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Frost Action Predictive Techniques for Roads and Airfields
A Comprehensive Survey of Research Findings

T.C. JOHNSON, R.L. BERG, E.J. CHAMBERIAIN AND D.M. COIE

INTRODUCTION a Improvement and validation of a mathe-
matical model of frost heave that had been

Six years of intensive research has significantly developed earlier, and incorporation of
advanced the state of knowledge and the ability to processes that take place during and after
predict the effects of frost action on pavement thawing.
performance. The two principal adverse effects of * Development of laboratory test methods
frost are ice segregation, causing heave and tran- for characterizing seasonal changes in the
sient pavement roughness, and thaw weakening of resilient modulus of a wide variety of gran-
subgrade and unbound base materials, causing ac- ular soils, and validation of these methods
celerated pavement cracking and pavement defor- by means of in-situ deflection testing of
mation (Johnson et al. 1975). In the past, design- pavements.
ers of new and rehabilitated pavement projects The research also included consideration of means
have necessarily applied thickness design methods of implementing the findings in pavement design
that are essentially empirical, reflecting pavement practice, and preparation of flow charts showing
substructure designs that have performed ade- how this might be accomplished.
quately under similar conditions in the past. While The research was performed by the Army Cold
the empirical approaches have been quite success- Regions Research and Engineering Laboratory
ful, it has long been an important goal not only to (CRREL). Key investigations were conducted by
improve them but specifically to develop quantita- consultants on certain phases of the work, and we
tive methods for predicting the surface heave of a also assembled a board of general consultants who
pavement section and for evaluating the seasonal provided guidance and periodic review of the ac-
changes in supporting capacity of subgrade and complished work. The laboratory testing and
base materials that would affect pavement perfor- analysis were conducted at CRREL's facilities in
mance under traffic loads (Johnson et al. 1975). Hanover, New Hampshire, and field sites at Win-

Having a common interest in these goals, three chendon, Massachusetts, and Albany County Air-
agencies jointly sponsored the research: the Fed- port, New York, were used for in-situ testing and
eral Highway Administration, the Federal Avia- data collection.
tion Administration and the U.S. Army Corps of This report presents a comprehensive survey of
Lngineers (DiMillio and Fohs 1980). The research, the research findings in each of the four study

d which spanned the years from late 1978 through areas. Details of the investigations have been doc-
1984, included equipment development, field and umented in one or more research reports on each
laboratory experiments, and development of topic, for which citations are given throughout
mathematical models. The investigations focused this report.
on four principal study areas:

-% " Selection and validation of the most effec-
tive laboratory index tests to indicate the FIELI) TEST SITES
susceptibility of soils to detrimental frost
action. ield test sites were needed to serve as a source

* Development of a soil column device with of samples of subgrade soils and base materials
provisions for ncndestructive monitoring of for roads and airfield pavements, and as test beds
changes in soil moisture content and density where the performance ot these soils and materials
during freezing and thawing. in pavement sections could be monitoreu and test-
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,o.,.ed under varied conditions of temperature, mois- below the pavement surface. Data were collected
ture and freeze-thaw action and under applied from each of the six test sections (Johnson et al.

loads. Two sites were u edon Mssahuses. 1986a, Guymon et al., in prep.) during the freeze-
The first is the Winchendon, Massachusetts, thaw-recovery seasons of 1978-79 and 1979-80,

test site, constructed in 1978 by the Massachusetts including the following:
Department of Public Works (MDPW). The site 0 Temperature, monitored by thermocouples
consists of 24 soil test sections (Fig. 1). Twelve at the surface, within the asphalt concrete,
soils .ire used, each in embankments of two and at various depths in the subgrade (Fig.

heights. Thv higher embankments were chosen for 3).
the six test sections used in this research. The sec- 0 Depth of frost, monitored by thermo-
tions consist f about 50-90 mm of asphalt con- couples and by frost tubes previously in-
crete and 1.5 ra ot .est soil (either lkalanian sand, stalled by MDPW (Fig. 4).
Graves sand, Hart Biothers sand. Hyannis sand, * Depth to the water table, monitored in ob-
dense-graded stone or Sibley till) overlying the servation wells previously installed by
natural subgrade, a clean gravelly sand (see grain- MDPW.
size curves, Fig. 2). The water table is about 1.4 m 0 State of stress in soil moisture, monitored

Z..',
02
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V Figure 3. Ground temperatures prevailing during plate-bearing tests in the

Ikalanian sand test section.

by means of moisture tensiometers installed by level surveys conducted by MDPW (Fig.
in the subgrade at depths of 152, 305, 610 4).
and 914 mm below the paved surface (Fig. * Meteorological data, including precipita-
4). tion and air temperature, monitored by

* Vertical displacement of the paved surface means of a precipitation gauge and a ther-
under load, measured on the paved surface mograph.
at a central point on each of the six sections The second test site is at Albany County Air-
on 13 occasions by repeated-load plate- port, located .0 km north of Albany, New York,
bearing (RPB) tests and by falling-weight where two pavements were selected for field test-
deflectometer (FWI)) tests on nine occa- ing: Taxiways A and B (Fig. 6). Taxiway A is a
sions (Fig. 5). new pavement that was under construction in 1979
Vertical displacement of the paved surface when we installed the instrumentation, and the
caused by freezing and thawing, measured first loading tests were performcd prior to any air-
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craft traffic. The pavement cross section (Fig. 7) fluctuates seasonally between about 1.5 and 2.0 m

consists of 330 mm of asphalt concrete, 584 mm of at both sites.

crushed stone base and 914 mm of gravelly sand The following data were collected at each of the

subbase over a subgrade of silty fine sand. The test pavements at Albany County Airport (Guy-

grain-size distribution curves (Fig. 8) show that mon et al., in prep., Johnson et al. 1986b) during

both the base and subbase materials have signifi- the four freeze-thaw-recovery seasons from 1979

cant fine fractions, with about 12% passing the to 1983, except as noted:

No. 200 sieve and about 9% finer than 0.02 mm. • Temperature, monitored by thermistors at

In both cases the fines are nonplastic. the surface, within the asphalt concrete,

Taxiway B, constructed many years ago (possi- and at various depths in the base, subbase

bly in the 1940s), is no longer used as a taxiway and subgrade (Fig. 10).

and is used only occasionally for parking light air- * Depth to the water table, monitored in ob-

craft. The surface is uneven and the asphalt con- servation wells adjacent to the taxiways.

crete is aged and severely cracked. The asphalt * State of stress in -oil moisture, monitored

concrete is 76 mm thick and overlies about 102 by tensiometers at depths of about 533, 813,

mm of asphalt-penetration macadam stone base 1118 and 1524 mm beloA the pavement sur-

A.,,: and 127 mm of gravel subbase (Fig. 7). The sub- face at Taxiwa. A and 480, 640, 840 and

, grade is silty fine sand. The penetration macadam 1140 mm below the pavement surface at

Sbase is aged and deteriorated to the point of being Taxiway B (Fig. I1).

• quite friable and is not clearly distinguishable * Vertical displacement of the pavement sur-

from the subbase. Consequently the samples of face under load, measured by the RPB de-

the subbase whose composite grain-size distribu- vice on two occ,-.ions and by the FWD de-
tion is shown in Figure 8 were taken to represent a vice on 10 occasio:is in the 1979-80 season,
single 229-mm base-subbase layer. and II times by the kWD device in 1982-83

Boring records showed groundwater about 2.3 (Fig. 12).

4. m beloN& the pavement of -axivav A and 1.8 m at 0 Vertical displacement of the pavement sur-

axiway B. We installed groundwxater observation face due to freczing and thaseing, measured

,. wells at both taxiways and found that the depth by rod and laser level surseys.
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FROST-SUSCEPTIBILITY their own unique frost-susceptibility index criteria
INDEX TESTING based on laboratory tests, that these criteria fail to

discriminate marginally frost-susceptible material
Frost-susceptibility index tests allow geotechni- from material that is frost susceptible, and that

cal engineers to determine the potential for frost there is little documentation of the efficacy of the
heaving and thaw weakening of subgrade soils and adopted standards. Furthermore, most of the vari-
unbound base and subbase materials in roads and ous tests consider only frost heave or thaw weak-
airfields. In a survey of transportation depart- ening rather than both, and most of those that
ments throughout the world, Chamberlain et al. employ laboratory freezing tests require excessive
(1984) found that most agencies have developed time and impose poor control of test conditions.

9
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The objective of this study was to develop im- tests were run on the materials from the Winchen-
proved index test methods for fully characterizing don and Albany test sites. The results were corn-
the frost susceptibility of soils. To accomplish this pared with field observations of frost heave and
task, a thorough review of frost-susceptibility in- thaw weakening at the test sites, and the validity
dex tests and practices of transportation agencies of each test was determined.
was made. The index tests were categorized into Details of the selection process, the procedures
three types or levels of complexity. The efficacy of for the selected tests, and the analysis of the data
each test was identified and the attributes and de- are given in three reports by Chamberlain (1981a,
ficiencies were noted. 1981b, in prep. a).

During the evaluation phase it was decided that
one index test from each of the three types would Index tests selected
be selected for further evaluation. This was done

, V so that a geotechnical engineer could select an in- Corps of Engineers method
dex test with a particular level of reliability and The U.S. Army Corps of Engineers frost design
complexity commensurate with the size and scope soil classification system (Berg and Johnson 1983)
of a project. in its present form is shown in Table 1. It is based

The index tests s-,ected include the U.S. Army on three levels of screening: (level I) the percent-
Corps of Engir:c , frost design soil classification age of particles smaller than 0.02 mm, (level II)
system, a moisture-tension/hydraulic-conductiv- the soil type under the Unified Soil Classification
ity test, and a new freezing test containing both Sysem, and (level Ill) a laboratory freezing test.
frost-heave and thaw-weakening elements. These The ratings of frost-susceptible soils according to

Table i. U.S. Army Corps of Engineers frost design soil classification system.

A mount finer Typical soil type

Frost frost Kind than 0.02 mm under Unified Soil
susceptibility * group of soil ( by weight) Classification System t

Negligible to low NFS** a) Gravels 0-1.5 GW, GP

b) Sands 0-3 SW, SP

Possibly PFS t t a) Gravels 1.5-3 GW, GP
b) Sands 3-10 SW, SP

Low to medium SI Gravels 3-6 GW, GP, GW-GM, GP-GM

Very low to high S2 Sands 3-6 SW' SP, SW-SM, SP-SM

Very low to high FI Gravels 6-10 GM, GW-GM. GF-GM

Medium to high F2 a) Gravels 10-20 GM, GM-GC, GW-GM, GP-GM

Very low to very high b) Sands 6-15 SM, SW-SM, SP-SM

Medium to high F3 a) Gravels > 20 GM, GC

Low to high b) Sands except very > 15 SM, SC

fine silty sands
Very low to very high c) Clays, PI > 12 - CL, CH

S. Low to very high F4 a) All silts - ML, MH

Very low to high b) Very fine silty Is SM

sands
Low to very high c) Clays, P< 12 CL. Cl-Mt

Very low to very high d) Varved clays and - C and Mi.; Ct, MI. and SM;

Sother fine-grained, CL, (Ht, and Mi.; CL. (I, M

banded sediments and SM

Based on laboratory frost hease-tests.
(,-gravel, S-sand, M-silt, ('-cla . W-wellgraded, P-poorlygraded, H-high plasicity. I -lowplasticity.
Non-frost-susceptible.

It Requires laboratory frost-heave test to determine frost susceptibility.

10
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this method are given in six categories: negligible,
very low, low, medium, high and very high. The(t %4

simplest rating (based on level I tests) is the classi-
fication of negligible frost susceptibility given to
gravels with less than 1.5% finer than 0.02 mm

and sands with less than 3076 finer than 0.02 mm.
, Any soil failing this criterion requires comolete

soil classification tests (level II). Gravels with

1.5-3% finer than 0.02 mm and sands with 3-10% P, - C

finer than 0.02 mm also require a laboratory frost- . Potei -- 1 F- e t

heave test (level Ill). The range of possible degrees

of frost susceptibility is very wide for most soils. ,
For this reason, the Corps of Engineers procedure -

includes the recommendation that a freezing test
be performed for more precise determination of
the degree of frost susceptibility of all frost-
susceptible soils.

Moisture-tension /
h vdraulic-conductiviti1 test Rno

The second laboratory test selected for consid- BoSp I o,

eration was a moisture-tension/hydraulic-conduc- o
tivity test. This test was selected because it ad-
dresses the fundamental causes of ice segregation -,,, de %

and frost heave more directly than particle-size .....
tests do. It is also a test that is routinely conducted
at CRREL for research purposes and was already Figure 13 Schematic of new freezing test apparatus.

included in the frost-heave modeling part of this
research project. However, the lengthy period of be developed, for which we established the follow -

time required to conduct this test, the requirement ing basic guidelines:
for a very skillful technician, and the inconclusive * The test should be as simple as possible, so
nature of the results led to the conclusion that this that highway and geotechnical laboratories
test is not suitable for determining the frost sus- can conduct tests readily.
ceptibility of soils. Details of this evaluation are 0 The results must be reliable.
given by Chamberlain (in prep. a). a The test conditions must bear a relation t)

freezing conditions in the field.

