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PREFACE
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Civil Engineering Research Branch, Experimental Engineering Division; Glenn D. Durell,
Mechanical Engineering Technician, Engineering and Measurement Services Branch, Tech-
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 A2, 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 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. Irwin 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 sys-
tems, and A. Tice who generated the unfrozen water content data for the test soils.

This report was technically reviewed by E.J. Chamberlain and F. Sayles of CRREL.

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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Resilient Modulus of Freeze-Thaw Affected Granular Soils
for Pavement Design and Evaluation
Part 3. Laboratory Tests on Soils from Albany County Airport

D.M. COLE, D.L. BENTLEY, G.D. DURELL AND T.C. JOHNSON

INTRODUCTION

This is one of four reports that document the
laboratory and field test results of an extensive re-
search effort jointly funded by the U.S. Army
Corps of Engineers, the Federal Highway Admin-
istration and the Federal Aviation Administra-
tion. The project, entitled Full-Scale Field Tests to
Evaluate Frost Action Predictive Techniques,
called for laboratory testing and field verification
of the resilient properties of a number of test soils
located at Winchendon, Massachusetts (the sub-
ject of Parts 1 and 2 [Cole et al. 1986, Johnson et
al. 1986a] of this series of reports) and Albany,
New York (the subject of this report and Part 4
[Johnson et al. 1986b]). Part 1 includes detailed
descriptions of the laboratory testing procedures
and methods of data analysis and interpretation.
Consequently, this report does not dwell on such
matters, but instead concentrates on the presenta-
tion and analysis of results from the two taxiways
that we investigated at the Albany County Air-
port.

The objectives of the work call for characteriz-
ing the test soils under a variety of seasonal condi-
tions: frozen, thawed and recovered. The first two
conditions are self-explanatory; ‘‘recovered’’ re-
fers to soil that has drained and possibly consoli-
dated after thawing and has consequently regained
(or recovered) the same degree of stiffness it pos-
sessed prior to the freezing and thawing cycle. The
testing sequence used in the laboratory work is
designed to simulate the progression of events that
the soils experience in the field. This process relies
heavily on the use of soil moisture tension and
temperature as links between laboratory and field
results.

Part 4 (Johnson et al. 1986b), the companion to
this report, presents the results of the surface de-

flection measurements on the two taxiways and
verifies the laboratory-determined resilient modu-
lus expressions developed in the present work. The
verification is accomplished through the use of a
computer code (called NELAPAY) that carries
out a layered elastic analysis of the pavement sys-
tem. The program and the verification procedure
have been covered in detaii elsewhere (Irwin and
Johnson 1981).

Field data on the temperature and moisture ten-
sion history of the test sections provided the ap-
propriate range of these variables in the labora-
tory testing. Specimens were first tested in re-
peated-load triaxial compression in the frozen
state, beginning with the lowest temperature, at
several values of axial stress and a single value
(69.0 kPa) of confining stress. Next, the specimens
were completely thawed on specially designed tri-
axial cell bases (see Cole et al. 1986) and tested at
up to five levels of soil moisture tension. The in-
creases in moisture tension were achieved by draw-
ing water from the specimen via the triaxial cell’s
drainage system. This procedure simulates the
gradual recovery of stiffness experienced by thaw-
weakened soils.

The repeated-load triaxial testing yields the re-
silient modulus, M, (defined as cyclic stress divid-
ed by recoverable axial strain), as a function of ap-
plied stresses, temperature (for soils in the frozen
state), moisture tension y (for the unfrozen state),
and dry unit weight 74 where applicable. A simple
nonlinear relationship of the form

M, = k,[f(o)}* )

is used to represent the test data—k, is generally a
function of y, and in some cases v4, and &, is a
constant. A linear regression technique is used to
find constants that give the best fit to the test data.
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The stress function f(o) is taken as either the
commonly used first stress invariant J, (sum of the
principal stresses) or the ratio J,/7,¢ (ratio of the
second stress invariant to the octahedral shear
stress). The latter function has been examined at
length by Cole et al. (1981, 1986). Its usefulness
stems from its ability to adequately reflect the ten-
dency of many granular soils to exhibit an increas-
ing modulus with both increasing confining stress
(0,) and decreasing principal stress ratio (¢,/0;).
All analyses are carried out in terms of both stress
functions for comparison.

The reader is referred to Cole et al. (1986) for
extensive background information on the project
in general as well as for details of the laboratory
testing methodology. The Albany County Airport
work closely follows the Winchendon, Massachu-
setts, activity with one exception: we tested no
field cores from the Albany site. All specimens
were remolded in the laboratory using material
that had been remixed according to the original
gradation specifications for the taxiway sections.

