? /- HIGHWAY RESEARCH BOARD,
| Bulletin 111

el Factors Related to

’ - @ (]

iy Frost Aetion in Soils

% ACABEMY gf
& LIBRARY %,
2 JUL 2 619556
'/ N
0L peseancy 000

National Academy of Scsemes..

National Resed Council




HIGHWAY RESEARCH BOARD

Officers and Members of the Executive Committee

1955
OFFICERS
G. DoNALD KENNEDY, Chairman K. B. Woobs, Vice Chairman
FRED BURGGRAF, Director ELMER M. WARD, A4ssistant Director

Executive Committee
C. D. Curtiss, Commissioner, Bureau of Public Roads

A. E. JOHNSON, Executive Secretary, American Association of State Highway
Officials

Louls JORDAN, Executive Secretary, Division of Engineering and Industrial
Research, National Research Council

R. H. BALDOCK, State Highway Engineer, Oregon State Highway Commission
PYKE JOHNSON, Consultant, Automotive Safety Foundation
G. DoNaLD KENNEDY, President, Portland Cement Association

O. L. K1pp, Assistant Commissioner and Chief Engineer, Minnesota Department
of Highways

BURTON W. MARSH, Director, Safety and Traffic Engineering Department, Ameri-
can Automobile Association

C. H. SCHOLER, Head, Applied Mechanics Department, Kansas State College
REx M. WHITTON, Chief Engineer, Missouri State Highway Department

K. B. Woobs, Director, Joint Highway Research Project, Purdue University

Editorial Staff

FRED BURGGRAF ELMER M. WARD WALTER J. MILLER
2101 Constitution Avenue Washington 25, D. C.

The opinions and conclusions expressed in this publication are those of the authors
and not necessarily those of the Highway Resecarch Board.



V_.

HIGHWAY RESEARCH BOARD /-

Bulletin 111

 Factors Related to

Frost Action in Soils

PRESENTED AT THE
Thirty-Fourth Annual Meeting

January 11-14, 1955

1955
Washington, D. C.



Department of Soils

Frank R. Olmstead, Chairman;
Chief, Soils Section, Bureau of Public Roads

COMMITTEE ON FROST HEAVE AND FROST ACTION IN SOIL

George W. McAlpin, Jr., Chairman
Director, Bureau of Soil Mechanics
New York State Department of Public Works |

Charles W. Allen, Research Engineer, Ohio Department of Highways (
Earl F. Bennett, Tar Products Division, Koppers Company, Pittsburgh, Pennsylv

C. B. Crawford, Soil Mechanics Section, Division of Building Research, National F
search Council, Ottawa

Ellis Danner, Professor of Highway Engineering, University of Illinois i
Dr. Hamilton Gray, Professor of Civil Engineering, University of Maine }
L. E. Gregg, Assistant Director of Research, Highway Materials Laboratory, Lex

ington, Kentucky ‘

Frank B. Hennion, Office, Chief of Engineers, Department of the Army, Washingtj
25, D. C.

Dr. Miles S. Kersten, University of Minnesota |

O. L. Lund, Assistant Materials Engineer, Nebraska Department of Roads and J
Irrigation 1

A. E. Matthews, Engineer of Soils, Testing and Research Division, Michigan State,
Highway Department

P. L. Melville, Office, Chief of Engineers, Department of the Army, Washington 2
D. C.

Lloyd H. Morgan, Supervising Highway Engineer, Washington Department of Highw.

Paul Otis, Materials and Research Engineer, New Hampshire Department of Pubhc}
Works and Highways

Andrew W. Potter, Materials Engineer, South Dakota Highway Commission

James R. Schuyler, Assistant District Engineer, Soils, Soils and Subdrainage Secti
New Jersey State Highway Department

H. R. Smith, Manager, Calcium Chloride Section, Solvay Process Division, Allied
| Chemical and Dye Corporation, New York

J. H. Swanberg, Engineer of Materials and Research, Minnesota Department of
Highways

John Walter, Chief Engineer of Construction, Department of Highways, Toronto

K. B. Woods, Director, Joint Highway Research Project, Purdue University

iv



Contents
SUBGRADE MOISTURE CONDITIONS UNDER AN EXPERIMENTAL
PAVEMENT
John W. Guinnee and Charles E. Thomas- - -=----=-------~---
Appendix A: Notes on Materials & Construction --------
Appendix B: Topography Maps and Notes - ------------

Appendix C: Subgrade Log of Experimental Section and Chart
of Subgrade Moisture and Density Tests - ---=-~-~-=-----

Appendix D: Validating Tests~-------=-=-=--=-=--------

FROST PENETRATION UNDER BITUMINOUS PAVEMENTS
Miles S. Kersten and Rodney W. Johnson - - - - -==-=--cc-c-cw--

CLIMATE IN RELATION TO FROST ACTION
Carl B. Crawford and Donald W. Boyd-----=-=-=-ceo-c-cuc-o--

THEORETICAL BASIS FOR FROST-ACTION RESEARCH
A. R. Jumikis - - ~-----cwcmmcmemmm e e mm e e - -

DRAINAGE INDEX IN CORRELATION OF AGRICULTURAL SOILS
WITH FROST ACTION AND PAVEMENT PERFORMANCE

Wilbur M. Haas ----------- - - s - mmm e e e e mm oo - -

PLATE-BEARING STUDY OF LOSS OF PAVEMENT SUPPORTING
CAPACITY DUE TO FROST

William C. Sayman------====-=-=-=--=cc----o---co----

FROST AND PERMAFROST DEFINITIONS

Frank Hennion - ---==-------c---ccc-vomnmcmvemm o

20
22

30
35

37

63

76

85

99



r

Subgrade Moisture Conditions Under an
Experimental Pavement

JOHN W. GUINNEE, Senior Engineer
CHARLES E. THOMAS, Materials Engineer
Division of Materials, Missouri Highway Department

THIS paper deals with one phase of a program to obtain moisture histories of
subgrades and specifically covers the first step of this phase which investigates
the subgrade condition under an experimental pavement of portland-cement con-
crete. This step has two purposes: (1) to attempt to evaluate the effects of de-
sign variables on subgrade moisture histories and (2) subsequently to aid in the
evaluation of the design variations as they affect the pavement performance.
This first report encompasses only that part of the complete investigation which
deals with the results obtained from the measurement of subgrade moisture con-
tent by means of electrical resistance moisture cells.

The experimental pavement includes variables of (1) coarse aggregate (lime-
stone or chert gravel); (2) base treatment (rolled stone, dense design, or sand
gravel, open design, or no base); and (3) subgrade treatment (oiled earth treat-
ment or plain earth, no treatment). These variables™were combined into 12
comparable sections. These sections vary from 0.2 mile to 0.6 mile in length
with the total experimental project approximately 5 miles long.

The moisture cells, installations, instrumentations, and calibration proce-
dures are described. Construction notes and validating field moisture checks
are included in the appendixes along with topography notes and the log of the sub-
grade soil horizons.

Data obtained from 96 moisture cells have been averaged 1n various combina-
tions to compare the effect of differences m cell location with respect to pave-
ment cover, since the cover changes the degree of exposure to the possible
means moisture entrance from above. These data have also been arranged to
show differences caused by the variations in construction features and to show
the variations in moisture content among the 12 comparable sections. The ef-
fects of the oiled-earth subgrade treatment are of especial interest, along with
the commentary concerning possible undesirable results of poor construction of
the oiled-earth treatment. The influence of drouth on subgrade-moisture condi-
tions is apparent, and possible reasons for the variations 1n the effects of this
influence are discussed. This report is in the nature of a progress report and
therefore does not attempt to present final conclusions.

@ THE purpose of this investigation is to obtain information concerning the subgrade
moisture content and its change, or movement, with time under some typical sections
of portland-cement-concrete pavement with construction variables of pavement, base,
or subgrade.

The mformation 1s to be used as a supplement to condition surveys in an attempt to
evaluate the performance of the design variables in the experimental sections. It will
also be used as pilot information to determine the advisability and practicability of ex-
panded studies to include other types of pavement structures and the variety of soil
types normally encountered in Missouri subgrades.

The ultimate need for this information is to aid in the development of rational design
methods for: pavement thickness, base, subgrade, and drainage construction.

LOCATION

As shown in Figure 1, the project is located in Warren and St. Charles counties on
US 40. It stretches from approximately 1.6 miles west of the county line at Foristell to
3.4 miles east. It ends approximately 44 miles west of St. Louis. This area 1s in the
gently rolling hills north of the Missouri River.

1



PROJECT DESCRIPTION

This project was so designed as to involve variables of pavement, base, and sub-
grade. The variable of pavement design was confined to differences mn the coarse ag-
gregate, half of the project using a limestone aggregate and the other half using a chert-
gravel aggregate. The St. Louis formation limestone came from the St. Charles Quarr'
located near St. Charles, the chert gravel came from the Meramec River near Pacific,
and the sand for both mixes came from the Mississippi River at St. Louis.