New freezing test 9 The test conditions must also relate to thavs

As a result of the literature review, it was con- weakening in the field.

cluded that all available freezing tests have at least 0 The test must be of short duration,
one serious fault. The flaws include too small or * The test must accommodate the complete
too large a sample size, significant radial heat range of material types from granular base

flow, lack of surcharge, insufficient :ontrol of and subbase materials to fine-grained sub

moisture availability, lack of appropriate frost- grade materials-

susceptibility assessment criteria, and insufficient * The apparatus should be nexpcnsi\e to

field validation. Our experience with the (RRIJ construct and operate.
freezing test (Kaplar 1974, Chamberlain and Car- We developed a nets freezing test usmng these

bee 1981) specified as part of the Corps of ngi- guidelines (Fig. 13). -he equipment include", a
neers procedures for pavement design in frost areas rubber-membrane-lined, multi-ring tree/ing cell to

(Berg and Johnson 1983) indicates that it sufters minimize side friction, liquid-cooled cold plates
from seCral detects. Uhe most significant arc for precise top and bottom boundar, temperatt Lc

poor temperature control, indetertminatc side rric- control, and a data acquisition and control ssstem

tion, lengthy, test period, lack of thas st eakening for automated temperature control and data proc:

index, and provision for onl\ a single free/c. essing. [he test imposcs tto f reeze fht, soles t,

It was concluded that a net freezing test should at'Okint fot thc clhanges In sI',Lt.JHibhI1t'. t 1rost

% %
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heave caused by a prior freeze-thaw cycle. Four The frost susceptibilities of the test soils were
samples are tested, each 150 mm in diameter and also determined (Table 2) by finding a similar soil
150 mm in height. Samples of prepared material in a table of previous (RREL freezing test results
are compacted to field density and moisture condi- published by Kaplar (1974) and as part of Corps

tions. Water is freely available through porous of Engineers guidance on this subject (Berg and
base plates. The test requires five days to coin- Johnson 1983). The HYannis sand was the only
plete. The heave rate at the end of the first eight test soil that received a rating of non-frost-suscep-
hours of each two-day freeze-thaw cycle is used as tible. Others, Such as the dense-graded stone and
an index of frost-heave susceptibility. A CBR test Graves sand, are ranked highly frost susceptible.
is conducted after the second thaw to provide an Most notable is the considerably narrower range
index of thaw-weakening susceptibility. As will be of frost susceptibility for each soil given by this

seen, both indices (frost heave and thaw weaken- method than that obtained by the particle-size and
ing) must be used to determine the frost suscepti- soil classification method.

bility of a soil. Details of the test and the pro- The frost susceptibilities of the test soils were
cedures are provided by Chamberlain (in prep. b). also determined from the CRREL standard freez-

ing test in the tapered cylinder. Table 2 also sum-
Laborator test results marizes the test results. Again, the Hyannis sand

Particle-size tests, Atterberg-limit tests, and the was ranked as the lowest in frost susceptibility
new freezing test were performed on the materials among the Winchendon materials. The lowest rat-
from the Winchendon and Albany test sites. ing of all the test materials, however, was for the

Albany Airport Taxiway B subgrade material
Corps of Engineers method

Frost-susceptibility ratings according to the New freezing test
Corps of Engineers frost design soil classification An example of the results of the new freezing
method are shown in Table 2. All but one of the test is shown in Figure 14. Four freezing tests were
soils (Hyannis sand) were rated frost susceptible conducted on each of the Winchendon soils and
by this method. The frost-susceptibility ratings two on each of the Albany materials. The heave
%ary widely and do not appear to be strongly relat- rates (Fig. 15) were lowest for Hyannis sand and
ed to either the heave rate or the pavement deflec- highest for the Sibley till material. The high heave
tion observed in the field. The rating correctly rates for Sibley till material occurred during the
identifies the Hyannis sand as non-frost-suscepti- second freeze. Sibley till also had the lowest CBR
ble (negligible to low frost susceptibility) in terms values after the second thaw (Fig. 16). The Taxi-
of the frost hease measured in the field, but the way B subgrade material had the highest post-
other soils require freezing tests to determine their thaw CBR.
degree of frost .uSceptibility. Figure 15 shows that the frost-heave rates for

I able 2. ,ummar. of frost-susceptibility ratings according to all criteria.
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Figure 14. Frost-heave results for the new freeze-thaw test on four sam-
%, pies of Sibley till.
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d',"Figure 15. Heave rates for all test materials in F-igure /6. (CBR values 10r al/{tet niateriuA/ in
" ,new freeze-thaw tet. new freeze-thaw test.

I three of the sojis were significantly greater during duced by two cy Icles, of free/ing and (haAing.
the second freeze. For two of the soils (Taxiway A Again, the detrimental c.hange "as greate ,t for

' base and Taxiway B subbase) the heave rate in- Sibley till, with the CBR being reduced to about
creased by factors of 2 to 3, while for Sibley till it 1207 of the value before tree/ing.

' increased by a factor of 9 from one of the lowest

,*.

iu.heave rates (2 mm/day) to the highest (18 mm/ Discussion

day). This illustrates the importance of including Compariso of the aboi tr,\ mid held !oN
the second freeze-thaw cycle in this test. heave rate aetri mot n Ice I"a \ -i, hec\

Figure 16 shows that the CBR values were re- ception of the I 'axia re irc a tion,

r d c f 3 ei 1 o
inraeyafatro rmon ftelws



-5.

0 Wiochendon
I' ti OL'/ii Freeze) E

oZ/ 
0
'/: 8'e' s. -

E e 0 Winchendor

E 0 - 'e Ql~klan-n Snda Albany
-0 c fev s o P=260kPa

01 0 I I I C t

ee Ha, Boihe,

, h
T

.
M

1Sand
* ,.0' ~ :He T/W 8 Sbbose

L .E Hys Send

g 0.5

'5. 

'E** 
'- 

Dense-gfoded

L I. - J. . 2T/W A Bose

0 20C EQ0 5 10 15
2bo,0i oiy Hieoe ,e f "I J0y Laboratory CBR after Thoa ing [%)

1-igure 17. (onpartson of laboratory Figure 18. Comparison of CBR after thaw-

"1 and field heave rates during first and ing with maximum resilient pavement deflec-
second freezes. tion during thawing.

correlation between these heave rates for the first pavement deflection under load in the field show

freeze-thaw cycle. The correlation is not on a line that this soil is clearly frost susceptible.

of equality, as the laboratory heave rates exceed As it was desirable to compare at least qualita-

the field values by a factor of 10 or more. How- tively the results of the various test methods for

eser, since it was the intent of this study to use the the test soils, preliminary frost-susceptibility clas-
freezing test qualitatively, not as a quantitative sification criteria were established for the new

predictor of frost heave in the field, the differ- freezing test. These criteria are shown in Table 3.

ences are not considered significant. When the re- They are based on the average frost-heave rate

suits are plotted for the second freeze, the correla- during the first 8 hours of the first freeze and the

tion between the laboratory and field results be- CBR after two cycles of freezing and thawing. The

comes weaker, as the points for the two Albany criteria were established by comparing a limited

base materials and the Sibley till fall far to the number of laboratory and field tests, so they must
. right of the curve fitting the remainder of the data. be considered preliminary and subject to change.

Tne correlation between the CBR after thawing

and the maximum resilient pavement deflection
during thawing (Fig. 18) is better than the correla-
tion between the frost-heave parameters. In this Table 3. Prellminar) frost-suscepti-
case, all the average values of deflection fall close bility criteria for the new freezing lest.
to a straight line showing inverse proportionality
with CBR after thawing. Ifroi-

The comparisons in Figures 17 and 18 clearly it wellIhihtt tleaiv raft Fha ('BR

show the need for including a thaw-weakening in- ilaIfi(aiin (mm daw

dicator as a frost-susceptibilit, index in the labor-
atory freezing test. If only the heave rate from the Negligile I 20

-er 1I- I"

first freeze had been used to determine the frost I , 2 4 I 1

SLuscep bilit, ot the Sibley till, the soil would hase %lcd'jmn 4 8 10

been called non-frost-,isceptible. The results of High 8 1h 2

the second freeze. the (BiR after thawing, and the S rx igh 1i h
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I ,'.' '.Figure 19. Comparison of frost-susceptihility classif'ications
~bv the methods studied.i frost-susceptibility criteria for the field obser- thaw-weakening indicator such as the CBR test

vations were also developed for comparison with after freezing and thawing is required.

the criteria for the new test. Details of these rat- The importance of conducting two freeze-thaw

ings are given by Chamberlain (in prep. a). Table 2 cycles is not clearly demonstrated in these tests ex-
shows ratings of all the test materials using the e r- cept by the fact that a prior freeze-thaw cycle can

teria for the new freezing tests and the field obser- have a dramatic effect on the behavior during
vations along with a summary of the ratings using freezing in the laboratory. The heave rates during
the other procedures in this study. The bar charts the second freeze probably correlate poorly with

in Figure 19 illustrate the range of frost-suscepti- the field heave rates because prior freeze-thaw
bility classifications for two of the test soils. cycles at the field sites had not extended through

The comparisons of the laboratory results and the full depth of the test material to the water
the field observations show that the Corps of En- table. The entire path through which water must
gineers particle-size test was effective in rating flow from the water table to the frost front %%as

non-frost-susceptible soils but was not effective in not preconditioned by prior freezing and thawing

. determining the degree of frost susceptibility of as it was in the laboratory. Thus, laboratory frost-

the other soils. Estimates made from published re- susceptibility ratings obtained from a second

suits of previous CRREL freezing tests predict freeze are probably useful only %khen prior frost

frost-heaving bhavior better. However, it is clear cycling in the field frlly penetrates the material to

from the test results for several of the study mater- the water table. More fic'd cxperience l\ 1'eedCd to

ials, and especially for the Sibley till results, that a fulls understand this problem.
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Conclusions -

It is clear from this study that to determine the
frost susceptibility of a soil accurately, it is neces-
sary to conduct a freezing test. While the Corps of s - .face Hat

Engineers frost design soil classification method is , Exchanger

useful for separating non-frost-susceptible soils
from frost-susceptible soils, it is not very helpful . , ---

in determining their degree of frost susceptibility,
and it cannot be effectively used to predict the de- Thermocoupes

gree of thaw-weakening susceptibility. V 2
The heave rate in the laboratory freezing test

can be used to determine the frost-heave suscepti- -

% bility in the field, and the CBR value after freezing r
and thawing is a strong indicator of field thaw - .
weakening leading to increased resilient pavement . -

deflection under load. - - -
The requirement for two freeze-thaw cycles was

not clearly demonstrated in these tests; however, it --

remains a candidate element of the freezing test -

for use in regions where freeze-thaw cycling ac- 30 c,

tively conditions the soil fabric throughout the full ,ma 6 sec on.s)

depth to the ground water table.
The freezing test proposed is a feasible candi-

date for replacing the CRREL freezing test as the
standard for the Corps of Engineers because it re- ..

quires much less time to conduct (5 vs 14 days), it
provides much better boindary temperature con-
trol, it eliminates the side friction problem preva- -

lent in the current standard test, it provides an in-
dicator of thaw-weakening susceptibility as well as o
an indicator of frost-heaving susceptibility, and it
allows the effects of repeated freezing and thawing ,..........

to be determined. s,
As further research using the new freezing test

appears justified, the automated equipment neces-
sary to conduct the test should be provided to sev-
eral transportation laboratories to obtain a larger
data base from which more reliable frost-suscepti-
bility criteria can be established. The Corps of En-
gineers frost design soil classification method Figure 20. Soil colutnn (schemnatic).

* . based on grain size and soil classification should
be included in any additional studies, and the cor-
responding criteria should be refined based on the rameters in heat and mass transfer during freezing
experience obtained, and thawing. The soil column and dual gamma

system were constructed to generate such data
; .'- from laboratory tests. The data were then used to

iSOIL COILUMN AND develop, verify and refine the mathematical model
DUAL GAMMA SYSTEM of frost heave and thaw settlement.