TEST SECTIONS AND MATERIALS

Figure 1 gives cross sections of each taxiway.
Field instrumentation yielded temperature and

TAXIWAY A

Depth Thickness
{(mm) (mm)
(o)
Asphalt
Concrete |330

3 0—m8M8Mm —4—

Bose 584
914 ~——————

Subbase 914
|828m——ﬂﬂlLlW

Subgrode

moisture tension profiles for each section, which
are presented by Johnson et al. (1986b). Grada-
tion curves for the test soils appear in Figure 2,
and Table 1 gives some physical characteristics
and classifications for the soils.

The water table fluctuated seasonally between
1.5 and 2.0 m at both sites. Frost penetration
depths for the periods of observation are given by
Johnson et al. (1986b).

Taxiway A consists of a layer of asphalt con-
crete, a crushed stone base, a gravelly sand sub-
base and a silty fine sand subgrade. Taxiway B
consists of a badly broken layer of asphalt con-
crete, an asphalt penetration macadam stone base,
a silty sandy gravel subbase and a silty fine sand
subgrade.

Since the moisture retention characteristics of
these materials are of interest, the moisture ten-
sion versus water content curves were determined
for several of the soils in the laboratory. Curves
for the Taxiway A base and subbase and the Taxi-
way B subgrade appear in Appendix A. The sub-
grades for both taxiways were nearly identical, so
the Taxiway B subgrade curve is assumed valid for
Taxiway A as well. We were not able to obtain
such data for the Taxiway B subbase since it was
too coarse to test in our cell.

TAXIWAY 8
Thickness Depth
(mm) (mm)
76 | Aspholt Concm-'_?s
102 | Base
|78
127 | Subbase
wrrAor—mww- 305
Subgrode

*cracked ond broken

Note: Drown 10 scaie

Figure 1. Albany Airport taxiway profiles.
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Figure 2. Gradation curves for Albany soils.
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Table 1. Physical characteristics and classification of the Albany

Airport soils.
Maximum
Unified Soil size Coefficients Specific
Soil Classification {mm) C, C. gravity
Taxiway A subbase SM 19.1 95.8 2.2 2.73
Taxiway A subgrade SM 0.42 4.0 1.6 2.67
Taxiway B subbase GM 19.1 16.3 0.22 2.68
Taxiway B subgrade SM 0.42 2.7 1.2 2.69

SPECIMEN PREPARATION

Test soils

We obtained shovel samples of all the layers of
material. Since it was impossible to distinguish be-
tween the base and subbase materials of Taxiway
B because of the deterioration and insufficient
thickness of the base, both layers were sampled
and tested as a single material.

The various soils were sieved and remixed in the
laboratory according to original specifications.
The coarse-grained materials were compacted in a
152-mm-diameter, 305-mm-high mold and were
frozen at a rate of 25 mm/day under open system
conditions. These specimens were capped in the
manner described by Cole et al. (1986). They did
not heave appreciably (i.e., less than 10% of speci-
men height). The fine-grained subgrade material
was compacted in a tapered 152-mm-diameter,
152-mm-high mold and subjected to the same
freezing conditions. Once the material was frozen,
several 51-mm-diameter, 127-mm-long specimens
were machined from the samples and carefully
trimmied prior to testing.

Since the frost did not penetrate to the depth of
interest insofar as the layered elastic analysis was
concerned, it was necessary to characterize the
subgrade in the unfrozen (as well as frozen and
thawed) state. For this purpose, specimens (51 mm
in diameter by 127 mm long) were merely com-
pacted to design specifications and tested.

Additional details of the preparation proce-
dures are given by Cole et al. (1986).

Asphalt concrete

We were able to obtain usable cores of the as-
phalt concrete layers for both taxiways. Taxiway
A was sufficiently thick to yield 102-mm-diam-
eter, 250-mm-long cores, which were easily
trimmed and tested. The thin asphalt layer of
Taxiway B, however, made it necessary for us to
form a specimen of adequate height by stacking

‘. -y~
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three of the short cores and binding them together
with a thin layer of asphalt emulsion. The asphalt
concrete was tested in the dry state, although
moisture content is expected to affect the resilient
behavior (Johnson et al. 1978).

LABORATORY TESTING

All testing of the soils was carried out in one of
two triaxial cells, depending upon specimen size.
The asphalt concrete was tested only in uniaxial
compression. For all laboratory tests, we used an
electro-hydraulic, closed-loop testing machine
operated in LOAD control.

To achieve a steady-state response, 200 loading
cycles were applied at each combination of axial
and radial stress. The M; values were calculated
from a representative cycle near the end of each
run.