'''''''''''

Project:
F-477(2)
3.49miles

Washington S g |

FRANKLIN

unga=y 50§

Figure 1. Location of experimental project. |

The base variable consists of three types: rolled stone (dense design), sand gravel |
(permeable design), and no base. The rolled stone base material was from the Burling-
ton formation from a quarry two miles east of Foristell and the sand gravel came from
Peruque Creek approximately 1,000 feet upstream from the quarry. ‘

The subgrade variable consists of two types: an oiled-earth treatment and plain ]
earth (no treatment). The oil used was an SC-2 with a positive spot and was to be ap- |
plied at the rate of 1.0 gal. per sq. yd. in three applications.

The variables of pavement, base, and subgrade were combined so that 12 comparable!
sections were established which range from 0. 23 mile to 0. 67 mile in length. Table 1
shows the combination of variables and this combination is also shown schematically in 1
Figure 2. ‘

This experiment is located on the new west-bound lanes of a separated four-lane
highway, constructed utilizing parts of the old pavement for two of the lanes. It is 24 1
feet wide, having a uniform thickness of 8 inches and with a slope to the outside of %
inch to 1 foot. The expansion joints were %s inch by 8 inches of premoulded filler with l
%-by-16-inch smooth dowels, end capped and placed at 12-inch centers 4 inches deep |

|
4
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in the concrete. The expansion joints were placed at 40-foot intervals, and a 49-1b. 6-
by-12-inch wire fabric was used 2! inches below the pavement surface.

TABLE 1
COMPARABLE EXPERIMENTAL SECTIONS

SECTION AGGREGATE BASE TREATMENT SUBGRADE TREATMENT
1 Limestone Rolled Stone Base Oiled Earth
2 Chert " " " " "
3 Limestone " " " None
4 Chert " " " "
: 5 " Sand Gravel Base "
6 " " " " Oiled Earth
7 Limestone " " " " "
8 " " " " None
9 " No Base "
10 " oo Oiled Earth
11 Chert "o " "
12 " "o . None

The rough grading on these sections was completed in the fall of 1947. Paving
started on June 1, 1948, and was completed by August 7, 1948. Construction progress
was delayed due to rain; therefore, some difficulties were encountered in the proper
processing of this experiment. Notes concerning some of these difficulties with partic-
ular regard to the oiled sections are included in Appendix A.

Test Section No. I 2 3 4 &5 6 7 8 9 1[0 " 12

LengthinMiles 3 3 4 4 4 8 6 4 A4 4 B 2

Olled Earth Subgrade Oiled Earth Subgrade

l

{ AGGREGATE

' >

: Limestone Chert Gravel

i Figure 2. A 5-mile longitudinal section, showing construction
i variables.

The centerline cuts or fills vary generally up to 8 feet, although a few are up to 15
 feet. A more-complete description of the topography of each selected location where
" this part of the investigation was conducted, 1s included in Appendix B.

The soil encountered throughout the range of this project is the Putnam Silt Loam.



4
The results of laboratory tests of typical samples of the various horizons are shown in
Table 2.
TABLE 2
PUTNAM SILT LOAM CHARACTERISTICS

Horizon Al A2 B C
% Retained No. 40 1.5 9.7 0.8 0.3
% Retained No. 200 3.4 12.2 4.6 .0
% Sand 2.0 - 0.5 mm 7.5 16.5 6.8 3.2
% silt 66.1 57.6 44.2 52.9
% Clay 26.4 25.9 49.0 43.9
% Colloids 7.0 7.5 25.0 20.0
Liquid Limit 28.2 26. 4 61.2 46.2
Plastic Index 3.7 5.7 27.2 22.8
F. M. E. 26.8 23.3 44.6 29.9
Vol. Change at F.M.E. 7.3 3.5 63.2 28. 4
Opt. Moisture 17.2 17.2 29.5 21.0
Max Dry Density 106.17 109.8 87.5 98.9
Classification A4(8) A4(8) AT7-5(19) A7-6(14)

An attempt was made to locate these subgrade-moisture installations within subgrade
limits which would be of the C horizon soil. The fill locations were of mixed horizons,
due to grading operations; but nevertheless, the locations finally chosen were predom-
inately C horizon soil. Appendix C contains a subgrade log of the entire project dis-
tance and a chart showing the results of subgrade moisture and density tests which were
taken prior to paving operations.

INSTRUMENTATION

In an attempt to obtain a continuous record of subgrade-moisture conditions, mois-
ture cells were installed at selected locations. These moisture cells are of the two-
electrode, plaster-of-paris, electrical-resistance type as designed by Bouyoucos (}_).
The cells were manufactured according to specifications (1) by a Michigan Company 1
(2). -
~ They are rectangular cells, 2.4 by 1.3 by 0.5 inches with two internal electrodes
0.75 inch apart. The electrodes are the tinned ends of the No. 16 stranded, twin-lead
wire. The length of the lead wire varies with the placement of the cell. The cells are {
illustrated in Diagram C of Figure 3.

The resistance of these cells varies inversely as the free moisture available to the
cell. This available moisture maintains a certain relationship to the total moisture
present in the soil; therefore, the cell resistance 1s an inverse measurement of the
moisture content of the soil. The relationship between the free moisture and the total }
moisture content varies with the different soil types; therefore, it is necessary to cali-
brate the cell resistance against total moisture content for each soil encountered. |

l

One of the bridges used to measure the cell resistance was furnished by the same
Michigan Company as above. The bridge is described in great detail by Bouyoucos (3). -

Briefly, it is a Wheatstone bridge with an oscillator to overcome polarization. It has a |
series of capacitors with which to balance out the variable capacitance of field lead 1
arrangements and connections. The null or balanced resistance pont is determined by

the use of earphones and a rheostat ( log potentiometric). This bridge is rugged and |



portable, but difficulty has been experienced in obtaining readings with this earphone
type due to extraneous and overshadowing noises occasioned by traffic. On roads of

heavy traffic with many trucks this is, indeed,a problem.

The bridge finally selected for use under these conditions is an electric-eye type as
manufactured by a New Jersey Company (4). This bridge is a self-contained alterna-
ting-current bridge using the cathode-ray eye as the visual indicator of the null point.
Otherwise it has essentially the same arrangement as the bridge previously described.
Although it does not have quite the capacity as the first bridge, the need for such a
range has not become apparent in the field on this project. It was necessary to provide
an eye shield for the set to keep the sunlight from interfering with the reading.

20' >
7' —bl 3 -
L ‘& ]
3!
F Exp -<4——Down Grade
4—Traffic Y_ J'nt
Pavement_Center - - - L - _—

+ O

/)

dl

Figure 3. Installation details and cutaway view of a plaster cell.

Soil temperature is determined by a copper thermohm temperature soil, calibrated
at 70 F. with a range from 0 to 130 F.

CALIBRATION

In order that the percent moisture based on the dry weight of the soil might be ob-
tained, it is necessary that a calibration curve be drawn showing the relationship be-

tween cell resistance and actual percent moisture. Due to the fact that each soi1l type
has a characteristic water-retention curve and that two soils exerting the same water-
holding force will contain different percentages of total moisture, it is necessary to em-
ploy a calibration curve for each soil type to show the correct relationship.

The calibration procedure first tried was to place three cells 1n a gallon bucket filled
with soil of a predetermined moisture content. Several buckets for each soil were pre-



pared representing the range of moisture contents from almost complete dryness to
complete saturation is a slurry-type mixture. These buckets were stored 1 a room
having constant temperature and constant humidity for several days to insure equili-
brium conditions. Resistance readings were also taken on these cells from time to
time. When the cell had reached a constant-resistance reading, the readings were re-
corded and then the soil surrounding each cell was sampled for total moisture percent.
From these data a calibration curve, as shown in Figure 4, was drawn with resistance
on the log scale vertically and moisture on the normal scale horizontally.
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moisture content of 6 8 % n:o

|
Figure 4. Calibration curve for the plaster cells in Putnam silt
loam.

Later, following a more-recent Bouyoucos article (5) on fabric cells, a different |
procedure was tried: placing a cell in a pan slightly larger than the cell, then adding |
enough 501l to completely surround the cell and saturating it with an excess of water on
the surface. These cell-pan setups were then weighed and resistance readings taken as |
thev dried out. Knowing the total tare weight without water, the dry weight of soil used, |
and then subtracting to find the total weight of water used, the total percent water could
be figured to correspond with the resistance reading taken at that time. These later
readings were comparedwith the first and checked fairly well, although it is believed
that this method should not be used alone due to lag in the plaster cells.
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In the field, the first method was found to give the closest agreement with the actual
conditions, so the curve (Figure 4) thus obtained was used. Tables were drawn up from
this curve to provide a quick and consistent means of interpretation. The validating
test data for the installed cells are presented in Appendix D.

INSTALLATIONS

The cells were installed in specific relation to the transverse and longitudinal joints
at the selected locations. Four installation holes were dug, one at each of the following
positions; 3 feet from the transverse joint and 3 feet from the edge; 3 feet from the
transverse joint and 9 feet from the edge; 20 feet from the transverse joint and 3 feet
from the edge; and 20 feet from the transverse joint and 9 feet from the edge. Atall
locations the cells are located downgrade from the transverse joint. Figure 3 (A)
illustrated the mnstallation. The 96 cells were installed eight to a section downgrade
from the joint locations as shown in Table 3.