Three separate soil columns were designed and
Design features fabricated for this study. The interior dimensions

It has long been known that moisture content are about 50 mm in diameter, 135 mm in diameter,
and soil density change significantly when soil and 100 mm by 100 mm square, respectively. Fig-
freezes. Changes in these variables, in time and tire 20 is a schematic drawing of the square soi
space, need to be evaluated, as they are critical pa- column. The columns consist of 3(X)-mm-long seg-

16
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S.' Figure 21. Dual gamma sYstem.

ments that are stacked to provide any desired potentiometer (LMP) is attached to the side of the
length from 900 to 1800 mm. The upper 300 mm soil column to monitor the amount of frost heave
of the column is tapered to reduce the side friction of the soil. Other instrumentation in the soil col-
that develops as freezing occurs from the top umn includes thermocouples to monitor tempera-
downward (Berg et al. 1980b). tures at selected positions and tensiometers to

The base of each column is fitted with a porous monitor pore-water pressures (moisture tension).
stone and tubing leading from a source of water. The amount of water drawn into the soil is moni-
These features and a Marriott tube allow us to tored manually once or twice per day, and the ten-

- control the position of the water table in the col- siometers, thermocouples and LMP are attached
umn. The soil column is placed inside a temper- to a data collection system that records data hour-
ature-controlled jacket to minimize lateral heat Iv.

losses and promote one-dimensional freezing or A dual gamma system sas designed to be used
tha%, ing. with the soil column. It nondestructiel, monitors

The top of the column is attached to an air- changes in density and moisture content sith tine
""actiatcd piston. which applies the desired force during freezing and thawing of soils in the soil col-

(urcharge) to the soil surface through the surface umn. The system (Greatorex ci al.. in prep.) con-
heat-exchange plate. This plate is connected to a sists of two nuclear sources, an elctronic detector
refrigerated bath via flexible tubing. The bath to monitor gamma radiation from the source,,, a
temperature is set manually to obtain the desired tower to position the source,, and detector %ertical-
rate of freezing. A thermocouple is embedded in ly, and electronic equipment to control. monitr
the surface heat-exchange plate. A linear-motion and record data from the system (Iig 21)
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'5" Test results
Several tests were run on soils from the Win-

chendon site and other soils, and the results were
used as one source of data for validating and re -

fining the frost-heave model, a mathematical -.
model of coupled heat and moisture flow. During
late 1984 and 1985, two special tests were conduct- -

" - ed using the soil column and dual gamma system. _ -s
*-: Both special tests were designed to generate data

to be used to validate and refine the recently devel- -7
oped tha,, -settlement algorithm of the frost-heave -34:' ' I' '

model.
During previous tests using the soil column,

S' frost heave was not substantial, even with highly
frost-susceptible soil in the column. Therefore, for ____.___

these tyo tests we froze 150-200 mm of soil in the "
multi-ring molds used in the laboratory frost-sus- "- e .
ceptibility test. Graes sand from the Winchendon -

. .~test sections was used for the tests. The specimens -

\-cre 150 mm in diameter by 150 mm high and

were molded at a density of about 1.52 gm/cm' ,
% for the tests. The soil specimens were frozen slow- - M

*" Il, from the top downwsard in a temperature- - , ,
controlled cabinet: during freezing, about 20 mm -o s V , -'od

".-,'."of hea',e occurred.of heave ocured Iure 22. Thaw settlement in two soil-col-
The frozen soil specimens were machined to fit uin te 22 Thav sln ilumin tests on Graves sand.

snugly inside the upper segment of the soil col-
umn, wshich sas about 135 mm in diameter. The
lover 900 mm of the soil column was filled with
unfrozen (ra,es sand. Temperature sensors and complete thawing in Test I and about eight days in
tensiometers were installed at several locations in Test 2.
both the frozen and unfrozen portions of the soil Figure 22 shows settlement during thawing in
column. An I MIP \xas attached to the surface TssIad2 hl iue2 hw h hne
heat-exchange plate to monitor settlement as in temperature and moisture stress. Slight positive

tha,,ing progressed. A surcharge of about 7 kPa pressures wert Dbserved in both tests before the
Aas applied at the surface using the air-actuated entire frozen layer was thawed. When thawing was
piston. The temperature in the jacket surrounding complete, water drained downward into the un-
the soil column Aa, maintained at about - 0.5'C. derlying soil. The results from the tests were used

The A ater table %a, maintained at a depth of as data sets for refining and validating the thaw-
about 9A) mm belo, the top of the sample settlement portion of the frost-heave model. The
throughout the tests, simulated settlements, temperatures and moisture

After attaching a frozen soil segment to the rest .tresses obtained by use of the model agree very

of the soil column and installing the instrumenta- \,ell with the observed values for Test 2. The simu-

tion, se .ir.,ilated a mixture of ethylene ilcol lation of Test I was not as accurate, mainly due to

and ",ater at 3 C through the surface heat- malfunctions of the laboratory surface-tempera-

exchange plate tor eSerat da,s. This caused the ture controller and the data collection system.

trost rie to advance further and al!osed tempera- Because of these problems, reliable upper-boun-
." tur, and pore-sater pressures in the soil t dary temperature data were unavailable for the

ablizc prior o,- thc most important part of the simulation.

test. A"-hose bictise "&, to monitor changes dur- The dual gamma system was used periodically

.,z ihatk I or thi, purpose the temperature of the to monitor the moisture contents and density pro-
r,:uling mid va,, gradually increased to abo~ut file, in the soil column. Observations were closely

2 ( has ing progressed so\Al, trom the top paced in the thawing portion of the column and

do',,%tssard d iTng the test ,,. taking si das, for 51 or I(X) nun apart in the unfrozen portion.

n A
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MA-rKMAUICAI MODEL. OF frost does not penetrate deeply into soils beneath
FROST HiEA F, AND THAW SETTLEMENT the water table. Furthermore, it is intended for use

where surcharge effects are not large (usually less

Model development than 60 kPa).
, e ha\e reported the development of the model

in Here et al. (1980a. b), (usmon et al. (1980, Assumptions
1981a. 1981b and in prep.) and Hromadka et al. The main assumptions of the model are:
(1981. 1982). 1 he model assumes one-dimensional * There are three distinct zones in a freezing

crtical heat and moisture tlui. It is intended for soil: a frozen zone, a freezing zone and an
u e on problem,, of seasonal freezing and thawing unfrozen zone.
of nonplatic ,oils beneath pavements in which 9 Moisture transport in the unfrozen /one is
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governed by the unsaturated flow equation side of the equation, Li is the density of ice, N, ik
based on Darcy's L.ass, the olumetric ice content, and %u is the %olumetric

0 Moisture flow is via liquid movement, and water content. The ice sink term, L,Wij l,at, cx-
vapor flow is neglible, ists only for a freezing or thawing zone, and in

* Moisture floss in the frozen zone is negligi- these zones equation I is coupled to the heat-trans-
ble, and there is no moisture loss or gain at port equation. The ice-sink term assumes that (f, is
the frozen soil surface, a continuous function of time.

• Soil deformations in the unfrozen zone are It is computationally convenient to represent
negligible, the soil-water characteristics as a known or as-

e Soil pore-water pressures in the freezing sumed function relating pore-water pressure u and
zone are governed by an unfrozen-water- volumetric water content fl, This is done by deter-
content factor. mining point values of Ou and u in the laboratory

" All processes are single valued; i.e., there is and by least-squares fitting of a function similar to
no hysteresis, that used by Gardner (1958) to the data:

, -. Heat transport in the entire soil column is
governed by the sensible-heat-transport 0u(2)

equation including a convective term. A h + 1
- The frozen zone is deformable for deter-

mining thermal parameters; i.e. the thermal where n is the initial porosity and a and A, are
-. conductivity is modified to compensate for best-fit parameters for each soil.

the increased path length caused by frost Similarly the coefficient-of-permeability func-
heave, tion for an unsaturated soil is determined in the

* Salt exclusion processes are negligible; i.e., laboratory by determining point values of KH and
the unfrozen water content is constant with u for that soil and by least-squares fitting of Gard-
respect to temperature. ner's function to the data:

* Phase-change effects (freezing and thawing)
and moisture effects can be modeled as de- K, - (3)

coupled processes. A K hP+I
a Freezing and thawing can be approximated

as isothermal phase-change processes. where Ks is the saturated permeability and AK and
* All parameter and model uncertainty can be i3 are the best-fit parameters.

incorporated into a universal probability A phenomenological relationship is assumed for
model applicable to a specific class of soils. adjusting the coefficient of permeability for un-

* Fluxes of heat and water are vertical, i.e. frozen soils to represent conditions where ice is
the model is one-dimensional and no lateral partially blocking soil pores (in the freezing zone).
fluxes are considered. It is assumed that the coefficient of permeability

in the freezing and frozen zones is
Governing equations

The appropriate equation describing soil mois- KF = Kt(hp). 10 E,, when Efi -> 0 (4)
lure flow consistent with the above assumptions is
derived by substituting the extended Darcy mois- where E is a parameter determined empirically.
tire-flow law into the one-dimensional continuity Taylor and Luthin (1978) and Jame (1978) used
t: luation for an incompressible fluid in porous similar concepts to reduce the permeability in the
media: freezing zone.

Frost heave is estimated fror., the total amount
a ;Ou (__) of ice segregation in the frozen zone by
.. I'1; ahax] = + -_ (I

where the total hydraulic head h, equals the sum of
the pore pressure head (hp -u C), where u is the where H, volumetric segregated ice content
pore-water pressure and t, is the density of water) n porosity
and the elevation head (h. - A). The coefficient 0, residual unfrozen water content.
of permeability K11 is a function ot the pore pres-
sure head in the unfrozen soil zone. In the right It , 0, ice segregation has occurred and the
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77,7, ,4 . . . . .. . . , TL- = L rb u d r te .mperatu•re

,J.

- !-
i ;-ee .>; = Temperature

c.e TL = Lower-boundary temperature

Tu = Upper boundary temperature

- h = Total hydraulic head

hp = Pore-water tension

= Overburden pressure

= Water content in the unfrozen zone
Ice content

= Residual unfrozen water content
- =Segregated ice content

hpL = Pore water tension at the lower boundary
Ware- Tale - ,7 n = Porosity

0 T D = Element length

x Vertical coordinate

Figure 24. Typical model simulation result at a given time.

frost heave is computed by multiplying 0, by the umn to test the adopted thaw-settlement algo-
zone thickness. Thaw consolidation from ice melt- rithm.
ing is the reverse process. The Morgenstern and Nixon model is based on

- Figure 24 illustrates the solution of a freezing well-known theories of heat conduction and linear
problem during a time step. The Or parameter es- consolidation of compressible soils. Terzaghi's
tablishes the pore-water pressure at the freezing one-dimensional consolidation theory was applied
front for the solution of the moisture transport to develop a moving-boundary solution applicable
equation. The lower hydraulic boundary condi- to permafrost soils that thaw and consolidate
tion is usually the water table. Surcharge and over- under the application of load. A closed-form solu-
burden effects a., which tend to restrain frost tion was obtained.
heave, are modeled by reducing the pore-water Our application of the model is directed to lay-
tension at the ice-segregation front by the pressure ered systems of well-compacted soils. Consequent-
of the overlying material and surcharge. ly the application is restricted to winter heaving of

subgrade soils and spring thaw settlement origin-
_ Conceptual basis for ating in those same soils with no net consolidation
'. thaw-settlement algorithm or change in pavement elevation occurring over a

The thaw-settlement portion of the model is dis- sequence of several years of freeze-thaw action.
cussed separately because of the importance of A departure from the Morgenstern and Nixon

%, % this submodel for the evaluation of thaw weaken- model is the solution of the linear governing equa-
ing of soils beneath pavements, a major objective tion of excess pore-water pressure (Terzaghi's
of this project. The concepts advanced by Nior- equation) numerically rather than exactly. The nu-
genstern and Nixon (1971) proNide the framework nterical code for this solution already exists in the
for the thaw-settlement and pore-%ater-pressurc frost-heave model. This method allows more flexi-
algorithm presented here. In the past the limited bility in handling the upper-surface pore-water-
aiailability and poor quality of laboratory data in- pressure boundary condition. A second departure
hibited the development of accurate and tested from the Morgenstern and Nixon method is the
thaw-settlement models. Additional data %,ere col- Uwc of a more general heat transport equation.
lectec: during this study using the ('RRI l soil col- 1o determine the thaw settlement, equation I

ADr,

Oil,_ I
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which governs the moisture flow during frost The upper-boundary pore-water pressure is
heave, was modified to include a temporal void- fixed at a specific value with respect to time during
ratio term (Lambe and Whitman 1979): freezing. Prior to freezing it varies according to

equation 1, while after thawing it varies according
3:h - Ou +h Li aOi to equation 6.

K - +S'n"Y +  
__ (6)at I ( at The lower pore-pressure boundary condition is

usually a set of discrete pore-water pressures (ten-
where S is the degree of saturation and mv is the sions) at specific times that are related to the water
coefficient of volume compressibility, table elevation. Intermediate times and pore-water

Equation 6 is the basis of the algorithm for esti- pressures are linearly interpolated.
mating thaw settlement and pore-water pressure The upper temperature boundary condition con-
during and after thawing. When soil-surface tern- sists of a set of specified step functions such as
peratures are above freezing and the upper ele- mean daily air temperatures. These values are
ment is fully saturated, soil-surface pore-water multiplied by a factor to represent soil-surface
pressures are set to a specified pressure, which is temperatures, in a manner similar to the Corps of
usually atmospheric plus the excess pressure from Engineers n-factor approach for seasonal freezing
overburden effects. However, the model does indexes.
have the ability to apply a specified lesser positive Bottom tempetature boundary conditions con-
pressure representing drainage upward through a sist of a set of times and temperatures. Tempera-
slowly leaking pavement overlying the base course tures are linearly interpolated at intermediate
material. When the upper soil element becomes times.
partly drained (S < 100076) or when the surface
element refreezes, the soil-surface boundary con- Numerical approach
dition for the moisture equation is reset to a no- Numerical solution of the governing equations,

.flux boundary condition. subject to their respective boundary and initial
As thawing progresses downward, each discrete conditions, is by the nodal domain integration

soil element is checked to determine the degree of method (Hromadka et al. 1982). The one-dimen-
saturation. If excess pore-water pressure exists, sional solution domain is divided into a number of
water in excess of the initial porosity is treated as a variable-length finite elements where parameters
source, forcing an upward drainage of water. The are assumed to be temporarily constant but may

- hydraulic conductivities of underlying frozen vary from element to element and from time to
zones are determined by equation 3, with the pa- time. Figure 25 illustrates the division of a vertical

" rameters AK and 3 evaluated by laboratory tests column into elements and nodes. The state varia-
and the pore-water pressure determined by means
of equation 2 with flu set equal to Or. %

W hen the soil column is completely thawed and T Ground/

reconsolidated, free downward drainage occurs in 1."1, Ground Surface

accordance with equation 1, and the no-flux sur- ,ML Layer I I-Elemeni Number
face boundary condition is assumed to persist. Y

. Boundary and initial conditions CL Loyer 2 2

The model requires auxiliary conditions as fol-
lows: 1°1 $)Node Number

. Initial conditions for pore pressure, ice con- SM Layer 3 3

tent and temperature. , 4
" Soil-surface boundary conditions for pore SC a

pressure and temperatures (which may vary s "aer
with time).
I ower boundary conditions for pressure and Colum otor -
temperature (which may vary with time). 7 r,, t

While there arc many possibilities for incorpoiat
ing boundary conditions in the model to suit spe- I iguie 25. Nonunilorm .sol profile divided into
ific applications, the CRREL version of the ek'eients and nodes and showing /,ound/4'v comdi-

model has the features discussed below,. 11005

22

% %

- . , -.. .. 04' ..- -.-. - " . ' -. ,, - ' ''.', " ,



ble in each element is assumed to be described by a Most investigations of this nature use hundreds
linear basis function such that the state variable is or even thousands of computer simulations. This
continuous throughout the solution domain. The type of stochastic analysis can be very expensive,
time-domain solution is by either the Crank-Nicol- particularly if variations are significantly different
son approach or the fully implicit method, for different soil types or boundary or initial con-

Computation is initiated by giving the initial ditions. The probabilistic method used in the
conditions, and the solution is advanced in time. model, discussed in detail in Guymon et al. (1981b
At specified times nonlinear parameters are up- and in prep.), eliminates the need for such large
dated. numbers of computer simulations.