The test equipment and procedures are fully de-
scribed by Cole et al. (1986).

Soil testing

Two triaxial cells, with several unique features,
were designed and built for this testing program.
The cells differed primarily in size: one accommo-
dated the 51-mm-diameter specimens while the
other accommodated the 152-mm-diameter speci-
mens. The cells featured removable bases, which
facilitated the sequential testing of each specimen,
and built-in tensiometer systems to continuously
monitor soil moisture tension.

Since handling of the frozen specimens present-
ed no serious problems given adequate coldroom
facilities, a single cell base equipped with a ther-
mocouple was used for the frozen state tests.
However, since many specimens were often ex-
tremely weak and deformable upon thawing, the
removable cell base concept was developed. This
approach called for designing triaxial cells that
could be completely assembled about a specimen

‘f’f d' Ly -’ o f “u > -' f';v' f I K '-’
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that was mounted on the cell base. We used up to
six bases for the small cell and four for the large
cell. In this manner, a number of specimens could
be tested sequentially without removing them
from their respective cell bases. The major cell
components and the deformation and load meas-
uring devices were easily transferred from one
base to another. Cole et al. (1986) give details of
this procedure and of the equipment design.

The sequential testing approach was used to al-
low the maximum amount of testing on each spec-
imen and to allow use of the major cell compo-
nents while tested specimens were equilibrating at
new moisture tension levels. Simulation of the re-
covery period after thawing was achieved by alter-
nately testing and drying each specimen until the
moisture tension reached the level observed in the
field. At each level of moisture tension, a speci-
men was subjected to the sequence of confining
and nominal deviator stresses given in Cole et al.
(1986). The actual deviator stresses at each data
point, with slight corrections for the changes in
specimen area, are given in Appendix B. All of the
triaxial tests were carried out with a vacuum ap-
plied to the specimen through the drainage system.
The vacuum level coincided with the desired soil
moisture tension level for the test. This was done
to ensure a constant moisture tension level
throughout load cycling.

Axial deformation was measured on the speci-
men with a system of four Linear Variable Differ-
ential Transformers (LVDTs), which measured
the relative displacement of two circumferentially
mounted rings. Radial displacement was measured

at three points, equally spaced about the circum-
ference, at midheight on the specimen. The load
was monitored by a miniature load cell, mounted
in the triaxial cell, in direct contact with the top
cap of the specimen. This load cell also served as a
feedback, controlling the load applied by the
testing machine.

These measurements allowed the calculation of
both resilient and permanent strains in the axial
and radial directions, which in turn allowed the
calculation of resilient modulus and resilient Pois-
son’s ratio ().

Waveforms of applied stress

The soils were subjected to two loading wave-
forms that correspond to the loading characteris-
tics of the two devices used in the surface deflec-
tion tests done in the field. The waveform simulat-
ing the Repeated-load Plate-Bearing apparatus
(designated RPB) was a 1-s-on, 2-s-off pulse. A
28-ms haversine, repeated every 2 s was used to
simulate the load pulse produced by the Falling-
Weight Deflectometer (designated FWD) (Fig. 3).

Throughout the course of this study, we made a
gradual shift in the field verification work from
the use of the RPB device to the FWD device. In
the Albany County Airport work, we used the
FWD device exclusively, but continued to apply
the RPB loading waveform in the laboratory test-
ing for the sake of continuity with earlier work.

Initial tests indicated that there was no signifi-
cant difference in the modulus determined with
these two waveforms, so we decided to apply the
FWD pulse as a rule and spot-check the modulus

RPB
s 2s
x + ~
FWD
28 ms
= 2s "
f -

Figure 3. Load pulse waveforms used in the repeated load triaxial tests (repeat-

ed load plate-bearing apparatus [RPB] waveform and falling-weight deflect-
ometer [FWD] waveform).
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periodically with the RPB pulse. Consequently, in
contrast to Cole et al. (1986) where modulus equa-
tions were presented for each waveform separate-
ly, the equations presented in this work are applic-
able to both waveforms for all granular materials.

Asphalt concrete

The asphalt concrete cores were tested at tem-
peratures of -10°, 5°, 25° and 40°C in uniaxial
compression. Maximum axial cyclic stresses of ap-
proximately 68.0, 103.0, 136.0, 174.0 and 228.0
kPa were applied under three waveforms.

Axial deformation was measured using LVDTs
mounted on circumferential clamps. Load was
measured by a load cell mounted on the actuator
of the testing machine. The machine was operated
in LOAD control, as in the soil tests.

The asphalt concrete tests employed three wave-
forms: the RPB and FWD pulses described earlier
and a continuous haversine at frequencies of 1, 4
and 16 Hz. The latter loading condition was in-
cluded for completeness and is according to ASTM
D3497-79T (ASTM 1981).