As shown in Figure 3 (B), the cells were placed at 4-inch and 9-inch depths n the
subgrade. They were placed in the sides of holes, Figure 3 (D), which had been dug to
obtain density tests at the 4-inch and 9-inch depths. A wedge of just slightly larger
dimensions than the cell was jacked into the side of the hole at the 9-inch depth. It was
then withdrawn and the cell placed in the resulting cavity. The cell was securely wedged

~ in and any excess space was tamped full with the soil that had been removed from that

hole. The lead wires were then carefully drawn tight and the hole filled, with the soil
which had been removed, to above the cell level.

The same procedure was then used in placing the 4-inch-depth cell and the hole was
backfilled with the original soil and tamped to as nearly its original condition as was
possible. Theleads were placed in a 2-inch trench in the subgrade and led to the edge
where they were buried in a 2-inch-diameter pipe 18 inches long just under the form
line, if the forms had not yet been set. If the forms were already down, the pipes were

~ buried so that they would extend part way under the slab when it was poured.

After the slab had been poured, the forms removed and some shoulder soil pulled
back against the slab to fill the space left by the forms, the pipes were set upright. The
pipes were dug out and the leads cleaned. The pipes were driven into the soil until the
top of the pipe was 2 inches below the top of the slab. Concrete was then poured around
the pipes sloping off from the top of the pipe and also bonding to and under the slab. A

- removable plug was screwed into the end of the pipe.

DATA

Soil-temperature data were obtained each time the cell resistances were measured
so that corrections could be made. Temperature correction must be made when the
soil temperature varies from the 70 F. calibration temperature. Correction curves
(Figure 5) taken from Bouyoucos were used. Temperature higher than 70 F. gives a
resistance lower than the 70 F. resistance, and temperature lower than the 70 F. gives
a resistance higher than the 70 F. resistance. Corrections are slight around 70 F. and
increase as the temperature 1s lowered. The correction for temperatures above 70 F.
levels off close to 90 F. and remains almost constant.

The nearest-weather station to this project is at Warrenton, Missouri, about 10 miles
from the center of the experimental section, which is approximately 5 miles long. The
rainfall data used are from this weather station. While perhaps not completely accurate
because of possible variations in rainfall over that length of project, these data repre-
sent the best available. The Weather Bureau of U.S. Department of Commerce, with
W. T. Zimmerman the observer, furnished the data. The rainfall data have been plot-
ted against days of the month and shown in relation to cell moisture variations and data
averages.

The cell-resistance readings were taken by one observer in the field at intervals of a
week to a month. During the first 2 years of this investigation, the readings were taken
at least once a week if at all possible; thereafter the interval was lengthened on occa-
sions, as it was not considerea too important to maintain the short interval. At the



start of the experiment the field observer merely recorded the resistance and tempera- |

ture readings and sent them to the main office, where the corrections for temperature

and the translation (from calibration curves) to percent moisture were computed. Later

100, \
__K [—— |
«w \
£ —
& Sy
10,
-
g u
s -
s ——— ]
® [
; — #—-
% I —
' +—1 ————
i
40 50 60 70 80 90

Temperature (F°)

Exomple Block resistance 3,700 ohms at 87°F Following
A’ to "8 parallel to the heavy lines to the corrected
resistance at 70°F of 4,900 ohms

Figure 5. Temperature correction chart for plaster cells (After
Bouyoucos).

the field observer was supplied with temperature-correction-and-calibration charts,
and thereafter he submitted the data in a completed, averaged form.

In order to facilitate these measurements, a small delivery-type panel truck was
equipped with the electric-eye bridge and with multiple-lead cables so that the readings
could be taken from within the truck away from the strong light. This truck was also
equipped for use on another project and had multiple-lead cables and connectors able to
establish 80 connections at one time.

ANALYSIS

The data obtained have been averaged in many different ways for study and analysis.
Since this phase of the investigation deals with subgrade moisture conditions and since
there is a particular interest in the effects of the oiled earth subgrade, the data have
not been separated to show the difference, if any, in the effects of the coarse aggregate.

Graphs have been constructed to show, through the use of moisture averages, the
effect of construction or location variables. Each graph, in addition to the climatolog-
ical data, contains four lines, representing the 4-inch and 9-inch depths in a plain earth
subgrade and the 4-inch and 9-inch depths in an oiled-earth subgrade.
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TABLE 3 These graphs have been arranged in sets,
each set showing the results of averaging all
CELL LOCATIONS the data from the 96 moisture cells in such

a way as to poimnt up the difference in some

County Joint Station Section particular set of variables, i.e., location,
base, etc. Set A contains Figures 6 and 7;
Warren 842 + 00 1 Set é contains Figures 8 and 9; Set C con-
" 857 + 00 2 tains Figures 10, 11, 12, and 13; and Set
" 865 + 03 3 D contains Figures 14, 15, 16, and 17. It
must be remembered that the same data are
" 883 + 03 4 used 1 each of the four sets, but they are
" 911 + 44 5 averaged and compared in a different way.
The data also have been set up to show
St. Charles 38 + 05 6 the difference in moisture variations between
" 70 + 05 7 all of the 12 sections.
Set A contains those graphs which com-
" T + 25 8 pare the effects of distance from the edge.
" 107 + 25 9 Figure 6 shows the comparison between the
plain-earth sections and the oiled-earth sec-
" 124 + 05 10 tions at a distance of 3 feet from the pavement
“ 143 + 65 11 edge, while Figure 7 shows the comparison
between the plain-earth subgrade and the oiled-
" 174 + 85 12 earth at a distance of 9 feet from the pavement

edge.

Set B contains those graphs which compare the effects of distance from the transverse
joint. Figure 8 shows the comparison between the plain-earth sections and the oiled-earth
subgrade at a distance of 3 feet from the transverse joint. Figure 9 shows the comparison
between the plain-earth sections and the oiled-earth subgrade at a distance of 20 feet from

~ the transverse joint.

Set C contans those graphs which compare the effects of the base variables. Figure
10 shows the comparison between two sections of rolled stone base on oiled earth. During
the construction of the oiled-earth subgrade on experimental Section 1, difficulties (see

 Appendix A) were encountered which led observers to believe that this section should be

regarded with suspicion. Later results tended to bear out this view; so this section has
been left out of all averages but is shown here to compare with the rolled-stone base on
oiled-earth section, in which it appeared that a fairly good oiled-earth mulch had been ob-

| tained.

Figure 11 shows the comparison between the rolled-stone base on plain-earth sections
and the rolled-stone base on oiled-earth sections. Figure 12 shows the comparison be-
tween the sand-gravel base on plain-earth sections and the sand-gravel base on oiled-
earth sections. Figure 13 shows the comparison between the no-base on plamn-earth sec-
tions and the no-base on oiled-earth sections.

Set D contains those graphs which compare the effects of both the distance from the
edge and the distance from the transverse joint. Figure 14 shows the comparison between
those cells placed 3 feet from the edge and 3 feet from the transverse joint on the plain-
earth and on the oiled-earth subgrades. Figure 15 shows the comparison between those
cells placed 9 feet from the edge and 20 feet from the transverse joint. Figure 16 shows
the comparison between those cells placed 9 feet from the edge and 3 feet from the trans-
verse joint. Figure 17 shows the comparison between the cells placed 3 feet from the
edge and 20 feet from the transverse joint.

The entire state of Missouri experienced a drouth starting in 1952 and extending into
1954. Naturally, the severity varied with the locality. While the area in which this ex-
periment was constructed was not one of the hardest hit, it still was quite apparent, as
shown by Table 4.

The effects of the drouth on the subgrade moisture content are shown in each of the
Figures 6 to 17 by the decrease in the average moisture content of the wetter locations,
generally starting about the middle of 1952. The few exceptions to this general decline

~ are apparent among the graphs which follow. A discussion of these deviations is made

later in the text.
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TABLE 4
DROUTH DATA

Total Rainfall Deviation

Year in from
Inches Average
1948 41.41 +2. 62
1949 44. 42 +5.63
1950 33,54 -5.25
1951 42.80 +4.01
1952 29. 34 -9.45
1953 23.98 -14.81
1954' 11. 41 -4.29*

YThrough May 31st.

plam-earth sections.

The comparison of Figure 6 with Figure
7 shows the effect of edge exposure. The
distance from the edge evidently has the
effect of decreasing variation in moisture
content. That is, when the subgrade nearer
the center of the pavement becomes wet, it
is retarded 1n its ability to give up that mois
ture due to the cover above it. While the
subgrade close to the edge may get wetter,
it also dries more quickly; therefore, the
average moisture content remains somewhat
even. These tendencies are observed 1n the
case of the plain-earth subgrade, but the
oiled-earth sections, which represent an
effort to construct moisture barriers, show
plainly the effect of the pavement protection |
and the subsequent reduction of protection at
the edge.