Probabilistic concepts Model verification
If this one-dimensional model were perfect, it Model verification has been a continuing proc-

would predict exactly the amount of frost heave ess since completion of early work on formulating
and frost penetration at a point with time. How- the model reported by Berg et al. (1980a). This re-
ever, it would not account for spatial variations in port contained early verification of decoupled
the amounts of frost heave and the degree of thaw components of the model (e.g. sensible heat trans-
weakening caused by differences in the thermal port) against analytical solutions using linearized
and hydraulic properties, in turn caused by differ- computer simulations (Fig. 26). As verification
ences in density, moisture content and soil-particle work progressed, it was found necessary to refine
size and arrangement. We assume that the model the computer code to more accurately simulate
is not perfect and combine uncertainties in the pore pressures, temperatures and frost hca.-,
model with variations in the soil via probabilistic Guymon et al. (1980) further reported on verifica-
methods. The uncertainty is arbitrarily grouped tion efforts using Fairbanks silt as a test case. Sub-
into four general areas: sequently Guymon et al. (1981a, 1981b and in

" Errors due to the choice of the model, in-
c cluding the choice of a numerical analog. 4

* Errors due to spatial and temporal varia-
tions in the soil properties. Test

* Errors due to inadequate boundary condi- 2 N,

tions and to the choice of initial conditions. 2-
. Errors due to the selection of parameter val- . . .

ues.
Errors due to the choice of a model are proba- 2

bly indeterminate by strictly analytical methods.
Choosing a model is probably best left to experi-
ence with application of the model for a number 4,,

of known laboratory and field conditions. Errors "'
associated with the choice of a numerical analog 6
were readily examined, as were errors associated -

with spatial and temporal variations in the soil
properties (Guymon et al. 1981b and in prep.,
Hromadka et al. 1982). We concluded that one -

numerical technique had little advantage over C' -!

others and the model is relatively insensitive to
spatial discretization. The model is very sensitive
to temporal changes, and we found that for most
solutions a time step of 0.2 hr and a parameter up- , Co'coted Do',0,

date frequency of t hr are satisfactory.
Errors associated with inadequate boundary

and initial conditions, and particularly with pa-
rameter values, require special attention due to the
probabilistic nature of their variations. For this Fikure 26. Measured and simulated Iio(t
reason, probabilistic theory is applied to consider depth andfJrost heuve, laboratory soil-couhpm

the uncertainties and variations, test on t.jrhA s silt.
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F (4) MeosureCd Frost Heove and Standard Oevaoton

E C (o) Measured Frost Penetration
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Figure 27. Measured and simulated frost depth and frost heave, Taxiway B, Albany County
Airport, 1979-80.

,

prep.) presented much greater detail in verifying tent are selected so that the moisture tension is
* the model against laboratory and field data. Fig- 75-100 kPa. The actual values may be soil specific

ure 27 illustrates calculated and measured values and much greater or lower than this range.
of frost heave and frost penetration with time Even if more-precise scientific knowledge were
from one of the test sections at the Albany County available for this function, calibration might still

*. Airport. Additional verification results are pre- be required. There is no model in existence for

". sented below. porous-media flow processes that does not require
calibration to improve the confidence limits so

.-. Discussion that the deterministic solution becomes relatively
The model produced good results for soils rang- precise. Hypothetical solutions of such problems

ing from silts to relatively coarse-grained and mar- using assumed parameters have a considerable er-
ginally frost-susceptible soils. Moreover, these re- ror, which for some porous-media problems may
suits have been compared with carefully controlled be tolerable in the engineering analysis process.
laboratory data as well as less-precise field data Usually engineering judgment and experience are
for three locations, exercised to infer the level of certainty of such

To achieve such results, however, good esti- computations. This need is evident in the problem
mates of hydraulic parameters are required. Judg- considered here.
ment is required in assigning appropriate values, We believe that the model simulates phenomena
as there may be considerable variations in even the in the freezing zone adequately for our present en-
most carefully measured soil parameters, particu- gineering purposes and that it will meet the need
larly unsaturated hydraulic conductivity, of practicing pavement engineers for predicting

The modeling exercise also requires calibration frost heave and some of the parameters influenc-
of the hydraulic-conductivity correction factor E, ing thaw weakening of pavement systems. The de-

* a phenomenological correction factor for soil in velopment of a model more closely linked to ac-
the freezing zone. This factor is used as the pri- cepted concepts of soil physics awaits a more com-
mary calibration parameter to achieve the results plete understanding and formulation of processes
presented here. If measurements of hydraulic con- in the freezing zone. It would also require addi-

- ductivity for partly frozen soil were available or tional computer time and expense to solve a more
could be easily obtained, it is likely that those data complex formulation of the processes, and addi-
could be used instead of the phenomenological re- tional time, equipment and expense for conduct-
lationship now incorporated in the model. ing laboratory tests to define additional soil pa-

The model also requires an estimate of the mois- rameters.
ture tension in the freezing zone. This is done indi- The output from the model includes cumulative
rectlv by selecting a residual (unfrozen) water con- frost heave with time at the surface, subsurface
tent for the frozen zone and by calculating the cor- temperatures and pore-water pressures. The pre-
responding porc-\%ater tension by the Gardner dicted frost heave can be used directly to aid in se-

4, cqution. (leneraliv values of residual water con- lecting an appropriate pavement design by relating
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it to pavement roughness criteria. Temperatures For validation purposes, field tests sere ic d to
are used to determine the positions of the freezing determine the surface deflection response ol pa,, cd
and thawing zones, and temperatures and pore- soil test sections under plate loads. Surtace detlec-
water pressures are used in empirical equations de- tion basins were measured under loads imposed b\
veloped from laboratory tests to estimate resilient- a repeated-load plate-bearing (RPB) apparlitus
modulus values for layers within the pavement and a falling-weight deflectometer (1[kl)). tihe
system at various times of th. . ar. The resilient- tests were performed at critical times between late
modulus data are then used in a pavement struc- fall and late spring to characterize the variation in
tural response model, where output can be related load response throughout the freeze-thaw-reco%-
to pavement performance criteria. Examples of ery cycle.
this application are presented later in this report. The validity of the laboratory results Aas then

examined by comparing the measured deflection
basins with deflection basins calculated tor the test

SEASONAL VARIATION IN THE section using the expression., for resilient modulus
RESILIENT MODULUS OF developed from the laboratory tests. In using these
GRANULAR SOILS expressions, temperatures and moisture tensions

measured at the time of each field loading test
In areas of seasonal frost the supporting capaci- were applied to evaluate the resilient modulus.

ty of subgrade soils and unbound base and sub- Layered elastic analyses of the test sections under
base materials for roads and airfields can vary the conditions prevailing during each field loading
widely during freeze-thaw cycling and the subse- test yielded stresses, strains and resilient vertical
quent spring and summer recovery period. In this displacements throughout the system; calculated
phase of the research we sought to evaluate the surface deflection basins were thus generated and
seasonal fluctuations in material properties for six compared to the deflection basins actually meas-
soils from the Winchendon test site and five soils ured in the field.
from pavements at the Albany County Airport Interim results were given by Cole et al. (1981)
test site. The investigations focused on the under- and Johnson et al. (1982). Detailed procedures, re-
lying cause of premature distress in pavement sys- suits and analyses of repeated-load triaxial tests,
tems that are susceptible to frost-the reduction and of field in-situ plate-loading tests and the cor-
of the resilient modulus of subgrade soils and un- responding deflection basin analyses, are gien in
bound base courses during and following spring a four-part report series by Cole et al. (1986 and in
thaws. In this context the resilient modulus is con- prep.) and Johnson et al. (1986a, b).
ventionally defined as the deviator stress divided, by the resilient strain (i.e. the recoverable strain). Characterization by laboratory testing

The research was concerned with frost-susceptible The objective of this phase of the work A as to
granular soils exhibiting little or no cohesion and a develop procedures for obtaining realistic expres-
high degree of nonlinear (i.e. stress-dependent) sions for the resilient modulus of granular soils in

-.. mechanical behavior. The research objective was the frozen, thawed and recovered states in terms
" to develop laboratory methods for characterizing of the significant variables. The testing and ana-

the seasonal changes in the resilient modulus of lytical techniques we have developed allow us to
such materials throughout a complete annual cy- simulate in the laboratory the gradual recovery of
cle. Field tests were conducted to validate the lab- stiffness experienced in the field as a frost-suscep-
oratory methods. tible soil drains, consolidates and desaturates after

Repeated-load triaxial tests were performed to thawing.
determine the resilient characteristics of the mater-
ials under conditions simulating those during the Experimental approach
field tests. The laboratory triaxial tests were per- The experimental approach called for repeated-

,. formed on soils in the frozen, thawed, recovering load triaxial tests on all the asphalt concrete and
and recovered conditions. Empirical relationships test soils from both test sites. We obtained field
were then generated by standard statistical tech- cores of the asphalt concrete and of the finer-
niques to express the resilient modulus Mr as a grained soils in the frozen state. We also sampled
function of the density, the soil-moisture tension several tests sections at the Winchendon site he-
and the stresses imposed in the triaxial tests. For fore the subsoils froze, to characterize !he nmcrial
frozen soil and asphalt concrete, tempcrature is after it had fully recovcred from the pies iu' '. ini
also a key parameter. ter's freezing cycle. In the case of glacial till or
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gravel, where core samples could not be obtained, i .. . T T T T

we reconstituted specimens in the laboratory and -

subjected them to open-system freezing at a rate
of 25 mm day to produce the appropriate condi-
tions for testing.

I oad cycles on the soils were applied using two
waeforms to simulate the loading pulses associ-
ated wAith our two field-testing devices: the falling-
%eight deflectometer (FWD) and the repeated-
load plate-bearing (RPB) apparatus. Two hundred
load c'cles were applied at each level of confining .-

and deviator stress used in the laboratory tests,
and the resilient modulus and resilient Poisson's s,

ratio were calculated when a nominally steady-
state response was achieved.

RN performing these tests under a variety of ,
temperature and moisture conditions comparable N.
to those observed in the field, we were able to ,0'
characterize the resilient properties and generate
analytical espressions in terms of the significant
kariables.

1he terminology used to describe the state of
the soils is as follows. "Frozen" refers to material
Aith at least some pore ice present, and "thawed" Hart Bros Sond (20O- 65 okP)

o Groves Sand (-476)
refers to material ha, ing only liquid pore water . Dense ,roded Stone(120 280'

but that is still suffering from the effects of a
,reeing cyc!e (i.e. it has not drained or consolidat- 0"0
ed to its prefreezing state and is consequently still Unfrozen Woler coole', N

in a weakened condition). The term "recovered"
reters to material thait by means of drainage, con- Figure 28. Resilient modulus vs unfro-
solidation and desaturation has been restored to zen water content for three frozen
the moisiure and density )nditions (and hence Winchendonsols tested at 69 kPa con-
,tttntss prev ailng hefore the start of a freezing fining ktress and the indicated ranges
cscle Details of the experimental procedures are of deviator stresses.
gi'.en in (ole et al. (1996).