DATA REDUCTION AND ANALYSIS

Soil

The frozen state test on a given soil yields an M,
value for a certain stress level and temperature.
Testing in the thawed or unfrozen states yields an
M, value for a given applied stress state and mois-
ture tension level. Not all of the stress levels given
in Cole et al. (1986) could be applied to each speci-
men at all values of moisture tension, ¥. Since
each specimen was tested a number of times, it
was important to avoid excessive permanent de-
formation in the early stages of testing. Conse-
quently, the testing of thawed material at low y
values was often terminated before the higher
stress levels were applied. Appendix B gives the ac-
tual stress levels wpplied for each test. In general,
newly thawed specimens (¢ = 2 kPa) were tested
to deviator and confining stress levels of approxi-
mately 28 kPa; the associated resilient axial strains
were approximately 3x10* to 4x107*. Stiffer
specimens were tested to stress levels of approxi-
mately 70 kPa and corresponding strain levels
near 8 x10™.

As a result of the testing sequence, each speci-
men generated from 50 to 70 data points. Each of
these data points represents a nominally steady
state material response after 200 load cycles. The
resilient behavior generally stabilized within 10-20

cycles for the lower stress levels and within about
50 cycles for the higher stress levels.

The test data were subjected to multiple linear
regression analysis, the details of which are given
in Cole et al. (1986). We employed the simple non-
linear expression given by eq 1 to represent the
material in the thawed state. The coefficient k,
was treated as a function of ¢ and v4, where ap-
plicable. The exponent k, was considered constant
for a given material with a given freeze-thaw his-
tory. Earlier work indicated that k, does not vary
systematically with ¥ (Cole et al. 1981).

The analyses employ one of two stress functions
to model the stress dependency of the thawed
soils: J, the first stress invariant, and J,/ 7, the
second stress invariant divided by the octahedral
shear stress. The former stress function is tradi-
tional and reflects the tendency of the modulus to
increase with increasing bulk stress. However, J, is
insensitive to the effect of the principal stress ratio
a./a. It is frequently observed for granular soils
that modulus decreases as the principal stress ratio
increases. The latter stress function, J,/74¢, ad-
dresses the effect of principal stress ratio and thus
proves useful in the present analysis.

In a common repeated-load triaxial test, where
g, = o0, and o, = 0, + 0g, the two stress functions
are given as:

Ji = Ud+303 (2)
901 + 60,0,
Sl toq = ———4 3)
\,‘Zad
where J, = 0,+0,+ 0,

J: = 0,0:+0,0,+ 0,0,
V3[(01-0,)* + (0:-05)* + (0,-0,)*} 2.

Toct

See Cole et al. (1981) for details regarding eq 3.

Moisture tension is incorporated in the modulus
expression (eq 1) through the term [(101.36-y)/
xLo]A‘ where ¢ is in kilopascals, ¥, is a reference
stress of 1 kPa, and 101.36 is atmospheric pressure
in kilopascals. For soils in which dry unit weight
varied significantly, the term 44/v, entered into
the analysis. v, is a reference density of 1 Mg/m®.

As in Part 1 of this series (Cole et al. 1986), the
frozen state test data were analyzed in terms of the
unfrozen water content, W,, normalized to the
total gravimetric water content, W;. The expres-
sions for W, are of the form

Wy = a(-8/64)° (4)
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where W, is gravimetric water content expressed
as a decimal, @ and b are regression constants, ¢ is
the temperature in degrees celsius, and f, is a ref-
erence temperature of 1°C. The expressions for
W, were obtained using the pulsed Nuclear Mag-
netic Resonance (NMR) method* (for additional
details, see Cole 1984). The Taxiway A base and
subbase materials were too coarse for testing in
the NMR device, so it was necessary to estimate
the constants needed in eq 4. The exponent b is the
more important of the two. A value of 0.25, ap-
proximately in the middle of the range of typical
values, proved suitable, producing values of R* =
0.92 in the resilient modulus regression analyses
for each soil in the frozen state. No attempt was
made to account for the physical characteristics of
the soils in the determination.