In 1952 the oiled sections showed practi-
cally the same moisture content as the

Figure 7 shows that the etfect of pavement protection was graduall

Figure 6. Comparison of the moisture averages of all cells 3 feet
from the pavement edge.
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being overshadowed, perhaps by the interference with the normal evaporative conditions,

the accumulation of moisture under the oil barrier, or again by any number of other

|
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contributory conditions. The oiled sections then felt the drouth 1n 1952 and again showed
the effects of edge exposure. An interesting point to note is that the oiled sections did not
start their decline until sometime after the plain-earth sections had started decreasing.

sof
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Figure 7. Comparison of the moisture averages of all cells 9 feet
from the pavement edge.

The comparison of Figure 8 and Figure 9 were made in an attempt to show the influence
of the exposure from the transverse joints. The lack of any significantly great difference
between these graphs indicates that the effect of the edge exposure greatly overshadows the

" effect of the joint exposure. In other words, water can and does enter more easily (and in

greater volume) from the edge than from the joint.
The results of all of the cells are used in this averaging so half of the cells 3 feet from

" the edge are averaged in the group 3 feet from the joint. The reverse was true in Figure 6,

where half of the cells 3 feet from the joint are averaged in the group 3 feet from the edge.
This fact points up the overshadowing effect of the edge exposure. In all probability the
importance of edge-versus-joint exposure is relative to time and maintenance procedure.
Efficient and timely crack and joint maintenance will serve to preserve the difference in
moisture level with the locations nearer the edge staying the wetter.

Figures 10, 11, 12, and 13 were drawn to show subgrade moisture difference under
different types of base treatment. Figure 10 shows the differences in subgrade moisture
under two sections of rolled-stone base on oiled-earth subgrade, one of which is con-
sidered bad because of a poorly worked subgrade which did not attain the expected results
under construction. The oiled subgrade was badly rutted and the seal was broken in such
a way that the subgrade had a checkerboard appearance. Since this was purely an experi-

- mental project, the best method of subgrade construction was not known ahead of construc-

tion. As a result, the desired subgrade treatment was not obtamed on this section. Con-
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struction notes covering these difficulties are contained in Appendix A.

In considering Figure 10, it is apparent that a certain type of oiled-earth construction
will greatly contribute to the continuing support of a high subgrade-moisture level. The
drouth did not have such an appreciable effect upon the subgrade moisture content of this
section (No. 1) as it did on other sections.

The comparison of Figures 11, 12, and 13 raises many questions which will only be
answerable on this project in years to come, after the performance of the various sec-
tions under traffic has been evaluated. The true benefits of this study will be realized as
the evaluation is then made. Such data will serve as reference points for these compari-
sons. Most performance investigations up to this time have not contained sufficient sub-
grade-moisture history, and this fact has probably been ignored in the evaluations.

As an example, the question is raised as to the benefit (as far as subgrade moisture
is concerned) of a base course of either type, for the graphs show the no-base sections
to be relatively drier than the base sections, this being especially true for the oiled sec-
tions (Nos. 10 and 11). The conjecture is also put forth as to how long this condition
might last. This question may be answerable in the future but not at this time.

If subgrade moisture were the criterion by which the base courses were to be judged,
(considering rigid pavement only), the first choice as the best base treatment would have
to be no-base on oiled-earth subgrade. Next would be sand-gravel base on oiled earth,
then no-base on plain-earth subgrade, and last would be the rolled-stone base on a poorly
constructed (bad) oiled-earth subgrade. It is the authors' opinion, however, that the
last-mentioned section should be viewed as unsatisfactory and unintentional design, and
the data should be used and considered only in this light.

It seems to be indicated that the average moisture contents of all the sections were
coming to a common level at the early part of 1952 (at the start of the drouth). Againa
question is posed as to what might have happened had not the drouth set in.

One must not jump to the conclusion that all of the sections would have then remained
at the same general moisture level and that because of this lack of differentiation that
there was no benefit from the base material or construction.

The oiled-earth sections, under each of the base types, average drier than the plain-
earth sections for practically the complete period of time under consideration. This is
especially true of the no-base sections.

It is interesting to note the spread in moisture contents which was almost constantly
maintained between the 4-inch depth and the 9-inch depth in the oiled-earth subgrade
under the sand-gravel base. Apparently when the checking action of the oiled earth is
present, the greater permeability of the sand-gravel base does not allow the penetration
of moisture into the subgrade that the less-permeable rolled-stone base permits. This
is probably a question of the available-time element of moisture entrance., It has been
observed that rolled-stong bases, constructed of relatively soft stone, have a tendency
toward a type of wicking action which might loosely hold and transfer water over a perio
of time.

Figures 14, 15, 16, and 17 were drawn to show the differences in average moisture
contents at the various locations with respect to the edge and joint. As has been expected
the cell with the greatest exposure (Figure 14) maintained the wettest average, while the
cells with the least exposure (Figure 15) maintained the driest average. The drier av-
erage on the part of the least-exposed cells is mainly due to the consistent dryness of the
cells in the oiled-earth subgrade. The erratic moisture condition of the cells 9 feet fron
the edge and 3 feet from the joint and the spread between the plain-earth averages and
the oiled-earth averages of these cells is indicative of the exposure from the joint and its
relation to the exposure from the edge. Figures 16 and 17 indicate, as noted before, the
effect of the construction of a barrier to moisture entrance from above when the barrier
has the additional aid of less exposure. These graphs serve to emphasize the greater
severity of edge exposure.

Figure 18 was constructed to show the moisture average of each section at 3-month
periods. These periods correspond to the subgrade sampling dates of another investiga-
tional project. The averages plotted are the averages for particular days at 3-month
intervals and not the average over the 3-month periods.

Figure 19 was constructed to show the relative wetness of any section by means of
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yearly averages. Figures 18 and 19 taken together show the relative wetness and also
give the moisture level of the various sections. In evaluating Figure 19, the more
massive the black area for a section the higher was the relative wetness of that section.
The first-four sections have rolled-stone base, the second-four have sand-gravel base,
and the last-four have no base.

As can easily be seen, the first-four are the wettest and the last-four are a little
drier than the sand-gravel. With the exception of Section 1 (the poorly constructed, oiled
subgrade) the oiled sections are drier than the plain-earth sections under the different
base types. ’

The gathering of soil-moisture data by means of cells is, of necessity, being concluded
on this project, because the moisture cells have reached or are about to reach the limit of
their expected life due to the deterioration of the leads and the insulation around them. It
is not considered feasible to attempt to replace the blocks and leads, so subsequent check
on subgrade-moisture conditions on this project will be by manual sampling.

Final conclusions as to which construction variation is the most efficient will only be
reached in the future by the evaluation of the respective service records. To date the

- condition surveys have shown no appreciable differences which can be considered as in-

dicative of pavement performance. This, report, therefore, should be considered as one
of progress only. At the present time it should serve as a guide and stepping stone to
further experimentation along these lines, especially in terms of studying the effectiveness

- and efficiency of moisture-barrier design.

The variations of some of the oiled sections in not reflecting the drouth as noticeably as

- other sections has led to conjectures as to the causes. One reason put forth is that the

barrier of oiled earth has a reluctance to permit the release of moisture through surface
evaporation, due to its combination with the wicking type base and high humidity. On the
other hand, the pavement cover serves to maintain the high humidity level occasioned by
even sparse rainfall.

CONCLUSIONS

The following conclusions seem to be justified by the data presented in this report.

1. The edge of the pavement is the main entrance of moisture into the subgrade (not the
only).

2. The oiled earth serves to at least slow down the entrance of moisture into the sub-
grade.

3. Oiled-earth membrane or treated layer, if poorly constructed, can be detrimental
as far as subgrade moisture is concerned.

4. There appears to be some benefit from the oiled subgrade in damping the fluctua-
tions of the subgrade moisture content due to the climatic conditions (drouth, extremely
wet seasons, etc.).
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Appendix A: Notes on Materials & Construction

ROLLED STONE BASE

Material for rolled stone base was produced by the Tobin Quarries Co. from a ledge
of Burlington limestone, located two miles southeast of Foristell, in the SE Y% Sec. 29.,
T-47-N, R 1-E, St. Charles County.

The stone was produced under the following specification, which was set forth in the
Special Provisions. |

Passing 1 inch sq. opening sieve - 100 percent
" No. 4 " - 40 - 60 percent
" No. 40 " .15 - 35 percent

A 5 percent tolerance was allowed between the 1-inch and 1}%-nch sq. sieves. The
minus No. 40 fraction shall have a liquid limit not greater than 25 and a plastic index nof
greater than 6.

The results of tests on samples taken during construction shows that the rolled stone |
base material conformed to the gradation requirements. The average of all tests being
as follows; 100 percent passing the 1-inch square opening sieve, 53.1 percent passing tl
No. 4 sieve and 21.6 percent passing the No. 40 sieve.

The base was constructed in two layers; the bottom layer approximately 3-inches thic
followed by a topping layer approximately 1-inch thick.

Compaction was obtained with pneumatic-tired rollers. A flat-wheel roller was used
in conjunction with final finishing immediately ahead of pavement construction.