,.n',- The ability to perform sequential tests allowed

us to simulate the stiffness recovery in the labora-> --N number of ,significant advancements in triax-n e i a n n ttory with a relatively small number of specimens.
,al testing equipment and procedures hae allowed We generally tested specimens four times, which

's to simulate the thaw, and recovery process in the allowed us to cover the full range of field condi-
.- tor h e ai h- tions with each specimen. The use of moisture ten-

..-... ,,ess is ,oil-moistire tension. As a soil drains after sion as the primary means of describing the soil
,'--'.tha .ig. it fir,,t reconsolidate,, to a condition oft i f r i s c istate has proven to be effective since it strongly in-

iero pore-water pressure t-ollowing this phase, fluences the resilient modulus and is relatively eas-
-*.- iradual desaturation occurs, the moisture tension il, monitored in both the field and the laboratory.

rises, and the resilient modulus increases. We de- )therdeelopmentsat ('RRt-I in the use of the
has eloped a ,s,,,ten, using remoahle iria sial-cell pulsed nuclear magnetic resonance technique on
bses

, equipped wi th iens.,meters, that allowed i roien soils* provided us with information on the
i t, rciet a gcn .pec n , ,eral time,, al in,.'rea,, unfrozen water content ol the frozen soils tested in
Mkt lcels ut moisturc tension, thus simulating the this program. [he unfro/en water content (fig.
,hanlwe, ohscred in the tield I a,h ,pecimen re 28) %was found to have a profound influence on the
tnaiacd rnointc, on its hse throuighoit the lest
Itiv tpici k-, a .ndt ha dl1 2 %"ivs thus
as uj'd " i'esr. .al rTiirnm iikaion %ith A lice. 1991
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- I satisfactory. The expressions are relatiscl% sinpl,
-Dense raded Slone and mathematically well behaved, and they can be

-Hoanns- extrapolated to lower temperatures sith reasona
SOro .. I I. hie confidence. This analytical approach rcqires

Siey, TO - " ,1 fewer laboratory tests to obtain a useuti cxpres-

Groves Sand -= sion. Figure 29 shows a plot of modulus %N tern-
perature for the six Winchendon soils.

-- in -Standard statistical techniques have been used

ina Broi Sand this work to generate empirical expres,,ions for
the resilient modulus in terms of the unfroen
water content for the frozen case and in terms of

2 - the moisture tension, the applied stress and in
some cases the dry density for the thawed cases.

In some cases we have applied the commonl"

used bulk-stress model for the stress dependency
-' of a nonlinear material, which is of the form

AI =~ K, Jk 9

where K, and A: are constants and J is the first ,
stress invariant (sum of the principal streses,
equal to the bulk stress 0). We have also employed

. • .a somewhat more complex stress function irols-
, 0 -6 - 2 o 2 ing the second stress invariant and the octahu-i,

Te.oe,,,o,,e shear stress, of the form

I Figure 29. Resilient modulus vs tern- .i, A',(J./ 1 ct)A 10)

perature jor the stx Winchendon test
oi'. In rhe ftozen sate. curves are gener- where J. second stress invariant

ated hy regression equations based on un- +
frozen- water-content expressions.

TO t octahedral shear stress
S= tt[(o,-O.)! + (o,-<,,): + (o o,)]

resilient modulus of material in the frozen state o,o,,, principal stresses.

and was consequently used as the key variable in
the empirical modeling effort. The equations are The stress function of equation 10 is unique

of the form it accounts for the effects of both confining pres-
sure and the principal stress ratio -jn the modulus

..r C (w.IW) (7) in a manner appropriate for many granular mater-

ials.
where Mr = resilient modulus Figure 30 shows a plot of modulus vs bulk strc\s

* C C:= constants for a thawed Winchendon test soil (Hyannis sand).
,, unfrozen water content, expressed The bulk-stress model does not account for the

a, a function of temperature fact that, for certain types of soil, the modulus de-
wt = total gravimetric water content. creases with increasing principal stress ratio. I he

stress function given in equation 10, hose,,er, ac-
The unfrozen water content is expressed (Cole counts for the influence of the stress ratio and thus

1984) by an equation of the form gives a more efficient linear representation o? the
data (Fig. 31).

u T) (8)
Result.s

where , and " are regression constants and T is Analysis of the laboratory test data tot each soil

temperature. This constitutes the first use of an yielded equations applicable to the fron ,tatc
untrozen-w ater-content term in a resilient-modu- and the thawed state. The frozen-state equat n is

]us expression, and the results have been very in fact valid up to and including the pot . ,' "oj
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Figure 30. Resilient modulus of thawed Hyannis sand vs J,
(first stress invariant, equal to bulk stress 0) for several values
of principal stress ratio, demonstrating the tendency for the
modulus to decrease with increasing stress ratio when the con-
fining stress o, remains fixed.S..
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P-igure 31. Resilient modulus VS J2/ro t for the test data given in

~ *' eure 30.

plete tha%4, at which point the expressions yield the the moisture-tension term, which is incorporated
average modulus value observed in the "as in the coefficient K,. Figure 32 shows how mois-
thawed" condition (i.e. prior to any drainage). A ture tension affects the term K, and thus the mod-
significant feature of this approach is that it yields uli, in equations 9 and 10 as evaluated by means of
a continuous f'.nction up to the point of thawing, regression analyses (Tables 4 and 5) for several Al-
because we included appropriate data points from bany Airport test soils. Earlier work (Cole et al.
the thawed state in the analysis. 1981) demonstrated that K, is statistically indepen-

The laboratory testing sequence mentioned dent of the moisture tension.
above generated data that allowed us to model the Tables 4 and 5 show the results of the regression
post-thaw recovery process with a single equation analyses on the asphalt concrete and all test soils
employing terms for stress, soil-moisture tension for both the frozen and thawed conditions. In gen-
and dry density. The increasing stiffness associ- eral, the stress function J,/Toc; produced a higher
ated with the recovery phase is predicted through coefficient of determinatiot. (R 1) than the J, (bulk

stress) model.
28

,-%
S.'

."I ."-. '..' -'-.'""- .'-'' '','''r x , ",... ..-.. " -. .' .. '. " . . .' ". - .,' -,,' -..- .- ,"

""""""* --" "" "" ' l"'"'- -* .' '' iQ ; .""":"" 
' L " "

" ''9", .'.€" .,: '-, .- ,," _€:'@ J:''""" '' _- ,...., .-. .. . .. .€ " " €



Table 4. Results of regression analyses, asphalt concrete and test soils from Winchendon.

Sid lq
Material Load pulse Regression equation n R: error no

RPB Aif(MPa) = exp[9.204-5.552 x 10-7-9.74.4, 10 'T-] 85 0.97 0.287 1

Haversine VM,(MPa) = exp[9.183-7.47 10'7Tf ° ,- 158 0 81 0 469 2

FWD Mr(MPa) = exp[9.429-7.47 x 10 71 - - - 3
• Natural subgrade

• RPB and FWD Mr(MPa) = 8.829f,() 65 0.67 0 235 4
RPB and FWD Mr(MPa) = 20.74A(()0 352  65 0.76 0.201 5

Graves sand
Frozen RPB r(NIPa) = exp(9.677-1.314T-0.070T(ro.u/%)-0 Y 56 0.88 0332 "

RPB .%,fr(MPa) = 39.1(wj.w) '
"  95 0.91 0,502 8

FWD .4r(MPa) = 32.14(w./w,) ' 1 3 0.95 0.446 9

Thawed RPB Wr(MPa) = 2.139x lx0f()'25 f,(o) 2  186 0.76 0.209 I0

* FWD ,'fr(MPa) = 9.27 x 1Of( 4 2.l10f(jo)" 7
7 222 0.71 0.224 I1

RPB Mr(MPa) = 6.68 x 10' f()' 4 8 f.,60' 14  186 0 89 0.144 12
FWD Mr(MPa) = 1.47 x 10f(,I)--I'%"f:j(,q 222 0.86 0.157 13

Reco',ered RPB Mr(MPa) = 6.89f,(o)0" 9  36 0.76 0.247 14
RPB Vfr(MPa) = 4.80 f.(o ° M 0 0 36 0.g8' 0 10 15

* .• Ikalanian sand

Frozen RPB Nf(GPa) = exp[13.74-(0.820)T-(0.0538)TP-(0.8378)w 62 0.90 0.308 16
. (0.04416)w(r,/ %)-o 382

RPB W,(MPa) 86.4(w,/,1' 87 0.92 0,-49 17
Thawed RPB Mr(MPa) = 8.129Ox 10'f(i)1,4

( -'01 , 
5 8

f(a)
0

49 119 0.84 1) "23 Is
RPB Mr(Mi'a) = 3.021 X 1'f().)'

9
f(d)' 

3 f,(o)°'" 119 0.89 0.26 19

Recovered RPB M(MPa) = 5.69x 10f( )" 1 ef,(0 )°OW 38 0.88 0.205 20
RPB M,MPa) = 2.405 x 10' f()-'t f(o)

°  38 0.84 0.238 21
Hart Brothers sand
Frozen FWD Mr(MPa) = 38.28(w./w,)' 8 88 0.95 0.53 22

RPB Mr(MPa) = 4.085 x 10' (wi,/w') 1 9 99 0.92 0.623 22
FWD Mr(MPa) = 8.05 × 10- 2 >,d)7 6 f 1(a) 36 5 (wu/w9- 88 0.97 0.445 23

FWD Mr(MPa) = 4.689x 10' f,(C)" 484 (w/w) "
' 11 88 0.96 0.464 25

Thawed RPB M,(MPa) = 2.97x l0'f()-XY' ftd)"6 fj(o) 4 1 174 0.71 0.280 26
RPB Mr(MPa) = 1.269x 10, f(,)'30" f(yd)' " f(0)0 174 0.87 0.185 2"
FWD M(MPa) = 3.93 x 10' f(()d2 

7 .o)6 18 '(f 164 0.67 0.292 228
FWD Mr(MPa) = 3.81 x 10' f(- ' f(,d)' P"' 164 0.67 0.292 29

Hyannis sand
NO, Frozen RPB Mf,(MPa) = 0.68 f(ld)" o (wi/w)-Z 2 69 0.96 0.536 30

RPB Mr(MPa) = 33.A5(w./w 1 )
2 0

) 69 0.95 0.t1l 1l

A'- Thawed FWD 'r(MPa) = 7.147× l0'f(¢)' '82f,(o)': 6  128 0.l 0.129 32

FWD Mr(MPa) = 3.57x 10'f(L)') 2'6f,(o) , 
128 61 0.74 0 194 33

Dense-graded stone
Frozen RPB M(MPa) = 82.27(wu/w,) 0 3 32 0.97 0.413 34

Thawed RPB .%fr(MPa) = 1.56C x0'f()" " f, ( 1)1 64 065 0.202 35

RPB M(MPa) = 7.17 x 10' f()-' I f 2 () 64 0 65 0.203 36

Sibley till
Frozen RPB Mr(MPa) = 1.01 x 10'(iw,)3' 0  108 0 87 0.71 37

Thawed RPB Mr(MPa) = 7.47, 10*f('-02 .29f , )" '9 118 063 )3938

RPB %M4(MPa) = 1.29x l'f(G) 118 0 54 0.313 39

NOTES.
RPB repeated-load plate-bearing apparatus 'aveform
FWD = falling-weight deflectometer waveform

n number of points j( i :( "o /(.) [(10 311,)

R = coefficient of determiration = I kPa . moisture ien'on ikt'a

V = resilient modulus . unfro7en ater Tcontent . I L

f load wave frequenct . iotal satcr conient ., . !. t1 v .- ', 1

stress rkPa) temperature i C i:,

29
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Table 5. Results of regression anal)ses, asphalt concrete and test soils from Albany Airport.

.Sid. Eq.
Material Load pulse Regression equation n R error no.

Taxiwav A
,sphalt concrete FWD +.Vr(MPa) = 1.84 10' exp[-3.80, 10 'T-9.14x 1O-'T-1  88 0.97 0.19 1

_ RPB . 1 %(MPa) = 1.01 , 10' exp[-6,50x 10 F-6.50x 10-'T11 93 0.98 0.24 2
Haersine Mr(IMPa) = 1.09 x 10' exp(-4. 7 5 x 10- T-7.81 x 10-4T:2YO u 280 0.97 0.22 3

Thawed base FWD- RPB ',M(MPa) = 1.10' 10.fV(O 11 4 ' ':(o 222 0.82 0.16 4
,'4\MPa) = 4.44 1 (0f{r,.)] ' 222 0.82 0.16 5

.A1,(MPa) = 3.68v lx'f(0)1] 5 f..) f(ad)3" 222 0.84 0.16 6
,,Mr(MPa) = 2.56. lO'[f( )] I ff(,)° f(d)21° 222 0.82 0.16 7

I rozen base +.,MPa) 1.89X 10 'Wu;W. 'I, u= 3xl0 1(- T)0 2 5, w, 0.075 78 0.78 0.66 8
rhawed subbase FAD RPB .lrMPa) = 2.07. 10"[-(;2)] 3f(o)°29 149 0.80 0.20 9

,r(MPa) 4.35 x lO'[f( 0 1 -2 2 J ()0 149 0.80 0.20 10

M (MPa) 1.39 10 1 [f(I() I-3 'A (,, f(,,)c°° 149 0.82 0.20 11
M.':r(MlPa) = 8,010U Of(.)1 2 f(,,)f(Sd~)-' ~149 0.82 0.19 12

Frozen subbase M1(NIPa) = 8.18 x l0,(wu,, ,,) "', w. = 3 x I0 (-T)
0 
2
, w, 0.055 53 0.70 0.84 13

Non-trozen FWkD RPB .%,(MPa) 1 34. 10'Lf(*)I I ")f,(a)u 3 262 0.80 O.80 14
,ubgrade 'YrlNPa) ' .73 10 I 'L'w)] 1 34 f ( ') k 262 0.78 0.17 15

