-VIT in the cell base. The
sample is now fully instrumented (Fig. A6). Be-
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Lo = 3.150 in. MATE: 28 Juwe 83
D, = 1.969 1n. TRPERATRE: _[X 00
A = 3.043 1o MOISTIE TRSION: 5 ¢ been
Residual Gauge Res{lient
Nominal deformation length deformation Resilient
stress 2 chart " Lg chart strain
(b/in.2) _ reading (x10-* in.) (4n.) reading (0~ n.) 10~
oy=1 3av 2 D =1.969 | 0.5av  0.333 € =0.169 | u =0.237
a, = 0.5 2 1 L =350 | 45u¥  2.250 € =071 | M = 7.36x10° 1b/tn.?

Ht = 50.75 MPa

(P = 1.16 1b, A =3.043 n.2, 9, = 0.5 1b/in.2, 9, = 3.625 kPa)

Figure A4. Repeated load triaxial test data sheet.

Figure AS. Installation of LVDT barrels.
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fore placing the cell cylinder over the sample, threaded rods. Carefully seat the top plate on the AL
check that the LVDT wires do not restrict the mo- cylinder and uniformly tighten three nuts on the o

tion of the LVDTs in any way.

Final cell assembly

Retract the three micrometers in the wall of the
plexiglass cylinder. Install an O-ring in the groove
of the cell base and place the cylinder over the
sample and onto the base. Align the micrometers
to the butt end of the multi-VIT mounts. Screw
the three long-threaded rods into the outside rim
of the cell base.

A miniature load cell that is capable of measur-
ing the maximum load expected for the test is now
bolted onto the loading piston of the top plate. In-

threaded rods (see Fig. A7).

Adjust the micrometer in the cylinder wall to
bring the multi-VITs toward the target on the sam-
ple. The multi-VITs are calibrated for a range of
0.10 in. but they are most linear over the first 0.05
in. Turn the micrometer to place each multi-VIT
approximately 0.05 in. from the target.

This completes the specimen mounting and cell
assembly procedure. It is essentially the same for
the frozen and thawed cases, with the exception of
the type of pedestal used. For the frozen speci-
mens, all hardware should be brought to the test
temperature before the specimen is mounted.

stall a load button on the load cell and connect the Allow 12 to 24 hours for temperature equilibra- AT
load cell output to the bulkhead connector in the tion between frozen tests, depending upon the ::-::-;:j
top plate. Place an O-ring in the O-ring groove of magnitude of the temperature change. Generally, :'{.‘-:-}
the top plate and place the top plate on the plexi- begin testing at the lowest temperature indicated ROy
glass cylinder, aligning the three holes with the in the field test results. o'
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Figure A7. Fully assembled cell.

Moisture tension regulation

Thawed specimens are tested at up to four levels
of moisture tension. The range of values is deter-
mined from field tensiometer data. A vacuum is
applied to the cell drainage system and the speci-
men is drained until the desired level of moisture
tension is achieved. Begin at the lowest level of
moisture tension (generally upon thaw) and do
tests at increasing tension levels. Keep the vacuum
applied during load cycling to maintain a constant
moisture tension level.

Currently, a manometer calibrated in cm of Hg
is used to regulate the vacuum supply. (Note 1 kPa
= 0.75 ¢m of Hg). The 2-in.-diameter, coarse-
grained specimens equilibrate within 2-3 hours,
while the 6-in. diameter specimens require up to 24
hours.

Test operation

The MTS machine is a very complex system and
the operator should become familiar with its oper-
ation before installing any samples in the load
frame. Prior to placing the triaxial cell in the MTS
load frame, the hydraulic fluid must be warmed
up. Turn on the MTS console, select ‘‘stroke”
control, and place the hydraulic supply on high
pressure. Adjust the material test generator for a
1-Hz sine wave. Adjust ‘‘Span I'’ for a 1-V cyclic
wave and let the piston cycle for 20 minutes t0
bring the system to operating temperature.

A shearing device is installed on the piston for
testing 2-in. samples to protect the load cell. Screw
this device on the end of the MTS piston. Position
the crosshead (with the piston fully extended) so
that the triaxial cell is out of range of the piston,
and the only possible contact is with the cell pis-
ton. This will prevent any damage to the triaxial
cell in the event of error.