The range of validity of the frozen state tests is
from -5.0° or -8.8°C, depending on soil type, to
the completely thawed state. The analysis vas ac-
complished by including a number of data points
representing the condition of the material upon
thaw. Clearly, problems are encountered with eq 4
if the soil temperature, 6, is set equal to zero.
However, this problem vanishes upon the follow-
ing consideration. As the temperature of the fro-
zen soil increases, it eventually reaches a point be-
low 0°C at which all the soil water is unfrozen.
The temperature at which the soil is completely
thawed may be very close to 0°C. This is true for
fine-grained soils in general. As a consequence of
the mathematical formulation, the unfrozen water
conten term W,/ Wy goes to 1 before the tempera-
ture term goes to 0 and the singularity in eq 2 is
thus avoided. Temperatures greater than that re-
quired to completely thaw the soil are not mean-
ingful in the frozen soil model. Thus, once the soil
is completely thawed, the equations given for the
thawed state are used. The equations for the fro-
zen state give sensible values for modulus when
the temperature term goes to unity. However, the
expressions are generally stress-independent, and
should be used only for cases where at least some
pore ice is present.

Asphalt concrete

The results of the cyclic uniaxial testing of the
asphalt concrete were analyzed, for each type of
waveform, in terms of temperature, stress and fre-
quency (for the continuous haversine loading). A
second-order expression proved adequate to

¢ Personal communication with A. Tice, CRREL 1984,

model the temperature dependency of the resilient
modulus.

RESULTS AND DISCUSSION

General

Appendix B gives a tabulation of all the labora-
tory test results on the frozen, thawed and unfro-
zen soil specimens. The tabulation gives confining
and deviator stress levels, resilient axial and radial
strains, u,, M, v4, gravimetric moisture content
and . Temperature is given for all frozen-state
tests.

Table 2 gives the results of the regression analy-
ses for all soils under all test conditions. The as-
phalt concrete analysis results are also given in
Table 2, and the results of the analysis are plotted
in Figure 4. These equations produce M, values in
megapascals, provided the units of all variables
are appropriate (see notes, Table 2). Two or more
equations appear for a given soil and state in
Table 2. This was done to demonstrate the influ-
ence of either different stress functions or addi-
tional terms (i.e., a density term) on the empirical
result. Subsequent work on the verification of
these results using a layered elastic analysis (John-
son et al. 1986b) employs the simplest of these
equations with the highest R? values to represent a
given layer.

A change in the procedure used to analyze the
frozen-state test data resulted in somewhat differ-
ent constants in the regression equations for the
frozen soils. The frozen state equations given in
Table 2 are based solely on data points obtained
from frozen specimens. The highest temperatures
were in the range of -0.2° to -0.5°C, and strictly
speaking these temperatures define the limit of ap-
plicability of the equations. The frozen state equa-
tions in Table 2 were used in the layered elastic
analysis of the test sections.

A subsequent analysis provided a means to ex-
tend the range of applicability of the frozen state
equations. This analysis incorporated data points
from tests performed upon thawing, and thus re-
sulted in regression equations that are valid at
temperatures between the limits of the equations
in Table 2 and the melting point. These equations
are given in Table 3.

The equations in Table 2 appear somewhat dif-
ferent from the form given in eq 1. The aggrega-
tion of all terms other than the stress function
raised 10 a power is to be considered as the term k,
in eq 1. For the thawed soils, then, &, is a function
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Table 2. Results of regression analyses—asphalt concrete and test soils from Albany Airport (the standard er-

ror is referenced to the natural log of M, value).