T,axiIa B

thaed base FW[) RPB -'Ar(MPa) 5.55. 10IL0A)4" fz(a)o 2' 173 0.69 0.26 16
subbase %,r(MPa) = 9.67. 10'[f() 1-4 

sf(,,)36 173 0.73 0.24 17
Af(\tPa) = 4.28 x lOLf(0)] 'f.(I)"f(d) 173 0.71 0.25 18

J. Mr(MPa) = 1.56x 10.Vf(,')J n9f(o) 6 f( td)-2 173 0.74 0.23 19
Frozen base subbase f',rMPa) = i.OOx 10(w/,) w. = 3x IO(-T})22 wt = 0.05 92 0.96 0.42 20

. Thawed subgrade FWDRPB ',kr(MPa) = 8.76 x 10' [f(i,)]I 18 f,3(1)0 30 293 0.72 0.20 21
MMPa) = 3.36 - 10' f(i)l- 2 

15 f,(p)0 
34 293 0.68 0.21 22

V"4(MPa) = 3.80x 10,'V(8)-_ 1
6

f,(o)
2
5f(d)) 0 293 0.74 0.19 23

.ldr(MPa) = 1.35 x 1I0.()J]-2 
13f(0)0 3

4
f "ld) 

- 
30 293 0.70 0.20 24

Frozen subgrade .fr(MPa) = 2.66(wu/w,) - 0 °2f,(o)°'", wu = 3.14x IO-'(-T')-° ,'9 , 152 0.82 0.92 25
wt = 0.29

,,.r(MPa) = 2.59(wu/w,)- 85f,(o)° '9 , wu = 3.14 x IO-(-T)-O 19, 152 0.84 0.85 26
w, = 0.29

.V4,(MPa) = 3.31 x I0'(Wu/Wt)-°' f(o)uia, wu = 3.14 x 10-1(- 7")l29 , 152 0.82 0.92 27
Frozen subgrade Mr(MPa) = 2.661wu/Wt)' f.(o) ' I, w. = 3.14x IO-(-T) -°29 , 152 0.82 0.92 25

w, = 0.29
.,(MPai = 2.59(Wu=Wt)-°s5f(n) °9 , wu = 3.14x 1O'(-T')-° '9 ,  152 0.84 0.85 26

w, = 0.29
• f- r(MPa) = 3.31 x lO'(Wu/wt) 

0
'f,()

69 . w u = 3.14x 10-1(--)-0 9, 152 0.82 0.92 27
w, = 0.29

, Nonfrozen subgrade Mr(MPa) = 5.16x 10' Lf( )I-" f(o) 26  
278 0.81 0.15 28

,f"r(MPa) = 5.48x I0[f(i)] "2 
f1(o)

°
6 278 0.72 0.18 29

, Mr(MPa) = 2.49 x 10. 00 1 ()"()°6.f(") °' 278 0.82 0.14 30

'qNOTFS

RPH = repeated-load pl.,e-ncaring apparatus waveform
i D = falling-'eight detlectometer waveform

equations t.sed in analysis f.) = (Ot .36- . -o . = first stress invariant kPa)

r; number of points = moisture terlsion (kPa) = second stress invariant (kPat
% R oeficient ot determination .. , = I kPa -.1 octahedral shear 'tress (kPai

3 i. lent modulus =f , (J ",;) f1(') - ",

F . f t (J:, .) ',, = dry unit weight (Vlg m')

iermperature ( ( ) I -_), ,, , I M g m ,

I ( . = stress (kPa) w = unfrozen water content (decimal)

;, load .aetorm trequen,. M i l, I kPa w total water content (decimal)

3()
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Figure 32. Coefficient K, of the empirical models (eq 9 and 10) vs
mioisture tension for several soils from Taxiwav B, A lbany Airport.

Field verification dial distances from the load plate was moitorcd
Field in-situ data for the test sections from by means of velocity transducers.

which the samples had been obtained were needed The equipment described above was used at the
for two purposes. On the one hand it was desired Winchendon test sections on 22 occasions from

* to measure surface deflections under plate loads to October 1978 through April 1980. At Albany
compare with deflections calculated with the help County Airport the same equipment was ucd on
of the laboratory-derived expressions for resilient 12 occasions between November 1978 and June
modulus. This comparison could verify the validi- 1980. Between November 1982 and Mav 1983,
ty of the laboratory testing methods. Field data FWD tests were performed I I times at Albany
were also needed to document the seasonal varia- County Airport.
tion of temperature and moisture tension through- The vertical resilient displacements obtained
out a complete annual cycle. These variables sig- from the tests were plotted as deflection basins
nificantly affect the resilient modulus, and their (Fig. 33). The displacements at the Winchendon
definition is essential for a time-dependent evalua- test sections measured first in the autumn of 1978

% . tion of the resilient modulus, which laboratory (Fig. 5) decreased to small amounts in the second
testing alone cannot provide, series of tests, made in February 1979 Ahen the

test soils were frozen. The plots show the sharp in-
Deflection measurements crease in displacement after thawing started. The

For measuring load-induced deflections, two increase in surface deflection upon thawing was
types of in-situ tests were employed (Johnson et particularly great for the four test soils at Win-
al. 1982). The first was a repeated-load plate-bear- chendon containing the greatest fractions of fines
ing (RPB) test. The equipment is mounted in the (material passing the No. 200 sieve), the Ikalan-
center of a large, enclosed semi-trailer. In our tests ian, Graves and Hyannis sands and the Sibley till.
the ioad actuator applied pressures in the range Even in these soils a substantial decrease in deflec-
from about 200 to 600 kPa through a 304-mm-di- tion (recovery) was observed within 10-20 dayw
ameter plate. The pulse duration was about I s after thawing started. In the Hart Brothers sand
and the cycle time was about 3 s. Pavement deflec- and the dense-graded stone the increased dellec-
tion was monitored at radial distances by means of tion upon thawing did not differ greatl\ from the
LVDTs mounted on a reference beam. autumn (recovered) deflection. The tomparai'.e

The second type of in-situ test equipment was response of the six soils to tha-Aing is illustrated Ill
, the falling-weight deflectometer (FWD). With this Figure 34.
N device a 28-ms pulsed load skas applied to a 300-m- Similar plots for the pasement at \lban\

diameter plate resting on the pavement surface. (otnty Airport also sho\% the ,harp incrca,.c I
This loqd putie simulat:Ji a truck wheel mo,, g at displacement after tha\%ing starts (Ii'. 12) V
moderate .peed. The strc, imposed ranged from Tasi~kas *N. howkc cr, the drpacerlcnlt hw'ec

,.' 200 to I ,0 kPa. Ihe pa',ement deflection at ra- tha\og i,,,as not much higher than that t e0ouic.'d
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f ikure 33. Deflection basins measured in 1980 FH'D test,
Hart Brothers sand test section.
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the pre,,ious November, and it tended to increase Another important parameter that the cr
on the dates .succeeding the tha,% , probably reflect- must select for each [a"er is the coet ficient of Lit-
ing a stronger dependence on the temperature of eral earth pressure at rest Av,, shi :h is used int cal-
the thick asphalt concrete pavement than on the clating !he stresse, gcncrated h\ the \%eights (it
condition of the base or subbase. the lasers oerl\itg the point for \shich the calCU-

lations are being nade, Values chosen for A at
-A . lnalyt'ical approach the Winchendon test sections were 1.5 for the as-

The objective in analyzing the plate-bearing phalt concrete and suberade and 1.0 for the test
tests was to calculate the deflection basin resulting soils. For the anal\ ,is of deflection, at Iaisws A
from the application of a known load, using for and B, to preclude itntabilit, of the stnvs., tine- -
each layer the linear or nonlinear resilient modulus tion, \Ae ch ,c A %.ahie,, of 1 .0 for the aphal: con-
and Poisson's ratio determined in advance by lab- crete and subgrade and .- for th.. ha,e and sub-
oratory tests. Comparison of the calculated de- base
tlection basins with the basins actually observed in
field tests permitted laboratory test procedures to Calculated dellections cm mpared
be validated. The computer program for analyzing wirh measurement.s
nonlinear elastic layered systems (NELAPAV) For the deflection calculations the tCtperatures
chosen for the calculation of deflections was de- and moisture tensions prevailing in the pa emcnts
%eloped by Irwin (Irwin and Johnson 1981) as a at the time of each test, together ,with the plate
modification of the CHEVRON code. pressures measured for each test, were taken as ,
NELAPAV incorporates five basic models of given values, and the stress-dependenc\ model ap-

resilient-modulus stress dependency. Any one of propriate to each layer was selected. NELAPAV _
these models could be selected for any pavement calculated stresses, strains, displacements and
layer. The models include stress-compatible moduli throughout the systen,

The comparisons beteen the calculated ar-
Type 1: , = constant measured deflections at Winchendon for the high-

est plate loading are summarized in Figure 35 for
Type 2: M, = A jA three of the test sections; the comparison is sitnilar

for the other test sections ard for the lower loads
Type 3: M\r = K: -(K!-,d)K,, "d < K: (Johnson et al. 1986a). Several general trends are

apparent in these plots. The maximum deflections
.Ir K: +t ((d-A)K, (Id > K, at the basin's center, calculated by NELAPAV,

tend to agree well with the maximum surface de-
Type 4: .tr K(J: /7rot) flections measured in both the RPB and FWD

tests, but they did not agree as well at the Outer

Type 5: Ir K,(,Cot) K radii. The agreement is somewhat better for FVD
tests (1980 data) than for RPB tests (1978-1979

,Ahere K,, K., K, and K, are regression constants. data). Perhaps the most significant observation is
In anal~zing the six Winchendon test sections, we
used the type I model for the asphalt concrete,
types 1, 4 and 5 for the frozen test soils, and types Table 6. Values of Poisson's ratio used in analysis.
2 and 4 for the thawed and recovered test soils and
the natural subgrade test soil. As the analyses pro- .........-....----

ceeded, the type 4 model became preferred over Asphalt concrete T • 2 n CD
-2 7 0 t 135the type 2 model for thawed soils. In analyzing the I T S o 40

deflection on Taxiways A and B, the type I model A . .1 6 6

was used for asphalt concrete and for frozen base, •
while the tpe 4 model was used in all other cases.

In addition to selecting a model for the resilient test sois
IFrozen}l q 11

modulus and inputting the applicable values for haoze1t hax~ed - 2 in,. 4i kI-' () 4' .

the regression constants, we selected appropriate 2 (, 4) . - li, 10 .4o

,.alues for the resilient Poisson's ratio from experi- , , , ,.,
ence wxith other material, and from published test
data (Table 6r Suhgiad.c

. 3 .%
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lture 37. Interpretation of seasonal variation in the resilient
"modulus oj six test soils directlv beneath asphalt pavement under

200- to 300-kPa plate pressure.

the rea~onabl\ good agreement ot the post-thaw ingly the procedures for the laboratory repeated-
basin, in general. The calculated and measured load triaxial tests, including testing at successive
deflection, differ more when the cross section in- levels of moisture tension to track the recovery
cluded laers of frozen soil. This problem can be process in thaw-weakened soils, are considered to
attributed in part to uncertainties in defining the be valid. Those procedures should be useful for
esact thickness of the frozen layers. structural evaluation and design of pavements af-

The comparisons between the calculated and fected by freezing and thawing.
measured deflections (FWD tests) for Taxiway A This investigation has demonstrated that the re-
t-t point point 15 are silient modulus depends strongly on the tempera-
,hmn in Ficure 36. Corresponding plots for the ture and moisture tension. These seasonally vary-

S,.- other test points of Taxiwav A are given by John- ing parameters can be evaluated by installing sen-
son et al. (!986b). Agreement is excellent. sors at various depths below a paved surface and

The calculated resilient moduli and other results collecting data over a complete annual cycle. Al-
trom the analysis of the test sections are summar- ternatively the frost-heave model of Guymon et al.
i,ed b\ Johnson et al. (1986a, b). The resilient (in prep.) can be used to predict both temperatures

moduli of the test soils calculated by NELAPAV and moisture tension as variables in time and
,hoA the expected seasonal 'ariatio~i: extremely space.
htgh %alues in the trozen condition, decreasing
dramaticall, upon thawking and increasing some- Summary of predictive approa, h
%khat during the late spring, summer and fall. An This research has defined and verified an ap-
interpretation of the variation in modulus ot the proach for evaluating the resilient modulus of
upper layer of each test soil under the lower of the granular subgrade and base course materials as a
tet load, is gisen in Figure 37 for the Winchendon variable in time and space. While the principal fo-
test ,ection,. Figures 38 and 39 show similar inter- cus of the work was seasonal variation, the space
proration, for the various layers in Taxiways A variable, represented by the position of a material

.4 and H at Alhany (ounty Airport. in the pavement profile, also proved to be signifi-
I he agreement ot the calculated deflections cant, not only because seasonal variation in tem-

ss ,i. th the deflect ion's measured inder FVD loading perature and moisture tension itself depends on
, trong csidence th, .equations for nonlinear depth, but because depth below the pavement sur-

rc,'.l1Iet mnodulus ('., ed from laboratory tri- face also is a determinant of stress, which in a
%isial to.'t reprcsert N did characterizations of the granular material strongly governs its resilient
* ttateria, in the lasercu ,&.ement system, Accord- modulus. Pavement design and evaluation are af-
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Figure 38. Seasonal variation in the resilient modulus of the base and subbase at radius 0. 0, Taxiwa /,
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Figure 39. Seasonal variation in the resilient modulus of the base, subbase and subgrade at radiu.s 0. 0, a.xi-

way B, test point T5, high load, 1979-80 and 1980-83.

fected principally by the variation in resilient mod- 0 Obtain undisturbed frozen samples from
ulus between early spring, when thawing first be- the site in late winter, or prepare compacted
gins, and late fall, when the materials freeze. Lab- specimens in the laboratory and freeze them
oratory testing, essential for predicting the resil- under controlled conditions similar to the
ient modulus throughout this period, should start natural environment.
with frozen samples. The following is a summary 0 Allow specimens to thaw within a triaxial
of the approach: test chamber, and perform repeated-load
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triaxial tests at various levels of confining Calculations were made with the one-dimen-
pressure and deviator stress equivalent to sional mathematical model to simulate the frost

the range of stresses expected within the heave and thaw consolidation at the field test sites.

pavement. Monitor axial and radial recov- The time-dependent temperatures and pore pres-

erable and permanent strain, as well as sures calculated for nodal points within the pave-

stress levels. ment substructure were used to determine unique

Successively desaturate the specimens layers within the freezing or thawing system and to

through a range of levels of moisture ten- select equations characterizing the resilient modu-

sion, conducting repeated-load tests at each lus of each layer. The appropriate equations for

level. Measure the moisture tension before resilient modulus were then input into the
each test. NELAPAV program along with temperatures and

- Through multiple linear regression tech- pore pressures (moisture tension), and the defor-
niques, develop equations for characteriz- mations and stresses at each point of interest were

ing the resilient modulus in terms of an ap- calculated. The test of the efficacy of the proce-
propriate stress function; moisture tension, dure required a comparison of the observed and

and possible dry density, should be included calculated frost heave, and the seasonal variation
as independent variables, of pavement deflection under repeated loading.