With the hydraulic supply off, install the triax-
ial cell in the load frame so that the MTS piston
and the cell piston are offset. Connect the confin-
ing pressure supply to the top plate of the triaxial
cell by means of the quick-connect coupling. Sup-
ply air to the confining pressure regulator and ad-
just the regulator for the desired pressure by moni-
toring the pressure gauge. Connect the load cell
cable that goes to the MTS console to the con-
nector on the top plate of the triaxial cell. Select
load control and adjust the zero pot on the load
dc conditioner for 0.00-V output. Place the hy-
draulic supply on high pressure and adjust the set
point to retract the piston. Slide the triaxial cell to
align the two pistons. Lower the MTS piston slow-
ly with the ‘‘set point’’ control so that the two pis-
tons come in contact. Adjust the ‘‘set point’’ so
that a slight dead load of 'z Ib is applied to the
sample. Connect the LVDT and multi-VIT cables
to their respective mating connectors on the cell
base.
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Before testing, make a table of all stress levels
desired. This is done by converting the deviator
stress to a millivolt output.

V.., = U‘A.XK

where o, = deviator stress (Ib/in.?)
A. = sample area (in.?)
K = load cell sensitivity (mV/1b)
V... = output from load cell (mV).

The table should also include the confining stress
a,, the strip chart recorder range, and the number
of divisions on the strip chart for the desired o.
(see Table A2). The choice of stress values de-
pends on the type of test and sample to be run. Re-
fer to the stress tables given in the text.

A thawed test on a 2-in. sample will be used as
an example. Place the cell in the MTS with o, = 1
Ib/in.? and a 2-1b dead load on the sample. Start
the strip chart recorder with a chart speed of 0.05
mm/s. From the stress level table, set the recorder
range on channel 1 to 250 mV full-scale. Use chan-
nel 2 to record the axial deformation (LVDTs).
Turn on the no. 1 and no. 2 switches from the add-
er circuit and turn off the zero-adjust switch. Ad-

just the position and zero suppression controls for
channel 2 on the recorder to bring the signal into
range on the chart. If this procedure fails te bring
the signal into range, turn the zero-adjust switch
on the adder circuit to “‘on’’ and adjust the zero
pot on the adder circuit. Place the channel 2 range
control to 50 mV full-scale, which will give you 1
mV/division on the chart. Have the radial defor-
mation (multi-VITs) on channel 3 on the record-
er. Turn on all four switches on the multi-VIT
averager circuit. Adjust the zero pot on the aver-
ager circuit to bring the signal on scale. Use the
channel 3 position and zero suppression controls
to zero the signal on the chart. Place channel 3
range switch to S0 mV full-scale. Position all zero
signals at the left edge of their corresponding
channels on the chart. Label the chart prior to
testing, including all pertinent information (Table
A3). The RPB and FWD load pulse waveforms
are applied to the specimen as follows.

With Span II at zero, and the counter on the
MTS at zero, start the Data Trak. Gradually turn
the Span II control up to obtain the desired stress:
o, = 0.5 kPa (see Table A2). For close scrutiny of
each load cycle on the chart, press the divide by
100 ( + 100) switch and switch on the recorder; this

Table A2. Load for 2-in.-diameter samples using 200-1b load cell (50

mV/Ib).
o3 ad
Confining  Deviator Load for Load cell Recorder
Stress stress 2-in. samples output range Number of
(ib/in.?) fib/in.}) (ib) (mV) (mV full-scale) divisions
1 0.5 1.57 78.5 250 15.7
1 3.14 157.0 500 15.7
1.5 4.71 235.5 500 238
2 6.28 314.0 1,000 15.7
25 7.85 3925 1,000 19.6
2 1 3.14 157.0 500 15.7
2 6.28 314.0 1,000 15.7
3 9.42 471.0 1,000 238
4 12.57 628.3 2,500 12.5
5 15.71 785.4 2,500 15.7
4 2 6.28 314.0 1,000 15.7
4 12.57 628.3 2,500 12.5
6 18.85 942.5 2,500 18.8
8 25.13 1256.6 2,500 25.1
10 31.42 1570.8 5.000 15.7
10 b} 15.N1 785.4 2,500 15.7
10 31.42 1570.8 5,000 15.7
5 42.12 2356.2 5,000 236
20 62.83 J141.6 10,000 15.7
25 78.54 3927.0 10,000 19.6
31
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Table A3. Strip chart label information.