sd.  Eq. ‘,::
Material Load pulse Regression equation n R? error  no. : ¢
Taxiway A N ‘
Asphalt/concrete  FWD | tM,(MPa) = 1.84x 10 exp{-3.80x 102 T-9.14x 10-T?) 88 097 0.19 1 s
RPB M,(MPa) = 1.01x 10* exp[-6.50x 1072 T7-6.50x 10 T"] 93 098 0.24 2
Haversine M (MPa) = 1.09x 10* exp{-4.75x 107 T-7.81 x 10 T*|/32° 280 097 0.22 3 :
Thawed base FWD/RPB tM . (MPa) = 1.10x 10*[f(¥)]"2* fi(0)* ¥ 22 082 0.16 4 -'*"
M/(MPa) = 4.44x 10°[f(V)]2® fi (oY 222 0.82 0.16 S k')'
M (MPa) = 3.68 x 10°[f(VI"*"* f2(0)°% f(vg)*4 222 084 0.16 6 N,
M,(MPa) = 2.56x 10°/()I"* £,(0P flva}* 22 08 016 7 2
Frozen base M (MPa) = 1.89x10'(w,/w) %, w, =3x10(-T)%5, w, = 0.075 78 0.78  0.66 8
Thawed subbase FWD/RPB M, (MPa) = 2.07x 10°[f(¥)]** fi(oP? 1499 080 0.20 9 oy
M(MPa) = 4.35x 10*[/(¥)}>" fi(o)*Y’ 149 0.80 0.20 10 t,
M, MPa) = 1.39x 10"°[f(¥)] 38 fi(0)*® f(vq) "% 149 082 02 11
M/(MPa) = 8.00x 10°/(V)]*™ £i(0)*?7 flyg)>* 1499 082 0.19 12
Frozen subbase M (MPa) = 8.18x 10'(w,/w)*%, w, = 3x107%(-T)%3, w, = 0.055 53 070 0.84 13
Non-frozen FWD/RPB tM,(MPa) = 1.34x 104(f(¥)]"" % fi(o)*> 262 0.80 0.80 14 ]
subgrade M/(MPa) = 7.73x 10°[f())"** fi(0)** 262 078 0.17 15 *
Taxiway B l'q:
Thawed base/ FWD/RPB M, (MPa) = 5.55x 10"[f({)]*72 fi(o)*¥ 173 069 02 16 ‘nk
subbase M,(MPa) = 9.67x 10°[f({)]"** fi(o) 173 073 024 17 q“
M/ (MPa) = 4.28x 10°(f (V)% flo)¥ flyg)*¥ 173 0.7t 0.25 18 :#
M,(MPa) = 1.56x 104(f(¥)]"*% f.(0)** flyg)' ™ 173 074 023 19 n:‘.
Frozen base/subbase TM,(MPa) = 1.00x 10*(w,/w,) 28, w, = 3x10°%-T)02, w = 0.05 92 096 0.42 20 b
Thawed subgrade FWD/RPB M, (MPa) = 8.76x 10° {f()])-2* fy(a)*® 293 072 0.20 21 '
M/(MPa) = 3.36x 10° [f(V)] 2" fi(o)*3 293 068 0.21 22 n
M (MPa) = 3.80x 10*[/({)]} > fi(0) 2 flyg) % 293 0.74 0.19 23 t
M (MPa) = 1.35x 10[f($)] 2" £i(0)** flyq4) % 293 070 0.20 24 ey
Frozen subgrade M (MPa) = 2.66(w,/w,) ' 9%f(o) ™, w, = 3.14x 10}(-NO®, 152 082 09 25 N
w, = 0.29
M,(MPa) = 2.‘59(wu/wl)’°-"f.(a)°-”, w, = 3.14x10°(-T)°%, 152 0.84 085 26 -
w, = 0.29 r~
M(MPa) = 3.31x 10'(w,/w) 08/, (o), w, = 3.14x 10°(-T)°%, 12 082 092 27 _"
w, = 0.29 ‘
Nonfrozen subgrade M (MPa) = 5.! 16 10° {f(¥)]2 7 fi(o)* % 278 081 0.15 28 ;
M/(MPa) = 5.48x 10°(f(V)] 2" fi(o)% 278 0.72  0.18 29 Y
M MPa) = 2.49x I08[f(¥)]"2"? fi(0)° 8 flyg? 278 082 0.14 30 ¥
[y
NOTES: .
RPB = repeated-load plate-bearing apparatus waveform 4]
FWD = falling-weight deflectometer waveform '._'a
t = equations used in analysis S19) = {101.36-w)/ w, J, = first stress invariant (kPa) I
n = number of points w = moisture tension (kPa) J: = second stress invariant (kPa) .
R! = coefficient of determination VYo = 1 kPa To = oOctahedral shear stress (kPa) Iy
M, = resilient modulus Si(o) = (Ji/0,) SO = 4% .I‘
T = 6/6, o) = (L/ 7o)/ 0o ve¢ = dry unit weight (Mg/m*) ’
8 = temperature (°C) Jo) = 1o4)/ 0, Yo = | Mg/m’
6, = 1°C ¢ = stress (kPa) w, = unfrozen water content (decimal) T N
Jwa = load waveform frequency (Hz) g, = | kPa w, = total water content (decimal) ‘:
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Figure 4. Regression analysis resulls
showing resilient modulus versus temper-
ature for various waveforms for asphalt
concrete specimens in repeated load, un-
confined compression.

Table 3. Additional regression equations for some frozen soils. The data bases for these equations include points
representative of the soils upon thawing.

Sid.
Material Load pulse Regression equation® n R? error

Taxiway A
Base, frozen FWD/RPB M, (MPa) = 580~10' (B,/WT B KB, = 3«10(-NOY, WT = 0075 104 092 0.6}

Subbase, frozen FWD/RPB M/(MPa) = 6.66x10' (W,/WT) 48 B = 310N, WT = 0.055 76 092 0.74

Taxiway B
Subgrade, frozen FWD/RPB M,(MPa) = 1.36x10' (W,/WT) 320 W, = 3xi04-NY2 WT = 0.05 92 083 0.89

* See notes of Table 2 for definitions of terms.




Table 4. Average values of resilient
Poisson’s ratio for the test soils.