* Evaluate the seasonal variation of moisture

tension in the existing or planned pavement Method of evaluation
substructure. The evaluation can be made The procedure for calculating the frost heave
by implanting tensiometers beneath the ex- and pavement deflection was as follows. For a

* isting pavement, or a similar pavement near- particular test section, the appropriate boundary

by, and monitoring them throughout one conditions and material properties were input into

full year. Alternatively the frost heave the frost-heave model. Repeated simulations with
model can be used to predict the variation varying values of the correction factor E were con-
in moisture tension throughout the thawing ducted with the mathematical model until the cal-
and recovery period. culated frost-heave values agreed with the field

* The characterization of the seasonal varia- values. The frost depth and frost heave (or thaw

tion in the modulus is essentially complete depth and thaw settlement) and the temperature
with the development of the regression and pore-water pressure (or tension) were then

equations outlined above and the evalua- printed out on a daily basis. The soil profile for

tion of the moisture tension as a time- each day was divided into frozen and thawed

dependent variable. The resilient modulus zones. The thawed zone was further divided into

at a particular time and under particular layers according to moisture tension, and the fro-
traffic loading conditions can be evaluated zen zone was divided into layers according to tem-

numerically as part of the analysis of the perature. Because the moisture tension or temper-

pavement cross section. A suitable pave- ature varied within each layer, average values were

ment response model would be used to cal- calculated. Next, the appropriate expressions for

culate the stresses and the stress-compatible the temperature-dependent or moisture-stress-
* moduli, as well as other outputs such as dependent resilient modulus M r were selected for

strain and displacement. the frozen and thawed soil and the asphalt con-
crete from the array of equations given in Tables 4
and 5.

SIMUIATIN( FROST HEAVE ['he appropriate models of stress dependency
AND PAVEMENT I)EFILECTION contained within NELAPAV were selected, the re-

gression coefficients and other layer data were in-

The rnmthematical model for frost heave and put into the NELAPAV program for each layer,
thaA consolidation and the nonlinear layered elas- and the pavement deflection under a 260-kPa ap-

tic pasement response model NELAPAV, in con- plied stress was calculated for each day or time in-
cert with the results of laboratory resilient-modu- terval during which significant changes occurred

% lus tests, were used to simulate frost heave and within the pavement test section.
pavement deflection in the field. Comparison with
field observations provided the ultimate test of the Results and discussion
modeling and laboratory testing procedures. Figure 40 shows the results for the Graves sand
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tlernin and pasetierit dletlectioi uinder s\ heel s ariatons in the hisraulic conductis its caused bs
*loadin 110\ di11111cr aidsailtagC Oft this approac:h is spatial and temporal %ariatlons in soil properties.

that the final r~suli, make it possible to appls I hie mtodel \As,, tested h\, ruing comnputer tsil-

miodern p~as ernent -designI s sterIN including nIch- ulatioris of tile test sections at Winchiendlon, Nias-
anisic!, attals s's and a uruats-aaetp- saChUsents, anid at Nlban\ ( ounty Airport, News
pi Oach Ni ork I he calculated trost depths,, frost heaves

and tham, settlement,,s "ere compared wsith field
obser sat ions at the test sect ions.

St MM~ARN 011- lIl4lN(.S Itt general the results shoss that good results, can
be obtainied from the model for soils ranging from

tro%I-suseeptihilit~ inde\ tests sit!o relatise coarse -grained arid onl-\ margin-
-\ oni prehecnsis e res ess of thle esisi[ tifr(ost all\ frost susceptible soils. The model must be
~us e h lt ilde\ tests led to the select ion ot thle c:alibrated., howsev er, to achiev e such results,. T his

three flit ,t proti sinke methIods .. \f Aet further es al - is done hN adju1st ing thle \alue for hi draulic con-
t ion. des elopriertt of rtess met hods, testing and duct is itv in the freezing zone. We belies e that the

,'Ottipari~on ss ith field obsers at ionis, t sso met Itods model simulates, freezing processes adequately for
o!t diffterirng Ic .of omplexoN "sere found to he engineering purposes. Model outputs include frost
ii~cfu ii s indicator,, of' field performance. Thti heave at the pavement surface and subsurface
C orps of I nigineers frost design soil lastiton temperature and pore-"water-pressure distributions,
method. comprtsing %cr simiple test procedures. is Asith depth, all of which are direemls useful in the
useCt ul for separating non-frost-susceptible fronm pasement design process.

* ~ tfrost -LssCeptible soils, but it does not reliabls
dern it their degrees, of susceptibilit\ to frost Seasonal variation in resilient

hease nor Iit effectis.e for predicting the degree modulus of granular soils
ot thass sseakentng S,:Ceptibilitv. At a much hig- Thle objective of this phase ot the wsork ssas to

* er lesel ot :ornple'stN, a ne\&lN dev eloped freezing develop laboratory' methods for characterizing the
test cart be usod to determine the frost-heav6e sus- seasonal changes in the resilient modulus of gran-
,cepttiihts in the field, and the (BR value after ular soils throughout a complete annual cycle of
thassing is a stronlg indicator of' field thasw Aeaken- freezing, thawsing (and accompanying loss of sup-

*inc_ leading ito increased resilient defleetiotn Linder porting capacity) and reeoverN from the sweakened
aprplied loads condition. A laboratory testing method was devel-

oped for conducting repeated-load triaxial tests on
.oil column and dual gamma sisem a sample initially in the frozen state, continuing

N 5oil :olijmir arid dual gamma system wsere de- the load repetitions after the sample thawed, and
\,eloped for use as research instruments for obtain- resuming load repetitions again at successively in-
mrw data onl the changes in soil moisture content creased lesels of moisture tension obtained by pro-
anid derisitr that occur during freezing and thaw- gressis-e dlesaturation of the sample.
tIng I he results fromn test,, ott soils from Winchen- Tests using this method were completed on I I
'lolr attd Other lte, "sere used for improving and soils from paved areas at test sites at Winchendon.
%dlidat inv thle frost-hease model. The devices also Massachusetts, and Albany County Airport, New
tride it possithle to conduct tsso special tests used York. By means of multiple regression analysis of

Vs.t %ahkiate tihe thass -settlement algorithm of' the the test results, the resilient modulus of each soil
ImOt hease' mnodel. sas expressed in terms of the governing param-

eters. The main parameter for soils in the frozen
M1athematical model of frost heave saeis temperature, while the resilient modulus of
and thaw~ settlement soils in the thawed and recovering states depends

.\ t dcl des eloped tinder ant earlier cooperative mainly on the applied stress and the moisture ten-
* .e> h proie~ t ss as imipros ed, refined arid es- sion.
*~~ he etc fc etnertitrits "sere Introduced as sen fi- The validits' of' the method was tested by using

aition ss ork pi eresscd, t he\, included accurate the expressions for resilient modulus to calculate
1111111,101 or o pt ne pressures,, tetnlperar tires anid resilient deflections tinder plate loads at the two
tro tea \lor esteristons to the model tnclud- test sites and then rneastiring the actuial deflections

%s Cd0Cie ddTIl ititt a t ha\As settlement algorithml produced h\ at fallirtg-ss eight delleetometer or in
tn. .1 bblit omrponrent that accounted fir some cases, b a repeated-load platc,: bearing de-

%1



'.ice. Agreement %%a,, good beto.eel tile calculated * frolen cres

and measured deflections. Accordingl%, it is con- _ baq sample,,

cluded that the laborator. test method, supple-
mented bx soil -molsttUre-tension1 and tempei.rtu1re A

data obtained from field measurenments or predict- Laborato
ed b \ the tlrost-hea e model, can pro ide esalua- -

tion,, ot seasonal .ariations of the resilient modu- .]
lus ot granular soils and base courses. []artcle SZe ditrinut'on CORPS CF EN&NEERS

, Atterberg Imis. FROST DESIGN SOIL

L solI classication CLASSIFICATON SYSTEM

IMPIEMENIATION OF '
RESEARCH FININCS SuCpbl af

[ ~rrj grout, 'UrnOe "

Insestigations in the principal study areas have
produced results that can be advantageously used
in designing and evaluating pascments in frost I p ,Jset - ",,

areas. The examination of frost-susceptibility in- -fsr ,,, ,',

dc, tests (Chamberlain, in prep. a) identified the
Corp,, of Engineers frost design soil classification Ftlurt, 41. Imtnlementarlon ol the (Urps ol ta
sstem and a new laboratory freeze-thaw test as Oineers lost design soil clussificutontt .s/Utt
two levels of testing that should be put in practice.
The trost-heave model can be implemented benefi-
cially in any system for pavement design or evalu- LABORATORY Bag sanplo, -

ation. And finally, the laboratory repeated-load FREEZE-THAW TEST L rim held .
triaxial test on thawed and recovering soil can not
only be implemented in mechanistic design or
evaluation systems, but when used with either the Heave Thaw
frost-heave model or with in-situ measurements of rateL CBR

values of moisture tension, it can be implemented
in systems employing a cumulative damage ap- Degree o f Oegree of

proach. The scope and extent of the implementa- frost heave thaw weakening
susceptibility susceptibility

tion of each of the research findings, and its po- se it.T...-. ..
tential impact on pavement design and evaluation,
depend on the type of system that is in use for ----.-. as n

pavement analysis. Implement as indicator of loss in
I roughness indicator pavement support

in any design system I capacity in empirtca
Corps of Engineers frost design I I design systems I

soil classification system
This frost-susceptibility classification system Figure 42. Implementation of the new freeze test.