Channel
1 2 3
Device Load cell, 200-lb LVDTs Muiti-VITs
capacity 0.25-in. range
Factor 50 mV/1b $x10* in./mV  6.67x10”* in./mV
Chart sensitivity $ mV/division 1 mV/division 1 mV/division
gy = 1.0 Ib/in.? DATE
aq = 0.5 1b/in? TEST NO.
v = 1 cbar SPECIMEN NO.

increases the chart speed to S mm/s. Allow three
or four cycles to pass and press the -+ 100 switch
again to slow down the chart. (Note: the counter
registers 1 count for each 3 cycles of an RPB
cycle). Check the chart to see that the signals are
all going to the right. Continue the test for 60
counts on the counter, speeding up the chart at 30
and 60 counts to monitor the signals. Stop the
Data Trak at zero load.

Program the material test generator as follows
to obtain the FWD pulse:

340 module
28 ms inv J\_
trig /\_/

341 module 2s
off

342 module 2s
cont (press start to
run test and off to
stop)

Start the program and increase the Span I con-
trol to obtain o, = 0.5 kPa. Run the chart at |
mm/s and periodically press the + 100 switch to
expand the chart tracings to review the FWD sig-
nals. Run the test for 20 pulses, expanding the
time scale at the beginning and end of the test,
then stop the signal generator. There are filters on
the strip chart recorder that must be set on at least
50 Hz during the FWD pulses so that the signals
are not attenuated. These filters can be set on 5§ Hz
for the slower Data Trak pulses to eliminate any
noise; noise is common on the LVDT channel.

Data reduction

Data reduction is done during testing. After
each axial stress level is applied, reduce the data
using the following formulas (1-19) and record the
data on the data sheet (Fig. A4). Once some exper-
ience is obtained, the next deviator stress can be
running while data are being reduced for the pre-
ceding test. This saves a considerable amount of
time.

The baselines of the LYVDT and multi-VIT data
correspond to the residual deformations (see Fig.
AB8), while the pulses’ height corresponds to the re-
silient deformations of the sample.

The circled aumbers indicate the numbers on
the chart (Fig. A8).

Fill in the top portion of the chart with all per-
tinent information: L,, the gauge length between
the circumferential clamps; sample diameter d; A.
= sample area (D./2)*w; LVDT factor = LVDT
sensitivity 0.250 in./2500 mV = 0.5 x10™* in./mV.
g, in the left column denotes the nominal deviator
stress, whereas items 15 and 16 in chart 2 give the
actual deviator stress in Ib/in.? and kPa.

1. Divisions of multi-VIT baseline from zero at
end of the test times the channel sensitivity: 3 div
x 1 mV/div = 3 mV.

2. Multi-VIT sensitivity times baseline voltage:
(0.667 x10™* in./mV) x 3 mV = 2x10™* in. This
number denotes residual radial deformation.

3. D, plus residual radial deformation: 1.969 in.
+ 2x10*in. = 1.969 in.

4. Divisions of multi-VIT pulse at end of test
times the channel sensitivity: 1 div x 0.5 mV/div
= 0.5 mV.
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5. Multi-VIT sensitivity times pulse voltage:
(0.667 x10™* in./mV) x 0.5 mV = 0.333 x10™*in.
This number denotes resilient radial deformation
or Ad.

6. Ad/D, = 0.667x10%/1.969 in. = 0.169 x
107*; this denotes resilient radial strain or e,.

7. Divisions of LVDT baseline from zero at end
of test times the channel sensitivity: 2 div x 1
mV/div = 2 mV.

8. LVDT sensitivity times baseline voltage:
0.5x10*in./mV x 2mV = 1.0x10 in. This de-
notes residual axial deformation.

9. L, minus residual axial deformation: 3.150
in. -— 1.0x10™in. = 3.150 in.

10. Divisions of LVDT pulse at end of test times
the channel sensitivity: 4.5 div x 1 mV/div = 4.5
mV.

11. LVDT sensitivity times pulse voltage (0.5 x
10 in./mV) x 4.5 mV = 2.250x10™ in. This
denotes resilient axial deformation AL.