Hr e

Taxiway A Taxiway B
. Base-subbase  0.30
Subbase 0.39 Subgrade 0.35

Subgrade 0.26

of the term f(y), and occasionally a function of
dry density through the term f(v4). The exponent
on the f(0) term is, of course, k;.

As found in Part 1 of this series, the resilient
Poisson’s ratio, u,, was not found to be a system-
atic function of any of the test variables. Regres-
sion analyses similar to those performed for the
resilient moduli yielded unacceptably low values
of R?, indicating no clear dependency of u, on any
of the test variables. Table 4 gives the average
values of Poisson’s ratio calculated from all the
thawed-state test results for each soil.

The regression equations generated the curves
given in this section with certain exceptions, noted
below.

Resilient modulus

Frozen soil

Figure S shows plots of the regression equations
for the frozen soils. These equations represent the
data rather well: the R? values range from 0.83 to
0.92. As can be seen by the form of the equations
for the frozen state, the curvature of these rela-
tionships is a strong function of the unfrozen
water content versus temperature relationship for
a particular soil. The modulus of frozen soil can
be between two and three orders of magnitude
higher than that of the same soil in the thawed
state. Some representative data points are also
shown in Figure 5. The Taxiway B subgrade was
the only soil to exhibit a significant stress depen-
dency. The plotted curve is based on representa-
tive values of J, for each temperature.

The relatively fine-grained subgrade layers have
noticeably lower moduli than the coarse-grained
base and subbase layers. The greater unfrozen
water content of the fine-grained material un-
doubtedly contributes substantially to the lower
stiffness. Additionally, the Taxiway B subgrade
was the only soil to exhibit a systematic stress de-
pendency in the frozen state. The reason for this is
unclear. Generally, the stress level effects are so

10

completely overshadowed by the temperature ef-
fects that temperature (via the unfrozen water
content term) is the only significant variable in the
analysis. Inspection of the R*® values associated
with these equations indicates that the inclusion of
a stress term only marginally improves the correla-
tion.

As with the soils tested in the earlier phase of
this work (Cole et al. 1986), the resilient deforma-
tion was not sufficiently large to produce consis-
tently measurable radial deformation in the frozen
soil. As a result, we were not able to calculate
reliable values for the resilient Poisson’s ratio for
any of the soils in the frozen state.

Thawed soils

Upon thaw, virtually all test soils developed a
moisture tension level of 2.0 kPa, indicating a
state of less than complete saturation. As noted
above, these soils were tested at several levels of
moisture tension up to 24 kPa, which was the
highest value recorded in the field test sections.

The dependency of M, on moisture tension was
addressed analytically through the term

(101.36—:& )A-

Yo

The values of A, ranged from -1.34 to -4.72 for
the Taxiway A subgrade and Taxiway B base-sub-
base materials respectively. Most values, however,
were in the range of -2.2 to -4.0.

The influence of the moisture tension term gov-
erns the response of the mathematical model to
the thaw recovery phase of the soil. All soils exper-
ienced an increase in stiffness with increasing v
level and the absolute value of the exponent A4,
gives a relative indication of how rapidly the stiff-
ness increases with .

Figure 6 shows the effect of moisture tension
level on theterm k,, in eq I, over the range of 0 to
24 kPa. The curves in Figure 6 were generated
from the regression equations and are shown for
the k, values determined for both stress functions.

As mentioned earlier, and in other work (Cole
et al. 1986), the stress function J,/7,¢ proved very
effective in representing the stress sensitivity of a
number of the test soils. We do not yet have suffi-
cient data to ascertain why certain soils are more
favorably represented by this function than by the
bulk stress model. Consequently, the stress func-
tion that best represents a particular data set is em-
ployed in the present work.
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Figure 7 shows M, versus the two stress func-
tions for actual test data from the Taxiway A base
layer, ¥ = 13.00 kPa. The stress ratio for all test
points is indicated. Each grouping of points in
Figure 7a corresponds to tests conducted under a
constant confining pressure and increasing devi-
ator stress levels. The bulk stress, of course, in-
creases as the deviator stress increases, but the re-
sulting increase in stress ratio brings about a de-
crease in resilient modulus. This systematic varia-
tion of modulus with stress is reduced to virtually
random scatter when the data are plotted using the
J1/7oct Stress function as seen in Figure 7b.

T R TR

o= (thawed)  _|

ol _
1 | T T | 1 L ] | 1 |

[¢] 4 8 12 16 20 24

¥, Moisture Tension (kPa)
b. Taxiway B.
Figure 6. Dependence on moisture tension of k,, the coefficient of either

of two stress functions, J, or J,/1oc, that characterizes the resilient
moduli of thawed and recovering soils.