The dry density of the completed base averaged 126.5 1b. per cu. ft. and the m01stur'
content averaged 3. 8 percent. Based on a maximum dry weight per cu. ft. of 144.3 Ib.,
which was determined by Lab. Test No. 48-1161, the obtained average weight of 126.5 ll
per cu. ft. is only 87.6 percent of the standard.

SAND-GRAVEL BASE

The sand-gravel base material was furnished by the Tobin Quarries Co., from a de-{
posit located in Peruque Creek, 2 miles southeast of Foristell and it was produced sub-
ject to the following gradation specification. {

Passing 1%-inch round screen ----------—- 100 percent
" Ye-inch " M eemeo- 50-8- percent
" J4-inch sieve = = —cemcemooo-- 30-55 percent
" No. 20 "™ = cemmeeeeeee- 15-35 percent
" No. 100 " = e 0-10 percent

The fraction passing the No. 40 sieve shall be nonplastic.

According to the test results on samples taken during construction, all of the sand-
gravel base material met the specified requirements for gradation. The maximum,
minimum and average of all tests being as follows:

Maximum Minimum Average
Passing 1%-inch screen - - 100 percent
v Y. inch " 75 % 59 % 68 "
" Y _inch sieve 53 % 2% 41 "
"  No.20 " 35% 22 % 27 v
" No. 100 " 7% 4% 5 v

The base was constructed in a single 4-inch layer and compaction was obtained with
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pneumatic-tire rollers. A 5-ton flat-wheel roller was used in conjunction with final fin-
ishing to produce a compact uniform surface immediately ahead of pavement constructions.

A maximum dry weight of 126.1 Ib. per cu. ft. and an optimum moisture content of 8.4
percent was determined for this material by laboratory tests. It was found impracticable
to make accurate density determinations of the base during construction, however, the
moisture content was maintained slightly above the optimum and rolling was continued un-
til the base was firm and there was no appreciable movement under the pneumatic-tired
rollers.

It 1s the opmion of the observer that the density of 126.1 1b. per cu. ft. was obtained,
however, when paving was commenced the batch trucks ravelled and dislodged the base to
such an extent that it was necessary to operate the paver on the road shoulder.

OILED SUBGRADE

The experimental variation included several sections of oiled earth subgrade and the
special provisions specified that this treatment shall consist of 1-gal. of SC-2 liquid as-
phaltic material per sq. yd., applied in 3 applications. This type of treatment was used
under rolled stone base, sand-gravel base and where no aggregate base was specified.

Between stations 827469 and 861+20 the subgrade was scarified, using a motor patrol
with scarifier attached. The subgrade was quite dry at the time and as a result the loosened
material contained many hard soil clods, some of which were 4-inches and even larger in
diameter. Efforts were made to pulverize the oversize clods by disking and harrowing, but
as this proved unsuccessful the loosened material was recompacted, as much as possible,
by pneumatic-tire rolling and SC-2 oil was applied at the rate of 0.92 gal. per sq. yd.

It was hoped that the coating of oil would tend to soften the clods and satisfactory compac-
tion could then be obtamned by subsequent rolling. However, very little softening of the clods
occurred and the results obtained by rolling did not produce the uniform, dense surface de-
sired.

Experience on this section would seem to indicate that scarifying is not a satisfactory
method of preparing the subgrade for oil treatment.

Between stations 10+00 and 75+31 a motor patrol grader was used to form a windrow of
soil material along the center of the road. This was done by thinly shaving the subgrade
until the quantity in windrow was sufficient to produce a loose soil mulch, approximately
34-inch thick when spread over the full width of subgrade.

Soil clods in the windrowed material were then further reduced by disking and harrowing,
following which the material was respread uniformly over the full width of subgrade.

In spite of the care used in these operations the soil mulch after spreading generally
contained from 10 to 20 percent of soil clods between 1 and 2-inches in diameter. Some of
the difficulty experienced in efforts to obtain a greater degree of pulverization are attrib-
uted to the rains which occurred frequently while this work was being done.

On a part of this section, between stations 25+00 and 40+00, a total of 1 gal. of SC-2 oil
was applied in 3 applications, at the following rates; first application 0. 52 gal., second
application 0. 26 gal., and third application 0.22 gal. per sq. yd. On the balance of the
section SC-2 oil was applied in 2 applications, the first application averagmng 0.70 gal. and
the second averaging 0. 35 gal. per sq. yd., making an average total of 1.05 gal. per sq. yd.

In most instances both applications were made on the same day and each application was
followed almost immediately by rolling with both flat-wheel and pneumatic-tired rollers. It
might seem noteworthy, in this regard, that "pick-up" by the rollers was practically neg-
ligible.

Although the securing of more definite information as to the practicability and efficiency
of this method of procedure was clouded by abnormally wet weather conditions, 1t appears
that better results were obtained than on the previously described section on which the
initial operation involved subgrade scarifying.

Between stations 120+00 and 164461 the pavement was constructed directly on the oiled
subgrade and a somewhat different procedure was followed in preparing the subgrade for oil
treatment.

The subgrade was pulverized to a depth of approximately 1-inch by operating the sub-
grade machine »n the pavement forms, which had been previously set to grade. This pro-
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duced a well graded soil mulch with all of the material passing a 1-mnch screen.

O1iling operations were interrupted several times by heavy rains. An idea of the delay:
due to intermittent rains can be had when it is stated that the first application was made o
June 14 and the fmal application on July 2. The rains caused the mulched material to flov
together and set and as a result it was necessary to re-loosen the subgrade with a spike-
tooth harrow, over a considerable portion of the section before oil was applied.

Oil was applied in 3 applications at the following average rates; first application 0. 60
gal. per sq. yd., second application 0.25 gal. per sq. yd., and the third application 0. 25
gal. per sq. yd.

Rolling with pneumatic-tired and flat-wheeled rollers was done almost immediately fol
lowing each oil application.

Several measurements which were made after the final rolling showed the oiled mulch
thickness to be about %-inch.

Appendix B: Topography Maps and Notes

A description of the position of each set of eight blocks in relation to the surrounding
topography is as follows:

Station 842+00 and 842+17 Test Section No.1. Limestone aggregate, rolled
stone base on oiled earth.

Centerline cut 4 ft.; 3 ft. special ditches on both sides; blocks placed just west of top
1200 ft. VC from a +1. 38 percent grade; eastbound roadway about 4 ft. higher. Surround-
ing ground is generally higher and is gently rolling, drainage to east and west.

Station 857+03 and 857+20 Test Section No.2. Chert gravel aggregate, rolled
stone base on oiled earth.

Centerline cut 2 ft. ; special V ditch to south and standard roadway ditch to north; bloc
placed on -0. 25 percent grade; eastbound roadway 1 ft. to 2 ft. higher. Surrounding grou
gentle to north and east, but slightly rolling to south and west.

Station 865+06 and 865+23 Test Section No.3. Limestone aggregate, rolled
stone base on plain earth.

Centerline cut 5% ft. ; standard roadway ditch to north and standard parkway ditch to
south. Blocks placed on-0.25 percent grade; eastbound roadway 6 ft. higher. Surroundir
ground gentle to north and west but slightly rolling to rolling in south and east.

Station 883+06 and 883+23 Test Section No.4. Chert gravel aggregate, rolled
stone base on plain earth.

Centerline cut 8% ft. ; standard roadway ditch to north and standard parkway ditch to
south; blocks placed at top of 600 ft. VC going from -0. 25 percent to -1. 15 percent grade;
eastbound roadway 4 ft. higher. Surrounding ground gentle to north and west, slightly
rolling to south and east.

Station 911424, 1 and 911+41.1 Test Section No.5. Chert gravel aggregate, |
sand-gravel base on plain earth. ‘

Centerline fill 2 ft. ; sidehill cut and fill. Special ditch both sides. One inch sand and
gravel extended from base sand and gravel through shoulder 11 ft. from pavement edge on
a slope of % inch per ft. Extends from Station 902462 to 912+50. Underdrain across roa
at 911:50. Blocks placed at about original ground level on a +2. 282 percent grade. East-
bound roadway 3 ft. lower. Rolling ground to north and west; slightly rolling to south and
gentle to east.

Station 37+85 and 38+02 Test Section No.6. Chert gravel aggregate, sand-
gravel base on oiled earth.

Centerline cut 6 ft. standard roadway ditch to narth and standard parkway ditch to sout



?? /W




S

_/___/m——

’—’F\\; ;




——

=)
e e e e . s e i il o
———— ) \(————
— <
,Wf NN




“LK_///Z(

S ==—==—=

///J//@

18 S

\%ﬁ




10
4 - - -
L

=7
Sy j/

=

<_—’

-
Rice

ST S S T/

i







29

Blocks placed on +0. 314 percent grade; eastbound roadway even; topography rather level
to the north, south, and east and rolling off to the west.

Station 70+08 and 70+25 Test Section No.7. Limestone aggregate, sand-
gravel base on oiled earth.

Centerline f1ll 7 ft.; special 3 ft. ditch to south and culvert drain to north. Culvert
crosses roadway at 70+00. Blocks placed on -0.26 percent grade; eastbound roadway 4 ft.
higher; general drain of all surrounding ground 1s gently to the north directly north of the
blocks.