(Table I), based on simple classification tests,
leads to the assignment of a frost group number to
each soil. Its implementation (Fig. 41) is limited to design or evaluation system. The classification of
those pavement design or evaluation systems that susceptibility to thaw weakening can be used as an
are based on the frost group number. indicator of seasonal (spring) loss of support as

part of any empirical design or evaluation system.
New laboratory freeze-thaw test In developing a pavement design these indicators

This improved freezing test incorporates a CBR would be used as adjustments to design thickness-

test on the thawed specimen. Outputs (Fig. 42) are es determined by other types of analyses.
heave rate from the freezing phase, and CBR in
the thawed state; scales of susceptibility tn frost Frost-heave model
heave and to thaw weakening may be derived from The frost-heavc model provides for the first

these outputs (Table 3). Frost-heave susceptibility time an ability to calculate with reasonable confi-

can be applied effectively, as an indication of po- dence the magnitude of the heave that can be ex-
tential roughness. to any mechanistic or empirical pected in a given pavement cross section under

41
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* .celd samples

° bag samples

I {Field measurements
Laboratory tests or

and tables design factors

Hydraulic conlductivity
moisture retention. FROST-HEAVE Air temperature cycle,

dry density, etc. _J,*OE and water table depth

Frost heave Frost penetration
vs time vs time

-Implement as j I Implement as I
roughness indicator I I design frost depth I

I in any design I I in any design system I
I-system I I

L ." J _... -J

[ture 43. Implementation of the frost-heave model.

prescribed climatic, geotechnical and hydraulic mented directly in any mechanistic design or eval-
conditions. Since the outputs of depth of frost and uation system that employs a multilayered or
magnitude of heaxe (Fig. 43) are referenced to a finite-element simulation model formulated to
particular point on the pavement where conditions analyze nonlinear materials.
are knoun, the model does not predict pavement
roughness. Heave at a point can be used as an in-
dicator of potential roughness, however, and can
be implemented as an adjunct to any pavement de-
sign or evaluation s stem. For example, the calcu-
lated frost heave might serve as a basis for adjust-

~ .ing a trial design thickness if necessary to reduce REPETED LOAD
the expected winter pavement roughness. The sec- RFd spls iAXIAL

Fiel sam lesTEST
ond principal output from the model, the predict- ' frozen core

ed depth of frost beneath a pavement having a cer- I bag samples

tain trial cross section, can be used as direct input Resitemodulustam iput s temperature.
sail stress, andfor those design systems in which the total thick- Laboratory test teson

}t%!1 .I i,, nfrozen wa" ;: content moistureteso

.. ness of the pavement section depends on the depth
of frost. It can also be used as an adjunct to any

Unfrozen water content Multiple i:neardesign svstem. U s temperature rersson
anail is

Repeated-load triaxial test
on frozen and thawed soil Emp rca

The repeated-load triaxial test on frozen and ecuatons

thawed specimens provides a means of evaluating
the resilient modulus of subgrade and base soils at Frozen state h _awed stat.,

various stages during the freeze-thaw-recovery -

cycle. The regression equations for soil in the T-
thassed state (Fig. 44) are of the greatest interest, r implem-ent i

' I mechanishtic

as in many cases they represent the condition hay- I desgns __

ing the lowest resilient modulus and consequently
the greatest potential for pavement distress. The Figure 44. Implementation of the repeated-load tri-
expressions for resilient modulus can be imple- axial test for stress-strain-deflection analysis.
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1higure 45. Implementation of the seasonallv varying resilient
-nodulus for stress-.strain-deflectton analysis with a cumulatlve

damaze approach.

fEvaluation of seasonal variation ation of the moisture tension be monitored or pre-
of resilient modulus dicted. Figure 45 shows that repeated-load triaxial

It is unrealistic to base the design or evaluation tests can be used to measure the resilient modulhk-
of a pavement on only the lowest resilient modulus as a function of temperature, soil stress and moi,,-
value reached during the year (usually during ture tension. The frost-heae model and its associ
thavwing). and there is no reasonable basis for se- ated tha% -settlement model are used to predict the
lecting any other single value to serve as an annual key parameters of temperature and moisture ten
average representative of all the seasons. Rather, sion as variables in time and space. With this link
methods that include a cumulative damage ap- age the resilient modulus at various depth, is de
proach, currently coming into greater use, offer fined as a continuous function of time, facilitatig
the advantage of more rigorously assessing the ef- the application of mechanistic analyses tor pase

fect of the complete annual cycle of freezing, ment design and evaluation using a cuniulatisc
thawing and recovery. Application of these meth- damage approach.
ods requires that the resilient modulus be ex-
pressed as a function of time, so that the pavement
performance can be analyzed by dividing the year LITERATIURE CITED

S,..into discrete intervals dt.ring which the modulus
may be assumed to be constant. The evaluation of Berg, R.I., G.I. (;uymon and I.(. .ohnson
seasonal variations of the resilient modulus re- (1980a) Mathematical model to cotrelate frost
quires that the modulus be characterized in terms heave of pavements with laborator, predictions.
of the moisture tension and that the seasonal vari- USA Cold Regions Research and lnginccring

43

V V %



-. I a hoi!.t 5. ( RI-I Rcport SO- I, 49 pp esaluation. Part 3: L.ooratory tests on soils from
Berg, .! .. J. Ingersoll and (.! . (,uimon (l1O9h) AlbanN (ounlt, Airport. LISA Cold Regions Re-
I. , ' hc.c Ili an in,,ruine;ted sol column. ( )l ,earch and I ngineering Iaboratory, Hanover,
R , i,.,'N ard1' l thndovd v. 3(2 and 3): 211 N.H., (RREI Report. Also U.S. Department of
221 1 ransportation. Federal Aviation Administration
Berg. RA . and I.%. Johnson 11983) Rex ised pro- Report )OT I AA, PM-84, 16,3.

* - . c durc !or par incnt design Under ,caonal frost (ole, I).M., 1..t. Irwin and T.C. Johnson (1981)
-. , ,orinoii,. L .\ Cold Region,, Research and In - [-ect of freezing and tha, ing on resilient modu-

gm:emg I ahorator\., Special Report 83-2", 129 ILns of a granular soil exhibiting non-linear behav-
pp ior. Transportation Research Board, Transporta-
( hamerlain, E.J. (1981a) [rost suceptibiit. of tion Research Record No. 809, pp. 19-26.
,ol: Res ie of index tests. USA Cold Regions Re- IDiMillio, A.F. and ).G. Fohs (1980) The frost ac-
,ear,, and lnginecring [.aborator., ('RREI Mlon- tion problem--An overview of research to provide
Sogiaph SI 2, 121 pp. solutions. Puhhc Roads, 43(4): March.
(hamberlain, E.J. (1981b) Comparative evalua- (;ardner, W.R. (1958) Some steady-state solutions
tii o It r,t ,u,,ceptibility tests. Transportation of the unsaturated moisture flow equation with
Rca,.Ch Board, rdansportation Research Record application to evaporation from a water table.
")9. pp 42 52. Soil Science, 85: 223-232.
( hainerlain. E.J. (in Prep. a) Evaluation of se- Greatorex, A.R., W.N. Tobiasson and R.L. Berg
Iccted frost susceptibility test methods. L"A Cold (In Prep.) Design, fabrication and operation of a
Rci'.n, Re,,earch and Engineering Laboratory, dual gamma system. USA Cold Regions Research
(RRII Repoit. and Engineering Laboratory, Hanover, N.H.,
(hamherlain. FI-.J. (In Prep. b) A freeze-thaw test CRREL Report.
to deterrnuc the trost ,usceptibility of soils. USA Guymon, G.L., T.V. Hromadka 11 and R.L. Berg

old Region, Research and Engineering Labora- (1980) A one-dimensional frost heave model based
iors, "pcal Report. Also U.S. Department of upon simulation of simultaneous heat and water
I ra ,Pnr'ation, ederal Aviation Administration flux. Cold Regions Science and Technology, 3(2
k p rl 1) (11 .\ A 1\-85 20. and 3): 253-263.

(hamherlain, F... and I).M. (arbee (1981) The Guymon, G.L., R.L. Berg, T.C. Johnson and
< RkI I trot hease tcst lrost i Jord, (22): 55-62. T.V. Hromadka 11 (1981a) Results from a mathe-

( hamherlain, V.J., P.N. (,askin, D. Esch and matical model of frost heave. Transportation Re-
R.I . Berg (t1984) sur ex of methods for classify- search Board, Transportation Research Record
1,2 ! il ,ptihilit, In t-rost A.tction and Its 809, pp. 2-6.

\mcrican Society of Civil Engineers, Guymon, G.L., M.E. Harr, R.L. Berg, and T.V.
I .t!l '. c 'uncil on Cold Regions Engineering Hromadka 1i (1981b) Probabilistic-deterministic
\lo ,' ,ph, pp. 105 142. analysis of one-dimensional ice segregation in a

( le. I)%1. 9S4) \lodcline the resilient behavior freezing soil column. Cold Regions Science and
f l,,cri ,oil u-,tng utifroien water content. In Technology, 5: 127-140.

, ,t it, [hrd Internat'onal Specialty Guymon, G.L., R.L. Berg, T.C. Johnson and
,M ,'c.',,' '0m ( ad Reions I:nlineering, April T.V. Hromadka 11 (In Prep.) Mathematical model

4 ".I u',,,t",litrta, pp. 823-834.. of frost heave and thaw settlement in pavements.
N).!.. Bentley, (;. I)urell and I.C..USA Cold Regions Research and Engineering

,on 9-I Resilient modulus of freeze-thaw af- laboratory, Hanover, N.H., CRREL Report.
'.cld "'-anior soi!s for pavement design and Also U.S. Department of Transportation, Federal

1. .n Part I I ahoratorN tests on soils from Aviation Administration Report )OT/FAA/PM-
\ . vh:uo . \la,,-,achusett,,, test sections. USA 86/27.

ReV-': Re,.earch and Engineering labora- Hromadka, T.V, 11, G.L. (uymon and R.L. Berg
% }lanacr. N.. (RRtI Report 86-4. Also (1981) Some approaches to modeling phase
I ., t)cpa.rluen! ot Fransportation, Federal Avi- change in freezing soils. Cold Regions Science and
own \rII in1,ta1 on Report 1)O-F i:AA PM -84/ Technologv, 4: 137-145.
I , I tHromadka, -r.v. i, G.i.. (uymon and R.L. Berg
( Dlt. lM.. 1. |entleN, (. IDurell and T.(. John- (1982) Sensitivity of a frost heave model to numer-
san (In Prep ) Resilient modulh, of Irece-thaw ical method. Cold Regions Science and Technol-
i ! I,!' er;aumlar soils for paecent design and ogJ, 6:1 - 10.

44

%00

P&d\? -a. *!- !j **. i



Iri~in. 1.11. and I .(. JIohnson 1981 1 i ost port Io MI \ I~ Wp l tairrcril ot I rariprla-
affec:ted resilient Ilodirli Cs alrated wilth tihc aid ot Itori1, 1 edu a! -V r1101 AdTTrr irr~ ilioii Rcpofr
non1destyructise clx masured 110as1CI ',Lien UTac de I JI \\ \l-4 16(.2
flct ions . Paper preented to 1 raursportarion Re Jo~hflson. I .A ., A. ( rune. M. I rick'on and I). M
searTch Board tsk I orceo Oi tdesrrTfirir I sL J ( 01Vt; )l)SOhj R'il)CI~rt TrdHilirs 01 lhc/C Ir Jt 0

L1an6on of \rfield Pa mri.tcled cfaiiillai soilor ra\ iTlCTIt Jc'rcnII id c\,l

Jame, I .- "&. ( 19"8) H-ear and miassN translei it) latin Panl 4. 1 eld salidatroir te~ts a! \larr
- treeuirre! untsatutrated soil. Ph.01. li'errarr1onl I Mr (UW ounts I A (pr '-,A ( old Regio0n' Research arid

-. erir\ orSsatchewan. Saskaroori. ( anada cnp ntriv I ahotar . k I Ii Report Sin- J
Jobnson. I.., 11.1. Berg, K.IL. ( are-, and C.~. Atsr I lepauimirni of I Tariportatioil. I cdcTiIl

Kaplar (1975) Roadwas design in seasonal fr ost \sa&:Alruittto eport D( ) i I \. AP\1
- - areas,. L SA Cold Recions, Research and I iieiner-i 1.4

ine I aro rator\, Panos er, N.HI-.. Tec:hnic:al Re- Kaplar. W J19-I 4) ) reez1I C Tet' or e0 allr'

port 259. .*\lo Transportation Research Board T claisIT 11s!, s niscept~iilii of s arm isu soil' L )A

-, Ny nihesis, of' Hiighs ax- Practice No. 26. Cold Regions Research and fitiIneeriig I aho a -
Johnson, TA~., I).m. Ciole and [.H. 1mmi ( 1982) tory, Ilatrr r N41.,- [echnica l Repiort 250. 40
Characterization of freeze- thaw% affe ced granular pp.
soils for pas ement evaluation. In Proceedlings, 51h Lanmhe, F. and R.% . Il himan (1IY'9) Sori
Internarional Con/P lrence on Structural IDesignr of' fc/auiu s, S1 I &nioi New, Var k Jorhin Vn Ile'.

AI spiro/i I.4'enn~ in-sterdlair. Vol. 1, pp. 805- Sons.
Ml Norgenstern, N.H. and .I.F. NiXon ( l971 )11(:_

Johnson, L.. 1). Bentley and D.M. Cole (1986a) dimensional consolidation of thaw itw soils. f ama-
Resilient modulus Of freeze-thawA affected granu- than Geowr/rnwa/l Journal, 8: 558- 565.
lar soils for pavement design and evaluation. Parr Ta% lor. G.S. and i.N. Luthin ( 1978) A miodel for

*2: Field salidarion tests at Winchendlon, Massa- Coupled hear arid mnoisture :ranisfer during soil
-- chrisets, tes;t sections. USA Cold Regions Re- f reezi ng. Canadian Ch'oteernwca/ Jouirnal, 15: 548

- earch and Enigineering Laboratory. CRREL Re- 5 55.

-45



A facsimile catalog card in Library of Congress MARC
format is reproduced below.

Johnson, T.C.
Frost action predictive techniques for roads and

airfields: A comprehensive survey of research findings/
by T.C. Johnson, R.L. Berg, E.J. Chamberlain and D.M.
Cole. Hanover, N.H.: Cold Regions Research and En-
gineering Laboratory; Springfield, Va.: available from
National Technical Information Service, 1986.

v, 52 p., illus.; 28 cm. (CRREL Report 86-18.)
Bibliography: p. 43.
1. Airfields. 2. Freezing-thawing. 3. Frost action.

4. Frost heave. 5. Frost-heave models. 6. Frost-
susceptibility tests. 7. Frozen soil. 8. Pavement de-
sign. 9. Resilient modulus. 10. Roads. 11. Thaw
weakening. I. Berg, R.L. II. Chamberlain, E.J.

Ill. Cole, D.M. IV. United States. Army. Corps of
Engineers. V. Cold Regions Research and Engin-
eering Laboratory, Hanover, N.H. VI. Series:
CRREL Report 86-18.

0

.p.

-o



* -. - *mammals

91000

Sd