The only drawback that we have found to date
in using the J./7, stress function is that it has a
singularity when 7,y = 0, i.e., in the case of hy-
drostatic compression. Under most loading cir-
cumstances this would present no problem. How-
ever, in the case where the lateral stresses are
greater than the vertical stress in the unloaded
state, there exists a certain level of applied vertical
stress that can, in theory, bring the soil to a hydro-
static stress state and thus cause the denominator
in the stress function to go to 0. We are continuing
work on this aspect of the analysis with the goal of
developing a similar stress function without the
singularity problem.
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Figure 7. Resilient modulus versus stress functions for several
principal stress ratios; actual test data on thawed subgrade from

Taxiway B.

Figure 8 shows modulus versus stress function
for various levels of moisture tension. The curves
were generated by eq 9 and 21, respectively, of
Table 2. Note that while the stress function expo-
nents are similar for these two soils, the exponents
of the moisture tension level terms differ signifi-
cantly (3.05 versus -1.5). The fact that the thawed
Taxiway A subbase is more sensitive to changes in
moisture tension level than the Taxiway A sub-
grade is evidenced by the wider spacing of the con-
stant moisture tension level curves.

The magnitude of the increase in M, as a result
of natural increases in y during thaw recovery var-
ied from a factor of 1.5 to a factor of 3.5 for the
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Taxiway A subgrade and the Taxiway B base-sub-
base materials respectively. The dry unit weight,
Y4, varied little through the course of testing. Con-
sequently, a clear dependency of M; on v4 does
not emerge from these data. Occasionally, as in
the case of the thawed Taxiway A base, and the
thawed Taxiway B base-subbase, inclusion of a
dry unit weight term in the regression analysis im-
proved the correlation coefficient very slightly.
The Taxiway B unfrozen subgrade, however,
showed a significant improvement in the R? value
(0.72 to 0.82) by inclusion of the dry unit weight
term. Care must be taken in applying the regres-
sion equations that contain a y4 density term. Be-
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cause the dry unit weights in the SI system of units
are close to unity, they can bring about rather
large exponents on this term, and substitution of
values outside of the range of the data set may
result in unrealistic modulus values.

SUMMARY

Frozen- and thawed-soil testing methods and
analytical techniques developed in other work
(Cole et al. 1986) were applied in a study of frost
effects on pavement materials from the Albany
County Airport. We developed empirical models
of the response of the test soils to cyclic loading in
the frozen, thawed and recovered states. The
models give resilient modulus as a function of
temperature (for soils in the frozen state), stress
state, soil moisture tension (for unfrozen soils),
and in some cases dry unit weight.

The results of this study are in general agree-
ment with our previous work regarding the effects
of temperature, stress level and soil moisture ten-
sion level on the resilient modulus. Although we
measured Poisson’s ratio in all tests, it did not ap-
pear to vary systematically with the quantities af-
fecting the resilient modulus, and was thus taken
as a constant.

One area of this study indicates that the varia-
tions in soil stiffness over a freeze-thaw-recovery
cycle can be determined using laboratory test tech-
niques. Another area of this study, reported by

Johnson et al. (1986b), verifies the present results
using a layered elastic analysis to predict the sur-
face deflections of the Albany County Airport test
sections.

CONCLUSIONS

From the foregoing test results and analyses, the
following conclusions may be drawn.

1. For the test conditions of this study, the resil-
ient modulus, M,, of the granular soils tested in
the thawed state is well represented by a simple
nonlinear model of the form

M, = k, f(o)*

where f(0) = J, or J1/ 7o
k, = f(¢), a function of moisture tension
k, = constant,

2. The stress function J,/ 7, was found to ade-
quately reflect the tendency of the granular soils’
moduli to increase with increasing confining stress
and decrease with increasing principal stress ratio.

3. The increase in stiffness observed subsequent
to a freeze-thaw cycle can be expressed through
the term k,, which increases as the soil desatu-
rates.

4. The temperature dependence of the resilient
modulus can be expressed through the unfrozen
water content:




where 4,,4; = constants
W, = unfrozen water content
Wave = total gravimetric water content.

5. Poisson’s ratio did not vary systematically
with stress or moisture tension level and may con-
sequently be taken as a constant.

6. The variations in soil stiffness throughout a
freeze-thaw-recovery cycle can be simulated in
the laboratory through the use of open system
freezing and proper testing methodology.
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APPENDIX A: SOIL MOISTURE TENSION VERSUS WATER CONTENT

FOR SEVERAL TEST SOILS
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APPENDIX B: TABULATED RESULTS FOR ALL TESTS ON

FROZEN AND THAWED SOILS
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