Station 77+28 and 77+45 Test Section No.8. Limestone aggregate, sand-
gravel base on plain earth.

Centerline fill 9 ft.; special 3 ft. ditch to north and standard parkway ditch to south.
Blocks placed on -0.26 percent grade; eastbound roadway even on high fill; hill to north-
west slopes sharply to south and east. Cattle pass under roadway at 78 =-50.

Station 107405 and 107+22 Test Section No.9. Limestone aggregate on
plain earth.

Centerline fill 8 ft.; special 3 ft. ditch to north and standard parkway ditch to south.
Blocks placed on a +0. 39 percent grade; eastbound roadway about 8 ft. lower. Ground
slopes gently to south and to culvert on north side at 107+38.9.

Station 124408 and 124425 Test Section No. 10. Limestone aggregate on
oiled earth.

Centerline cut 2% ft. ; standard roadway ditch to north and standard parkway ditch to
south. Blocks on 1100 ft. VC going into a -2. 00 percent grade; eastbound roadway about
3 ft. higher; ground gentle to north, west and south, rolling to east.

Station 142445 and 143+62 Test Section No.11. Chert gravel aggregate
on oiled earth.

Centerline f11l 6 ft. ; special 3 ft. ditch on both sides. Blocks placed on +1.62 percent
grade; eastbound roadway about 6 ft. lower. Ground slightly rolling to north and east,
drainage to west and south.

Station 174488 and 175+05 Test Section No.12. Chert gravel aggregate
on plain earth.

Centerline cut 5 ft. ; standard roadway ditch to north and standard parkway ditch to
south. Blocks placed on -0. 26 percent grade; eastbound roadway about 3 ft. higher;
ground slightly rolling in all directions, general dramnage to northeast and northwest.



Appendix C: Subgrade Log of Experimental Section and
Chart of Subgrade Moisture and Density Tests

Begin Cut Sta. 827+50
Begin Exp. Section 827+69

827+69 - 828+75 Horizon B
828+75 - 831+00 Horizon C
End Cut 831+00

831+00 - 831450 No. side cut-So. side fill
831400 - 831450 Horizon B (At @)

Begin Fill 831450

831+50 - 832+50 Mainly Horizon B
832+50 - 835+00 Mainly Horizon C
835+00 - 835+50 Mainly Horizon B

Begin Cut 835+50

835+50 - 836+00 Undergraded-backfilled with Horizon C
836400 - 835+50 Horizon B

836+50 - 837450 Horizon C

837450 - 841+25 Blue clay layer of Glacial Till

841+25 - 844475 Horizon C

844475 - 845400 Horizon B

Begin Fill

845+00 - 846+00 Mainly Horizon B
846+00 - 854+50 Mainly Horizon C
854+50 - 856+00 Mainly Horizon B

Begin Cut

856400 - 856+25 Undergraded-backfilled with Horizon B
856425 - 856475 Hori1zon B

856+75 ~ 858+50 Horizon C

858+50 - 864+25 Blue clay layer of Glacial Till

864+25 - 866+75 Horizon C

866475 - 867+00 Horizon B Equation
85945268 Bk, = 85945540Ah.
_2.72'

Side hill No. side fill-So. side cut
867+00 - 867450 Undergraded-replaced with Horizon C

Begin Fill

867+50 - 868+50 Mainly Horizon A
868+50 - 879+00 Mainly Horizon C
879400 - 879450 Mainly Horizon B

Side hill No. side cut-So. side fill
879+50 - 880+00 Undergraded-replaced with Horizon C

Begin Cut

880+00 - 880+25 Horizon B

880+25 - 881+75 Horizon C

881475 - 882+30 Blue clay layer of Glacial Till
882+30 - 884421 Horizon C

884+21 - 884450 Horizon B

Begin Fill

884450 - 885+50 Mainly Horizon B
885+50 - 889475 Mainly Horizon C
889475 - 890450 Mainly Horizon B



Side hill So. side cut-No. side fill
890450 - 891+00 Undergraded-replaced with Horizon C

Begin Cut

891+00 - 891460 Horizon B

891460 - 893+25 Horizon C

893+25 - 893+70 Blue clay layer of Glacial Till
893+70 - 896488 Glacial Till

896+88 - 897+17 Blue clay layer of Glacial Till
897+17 - 897425 Horizon C

897425 - 898+00 Horizon B

Side hill No. side cut-So. side fill
898400 - 898465 Undergraded-replaced with mixture

Begin Fill
898465 - 901+00 Mainly Horizon B

Side hill So. side cut-No. side fill
901+00 - 903+00 Horizon B

Begin Fill

903+00 - 905+50 Mainly Glacial Till

905+50 - 906+50 Mainly Blue clay layer of Glacial Till
906+50 - 909400 Mainly Horizon B

Side hill No. side cut-So. side fill
909+00 - 910+00 Horizon C ( Fill at €, )
910+00 - 912466 Horizon B

912+66 - 913+00 Horizon C

Begin Cut
913400 - 914450 Horizon C
914450 - 914+88 Blue clay layer of Glacial Till

Cut

914450 - 914488 Blue clay layer of Glacial Till
0+00 - 1+25 Blue clay layer of Glacial Till
1+25 - 3420 Glacial Till

3420 - 5472

5+72 - T7T+00 Horizon C

Side hill No. side cut-So. side fill
7+00 - 8+00 Horizon B

Begin Fill
8+00 - 10450 Mainly Horizon C

Begm Fill

8+00 -~ 10+50 Mainly Horizon C

10+50 -~ 13+38 Mainly Mixture of Blue clay & Glacial Till
13438 - 15420 Mainly Horizon B

15+20 - 16+00 Mainly Horizon C

Side hill No. side cut-So. side fill
16+00 - 16+20 Horizon B
16420 - 16+50 Horizon C

Begmn Cut

16+50 - 17450 Horizon C Equation

17450 - 24+15 Glacial Till 8 _ 7
24415 - 25410 Horizon C 224582 Bk. = 22487_Ah
25+10 - 25450 Horizon B = -8.9'
Begin Fill

25450 - 33+50 Mainly Glacial Till
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Begin Cut
33+50 - 33490
33490 - 34451
34451 - 35+15
35+15 - 35485
36+85 - 38452
*38+52 - 40482
*40482 - 43+00

Horizon B

Horizon C

Blue clay layer of Glacial Till
Glacial Till

Blue clay layer of Glacial Till
Horizon C

Horizon B

Begin Fill (slight)

*43+00 - 44450

Mainly Horizon B

Begin Cut (slight)

*44,50 - 45440
*45+40 - 46430
*46+30 - 48400

Begin Fill
48+00 - 53+b0

Begin Cut

53450 - 54415
54415 - 61465
61465 - 62450

Begin Fill
62450 - 64+25
64425 - 72450

Begin Cut
72450 - 73+40
73440 - 75475

Horizon B
Horizon C
Horizon B

Mainly Horizon B

Horizon B
Horizon C *4 inches removed below base grade
Horizon B and replaced with Horizon C soil

from borrow pit from 4 to 12 inches

Mainly Horizon B below basegrade is as indicated.

Mainly Horizon C

Horizon B
Horizon C

Side hill No. side cut-So. side fill

75475 - 76424
76+24 - 76480

Begin Fill
76+80 - 80+00

Begin Cut

80+00 - 81435
81435 - 86485
86+85 - 99425

Note: Sec.

Cut
86485 - 99425

Horizon C
Horizon B

Mainly Horizon C

Horizon C
Blue clay layer of Glacial Till
Horizon C

8 ends at Sta. 97+21

Horizon C

99425 - 101450 Blue clay layer of Glacial Till
101+50 - 104+40 Horizon C
104+40 - 105+50 Horizon B

Begin Fill

105+50 - 106420 Mainly Horizon B
106+20 - 108+40 Mainly Horizon C
108+40 - 109400 Mainly Horizon B

Side hill No. side cut-So. side fill
109+00 - 110+50 Horizon C (topsoil removed left of §, and replaced with Horizon C)

Begin Cut (slight)
110+50 - 113400 Horizon B

Begin Fill (slight)
113+00 - 120400 Mainly Horizon B (6 in. of topsoil removed from 113+00-120+00 and

replaced)



Fill (slight)
120+00 - 121400 Mainly Horizon B

Begin Cut

121+00 - 121+60 Horizon B
121460 - 125+60 Horizon C
125460 - 126+00 Horizon B

Begin Fill

126+00 - 126425 Mainly Horizon B
125+25 - 128+25 Mainly Horizon C
128425 - 128+50 Mainly Horizon B

Side hill No. side cut-So. side fill
128+50 - 129465 Hori1zon B
129465 - 135+00 Horizon C

Begin Cut
130400 - 133+15 Horizon C
133+15 - 133450 Horizon B

Side hill No. side fill-So. side cut
133450 - 136+00 Horizon B

Begin Fill

136+00 - 141+00 Manly Horizon C

141+00 - 143+50 Mainly Blue clay layer of Glacial Till
143+50 - 144450 Manly Horizon C