12. AL/L, = 2.250x10* in./3.150 in. =
0.714 x 10~*. This denotes resilient axial strain, e..

13. Load pulse height in divisions times channel
sensitivity divided by the load cell sensitivity gives
the axial load P: 16 div - x § mV/div + S0 mV/Ib
=161lb = P.

14. A.. Note: If D, increases during the test, cal-
culate a new A,.

15.09. = P + A,; 1.6 1b + 3.043 in.? = 0.526
Ib/in.? This number is the actual ¢, in 1b/in.?

16. OxxPs) = Oamsinn X 6.895: 0.526 1b/in.? x
6.896 kPa/Ib in.”* = 3.625 kPa. This is the actual
g, in kPa.

17. p, = e/eq. 0.169x10™ + 0.714x10™ =
0.237. u. is the resilient Poisson’s ratio.

18. M p/iny = 04/€s. 0.526/0.714x10°* =
7.36x10" 1b/in.? M, denotes the resilient
modulus in 1b/in.?

19. Mpy = Mygyiny x 6.895. 7.36 1b/in.? x
6.895 kPa/lb in.”* = 50.75 MPa. M p,, denotes
the resilient modulus in MPa.

This data reduction must be done for each set of
applied stresses and the same procedure is fol-
lowed regardless of the load waveform.

CONVERSION FACTORS: U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

These conversion factors include all the significant digits given in the
conversion tables in the ASTM Metric Practice Guide (E 380), which
has been approved for use by the Department of Defense. Converted
values should be rounded to have the same precision as the original (see

E 380).

Multiply By To obtain
inches 254 millimetres
square inches 0.00064516 square metres
pounds (mass) 0.4535924 kilograms

pounds fforce) per square inch 0.006894757 megapascals
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APPENDIX B: MOISTURE RETENTION CURVES FOR
THE SIX WINCHENDON TEST SOILS
(1 cm water = 98.0638 Pa)
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Figure Bl. Graves sand (specific gravity = 2.73, dry density
= 1.584 g/cm’).
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Figure B2. Dense Graded Stone (specific gravity =
2.80, dry density = 1.941 g/cm’).
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Figure B3. Hart Brothers sand (specific gravity =
2.78, dry density = 1.76 g/cm?).
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Figure B4. Ikalanian silt (specific gravity = 2.67, dry density =
1.611 g/cm’®),
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Figure B5. Hyannis sand (specific gravity = 2.67,
dry density = 1.652 g/cm?®).
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REPEATED LOAD TRIAXIAL TEST

RESULTS FOR ALL TEST SOILS

APPENDIX C

Sibley till

Thawed, RPB waveform
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Hyannis sand

Remolded, FWD waveform
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A facsimile catalog card in Library of Congress MARC
format is reproduced below.

Cole, D.

Resgilient modulus of freeze-thaw affected granular soils
for pavement design and evaluation. Part 1: Laboratory
tests on soil from Winchendon, Massachusetts, test sections /
by D. Cole, D. Bentley, G. Durell and T. Johnson. Hanover,
N.H.: Cold Regions Research and Engineering Laboratory;
Springfield, Va.: available from National Technical Informa-
tion Service, 1986.

vi, 78 p., illus.; 28 cm. (CRREL Report 86-4.)

Prepared for Office of the Chief of Engineers by Corps
of Engineers, U.S. Army Cold Regions Research and Engi-
neering Laboratory under DA Project 4A762730AT42.

Bibliography: p. 21.

(continued on Card 2)

Cole, D. (CARD 2)
Resilient modulus of freeze-thaw.... (1986)

1. Airfields. 2. Freezing-thawing. 3. Laboratory tests.
4. Repeated-load triaxial tests. 5. Resilient moduli.
6. Roads. 7. Soil tests. 8. Subgrade soils. 1. Bentley, D.
I1. Durell, G. III. Johnson, T. 1V. United States. Army.
Corps of Engineers. V. Cold Regions Research and Bn-
gineering Laboratory, Hanover, N.H, VI. Series: CRREL
Report 86-4/.
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