144450 - 145400 Mainly Horizon B

Begin Cut

145+00 - 145425 Horizon B

145425 - 145475 Horizon C

145475 - 151+50 Blue clay layer of Glacial Till
151450 - 152450 Horizon C

Side hill No. side cut-So. side fill
152+50 - 153460 Horizon C
153460 - 157+00 Horizon B

Begin Fill
157+00 - 160400 Mainly Horizon B
160+00 - 162+50 Mainly Horizon C

Side hill No. side fill-So. side cut
162+50 - 163+25 Horizon C

Begimn Cut
163+25 - 165+60 Horizon C
165+60 - 166+25 Horizon B

Begin Fill

166+25 - 168+00 Mainly Horizon B
168400 - 173+25 Mainly Horizon C
173+25 - 174400 Mainly Horizon B

Begin Cut
174400 - 175+50 Horizon C
175+50 - 176+45 Blue clay layer of Glacial Till

End of Experiment

Survey made by M. S. Lattimore
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TABLE A
SUBGRADE MOISTURE CONTENT AND DENSITY PRIOR TO BASE CONSTRUCTION
Experimental Distance 3 Ft from Edge Pavement 9 Ft from Edge Pavement
Section from 4'In Depth 9 In Depth 4 In. Depth 0 1In Depth

Number Station Jomt GO #/cu it G0 #/cu it FTWO  #/cu it ®HO  4/cu ft
832400 20 21.8 103 8 216 102.6 18.1 108.4 28.1 97.6
8382+17 3 21 3 105.5 26.8 98.4 20.9 106. 4 22.6 102.7
833+00 - 16 8 112.7 19.0 103.6 29 3 96 2 16 6 96 2
1 837400 - 19 1 102.5 231 108 0 15.7 114.2 20 5 102.9
840400 20 18,3 104. 8 26 6 99 6 26 3 95 7 28 0 97 1
840417 3 28 8 95 4 27.5 97 0 25.3 99 8 27.3 97 8
842400 20 28 6 94.7 235 104 2 27 2 100.8 27.17 99.5
842417 3 26.4 94.0 24 4 101.7 21.9 102 4 26.3 87.3
B55+20 20 243 102.7 147 111.3 16.3 113.1 190 100 3
855+37 3 17 6 113 2 137 104 3 18.3 111 6 19.9 109.1
2 857403 3 20.9 107.4 21.3 105.9 21.4 106.6 20.2 106.7
857420 20 195 110.8 20 4 108.7 19.8 108 8 20 2 110 1
859483 3 20.9 107 4 221 105.7 21.2 108 4 21.7 106 6
860+03 20 23 0 99.6 21.1 109.3 22.9 105 § 21.8 104 7
+ 3 209 104'© 23 8 102 6 191 1037 216 105 1
865+23 20 22 8 101 1 28 3 96.6 22 17 102.6 24.0 101 2
3 875+23 20 18 8 108 3 20 6 102 6 25 2 100 0 24.0 877
875440 3 16 6 107 1 20.5 107.4 20 3 110 2 21.9 103 4
881423 20 22 6 107.8 24.0 103.8 21 4 108.1 22.5 105 9
881+40 3 24 8 103 0 22.9 104 3 28.8 97 3 27 3 99 8
883408 3 185 11272 18.2 107.9 188 TIT.9 231 057
883+20 20 19 5 110 2 20 4 106 2 19 2 111 9 20 5 107.8
4 891406 3 17 8 110 2 2117 97 0 159 104 9 19.6 94 6
891423 20 16 6 109.4 23 17 99 4 18 5 108 § 279 90 6
895408 3 16.6 111 6 18.5 94 3 18 1 104 4 19 7 28 7
895+23 20 25 5 104 3 15 5 108. 4 17 4 106 4 19 9 105 0
903407 3 222 102 3 20.3 101.1 218 980 16.2 104 1
903+24 20 21 8 105.8 18 8 104.0 18.9 107.5 18 9 104 2
5 911424 20 17.9 97.3 17 5 92.9 15 0 102.3 17 3 94 4
911441 3 17.5 87.2 18.6 96.3 17.7 95.1 17 4 93 6
2456 20 18.3 110 3 15.6 136 4 20 1 95 8 14.9 119. 8
2+13 3 19.5 109 6 18.3 112 8 19 0 110 5 17 8 114 5
11359 3 16.4 99.3 19 2 07 8 27.§ 100.5 18.9 108.1
11476 20 15 8 81.6 20.0 108 3 21 0 107.9 171 93 5
8 28425 20 18 3 114 1 24 3 98 8 17.9 106.0 18.8 109.3
28+42 3 19 3 110.9 18 2 96 7 18 4 112 2 18 3 112 5
37485 20 23 3 102 7 21 4 107 6 23 8 103 1 19 8 109 ©
38402 3 21 5 104 8 21 6 102 5 23.9 102 2 20.8 105.5
5505 20 216 I02.5 378 — 89.3 20 8 L 30 4 50 3
45422 3 25 2 98 5 28 9 94.6 28.6 95.7 314 92 2
7 59468 3 19 7 100 1 213 99 3 15 9 102 2 17 4 100 5
59485 20 18 9 110 9 19.4 108 9 14 0 113 2 151 112.2
70408 3 17.2 114 0 16 6 115 4 18.2 105.1 16 3 99 0
70425 20 18 8 112.0 16 8 106 5 18.9 112 7 16 2 101.1
TT+28 3 179 1773 22 2 105.1 215  105.8 178  102.2
T7445 20 19 3 113.2 220 106 6 221 107 © 16 7 113.2
8 81+28 3 26 2 100 6 23 9 103 7 26 1 99.3 25 4 99 9
81+45 20 23 5 103 2 20 0 109 7 23 2 103 1 21 4 107 1
91+05 20 21.0 107.4 23.0 105.6 18 6 109 6 22 8 104.6
91422 3 19 8 110. 4 20.6 108 3 18 4 112 4 19 2 110.2
100+25 20 24 2 102.% 309 91 9 76 2 91.38 32.3 91.1
100+42 3 350 89 0 349 87 9 36.1 88 2 40 8 82.6
9 107405 20 24.1 92.4 260 100 9 20.3 110.1 21.2 108.0
107422 3 22 4 105.6 218 108 0 20 5 109.7 18 9 113 €
111405 20 27.1 94.9 36.0 87.9 20 0 105 8 355 87 4
111422 3 21 2 100.1 19 0 100. 3 19.7 108.9 32.3 89.8
122,08 3 19°9 103.8 16 0 1 148 105.3 14.4 108 5
124425 20 16 0 104.6 13.1 108.8 13 4 110.1 131 108 5
10 127.28 3 23 8 101.7 23 5 102 0 20 2 98.0 20.2 102 2
127+45 20 26.4 95.5 23.2 102 3 20 0 94 3 20 0 104.3
134448 3 217 105 7 14 5 111.9 16.6 114.3 22 4 106 5
134465 20 17.3 111.1 12.9 104.4 28 8 97.2 19.2 110 4
143+45 20 221 939 15 3 103 0 21 0 106.9 24.7 94.3
143462 3 23.2 104.2 23.9 97 4 23.5 102. 8 22.6 90 5
1 148425 20 21 2 100.7 25 0 99 0 29.9 94.6 27.3 98.4
148442 3 26 8 95 0 30 7 92 0 215 98.0 32 8 88.9
155405 20 19.3 102.8 26 6 96 2 21.3 103 7 218 104.4
155422 3 30.3 92,8 29.7 92.9 17.9 110.6 27.2 96 5
187428 3 21.2 101.5 70.9 B8 3 2.4 103.2 18.2 2.5
167445 20 21.0 103.0 23 4 109.6 20.2 104 3 225 98.4
12 171428 3 16 6 114 9 18.5 105 5 20.3 106. 8 20.8 105 8
171445 20 18.3 107.8 24 3 107 8 25.6 103 1 16 6 105.5
174488 3 16 6 109.8 18.5 106 3 18 4 105 5 17.2 110.6
175405 20 20 1 107.3 21.4 105.6 27.7 106. 6 20.5 107.1
Average 21 2 104 1 21.8 103.0 21 3 104 5 21.9 102.0
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Appendix D: Validating Tests

The following tables show the results of validating tests which were made adjacent to
the installed blocks. These tests were made by drilling the pavement above the blocks
and manually sampling the subgrade to determine the moisture content by the dry weight
method. The first table shows the comparison of the individual blocks while the second
table shows the comparison of the moisture averages.

The moisture averages by the resistance block method vary as much as two percent-
age points from the manual sampling method. The individual moisture percentage vary
from 4. 8 percentage points higher to 3.9 percentage points lower with the average devia-
tion as . 37 percentage points higher.

TABLE A
VALIDATING TESTS
1954 Valdation 1954 Validation
Block JOriginal | Resistance | Manual Block |Orginal | Resistance | Manual
Number |Moisture Method |Sampling | Number |Moisture Method |Sampling

1 28.5 29.5 31.9 49 17.2 29.0 28.1
2 23.5 25.9 28.0 50 16. 6 16.3 18.6
3 29, 2 30.17 29.2 51 18,2 24,6 22,17
4 27. 7 27.5 29.0 52 16.3 14. 9 16.3
5 26. 4 28.3 30.0 53 18.9 26.9 24.6
6 24,4 27.0 27.8 54 16. 8 21.0 19.6
7 21.9 29.0 27.3 55 18.9 31.0 30.2
8 26.3 35.6 36. 7 56 16.2 18.1 19.0
9 20.9 16.5 18.0 57 17.9 21,4 22.3
10 21.3 12. 8 16.4 58 22,2 21.4 23.7
11 21,4 26. 6 24.2 59 21.5 30.4 29.3
12 20. 2 10.9 14.6 60 17. 8 31.0 28.3
13 19.5 14. 2 18.9 61 19.3 23. 17 22,1
14 20. 4 21.3 20. 6 62 22.0 20.6 23.1
15 19. 8 18. 6 19,0 63 22,1 28.4 29.5
16 20. 2 9.4 13. 8 64 16.17 31.8 31.5
17 20.9 9.3 14,1 65 24.1 27.0 27.3
18 23.8 19.0 19.6 66 26.0 27.0 27.5
19 19.1 19,1 18.9 67 20.3 12. 6 14.0
20 21.6 8.7 11.6 68 21.2 18.9 20. 4
21 22. 8 17. 8 20.0 69 22.4 26. 6 25.6
22 28.3 27.5 25. 6 70 21. 8 17.9 18.4
23 22.6 16.5 18.4 71 20.5 33.6 32,6
24 24,0 8.8 12,3 72 18.9 21. 8 20. 8
25 18.5 21.8 20,7 73 19.9 20.5 19.7
26 18.2 17.1 19.0 T4 16.0 29. 6 29.0
27 18. 8 26. 2 25. 8 5 14. 8 25.9 25.1
28 23.1 21.0 19.6 76 14.4 22,2 20.9
29 19,5 17.7 15,3 77 16.0 25,1 27.1
30 20,4 21. 4 18.9 78 13.1 20. 8 20.3
31 19.2 20. 4 20. 3 9 13.4 18.3 20, 4
32 20.5 18. 6 20,0 80 13.1 26, 2 25.0
33 17.9 22.1 23. 8 81 22,1 26, 2 26. 6
34 17.5 16, 4 18.5 82 15.3 31.8 29. 8
35 15.0 22,3 21.7 83 21.5 28.0 29,0
36 17.3 23. 4 22,2 84 24,7 24,7 23.9
37 17.5 17.3 18.9 85 23.2 30. 4 29, 2
38 18. 6 17.7 19. 2 86 23.9 29.0 27.0
39 17.7 21.0 21,1 87 23.5 18,4 19. 6
40 17.4 23.9 24,2 88 22,6 20.0 22, 2
41 23.3 31.8 31.8 89 16.6 23.5 21.9
42 21,4 20. 4 21. 6 90 18.5 10. 4 14.6
43 23.8 12. 8 14.3 91 18.4 21.5 22.0
44 19. 8 9.8 12,6 92 17. 2 22.5 21.6
45 21,5 35.6 34.0 93 20.1 21.5 21.0
46 21,6 28.6 29. 4 94 21.4 12. 6 13.3
47 23.9 29.0 29,9 95 27. 7 22.0 20. 3
48 20. 8 14.9 16.0 96 20.5 24,4 23.2




TABLE B
VALIDATING TESTS: MOISTURE AVERAGES

1951 Validating Ave. 1954 Validating Ave.

Figure Original Resistance Manual Resistance Manual
Number Position Average  Method Sampling Method Sampling

O. E. 4" Depth 20. 3 23 23 25.6 25. 8

O.E, 9 18. 6 18 19 23.2 23.2

6 P.E, 4" v 19.8 24 23 20. 8 21.1
P.E. 9" " 21.5 22 23 19.1 19. 6

O.E, 4" n 19.9 20 20 23.3 23.4

O.E. 9" v 18.8 17 18 17.1 18,5

7 P.E. 4" 20. 2 25 24 22, 8 22,8
P.E. 9" 19.7 25 25 21.3 21,2

O.E. 4" v 20. 3 22 22 24,2 23.9

O.E. 9" v 18.6 17 18 19.3 20,4

8 P.E, 4" » 19.1 24 23 21.4 22,2
P.E. 9" v 19.5 24 25 19. 7 20,5

O.E, 4" v 19.9 20 22 24.8 25. 3

O.E, 9 v 18,9 17 19 20. 9 21.3

9 P.E. 4» v 21.0 25 23 22,2 22,1
P.E. 9" v 20. 8 24 23 20.6 20.9

O.E. 4" 20.4 21 22 18. 9 20.0

O.E, 9" v 24,0 26 25 29,4 29.7

10 P.E. 4" v 20.5 25 25 13.6 16. 3
P.E. 9" v 25.6 36 34 29, 30,4

O.E, 4" » 20.4 21 22 18. 9 20.0

O.E. 9" 20.5 25 25 13.6 16. 3

11 P.E. 4" 20,2 22 23 18.6 19,2
P.E, 9" 22,5 24 24 17.8 18.3

O.E, 4" » 20.7 28 27 27.6 26.9

O.E, 9" v 18.7 17 17 18,0 19.1

12 P.E, 4" 18. 6 28 28 23.3 23.6
P.E, 9" v 18.7 27 27 23.3 23.8

O.E. 4" n 19.3 14 15 24,1 24,6

O.E, 9" v 17.9 14 16 25,6 24, 8

13 P.E, 4" » 21.3 22 22 23.6 23.1
P.E. 97 v 20,7 21 20 19.5 20.0

O.E. 4" 20,7 22 22 24.8 24,8

O.E. 9 18,1 16 17 22,2 23.1

14 P.E. 4 19.3 22 22 20.8 21,6
P.E, 9" v 21.0 22 23 18.5 20.5

O.E, 4" 19.9 18 17 23.1 24,0

O.E, 9" " 18.6 14 17 17. 17 19. 2

15 P.E. 4" 21.6 25 23 23.6 23.7
P.E, 9" v 19. 8 25 25 21.5 22.0

O.E, 4" 19.9 22 22 23.6 23.1

O.E. 9" » 19,1 19 20 16.5 17.6

16 P.E. 4 v 18.9 25 24 22.0 21.9
P.E. 9" v 20.4 26 26 20.9 20. 6

O.E. 4" v 19. 8 23 23 26.4 26. 8

O.E, 9" 19,2 20 21 24,1 23.4

17 P.E. 4" 20.3 24 24 20. 8 20.5
P.E. 9" v 22,1 23 23 19. 6 19. 6



Frost Penetration Under Bituminous Pavements

MILES S. KERSTEN, Professor of Civil Engineering, University of Minnesota, and
RODNEY W. JOHNSCN, Engineer, Hazelet and Erdal, Chicago, Illinois

This study was made near Minneapolis in the winter of 1953-54. Nine sites were
selected, each a bituminous-surfaced road. At each of these locations borings
were made to a depth of 8 feet to obtain so1l textural information, moisture con-
tents, and a few densities. During the winter season borings were made by a
machine-driven auger at about 3-week intervals to determine the frost depths.
Daily maximum and minimum air temperatures were recorded.

The subgrade soils at the test sites selected represent a variety of textures,
The finest-grained soil was a silty clay loam with moisture contents between 25
and 30 percent. Other soils included loam, sandy loam, sandy loam till, and
fine sands. Moisture contents in some of the sands were as low as 5 percent.

Observed frost penetrations at the end of the freezing season varied from
about 3 1/2 feet 1n the silty clay loams to more than 5 feet for some of the sandy
soils.

Theoretical calculations of frost penetration were made by means of the Stefan
equation, utilizing an air-surface correction factor and the layered system solu-
tion developed by the Corps of Engineers. The moisture content and density data
for the soils and the air temperatures are the only information required for these
solutions. (Thermal conductivity coefficients were taken from published charts).

Comparisons of the observed and calculated frost depths indicate that an air-
surface correction factor of 0. 8 gives best results for the sites investigated.
Utilizing this value, the difference between actual and calculated depths of freeze
1s commonly about 1/2 foot, plus or minus. Considering the many factors which
affect frost penetration, this comparison is thought to be good.

In securing average daily temperatures by averaging maximum and minimum
values for 24-hour periods, it was found that the time of recording made a sig-
nificant difference. For the freezing season studied, the use of a period from
6 P.M. to 6 P.M. gave a freezing index about 6 percent less than that for a mid-
night to midnight period.

The investigation indicates the feasibility of making reasonable frost depth
predictions for known soil and temperature conditions. Additional measurements
should yield further refinements. Further study of the air-surface is considered
particularly desirable. Similar procedures could also be applied to a study of
the thawing of soils.

@ ALTHOUGH the need for reasonably accurate methods for predicting depth of frost
penetration has long been recognized, the difficulties of handling numerous variables,
such as those of the soil, temperature, and other factors of climate, have until recent-
ly hindered such a development. In recent years work of the Corps of Engineers, De-
partment of the Army, has indicated some promise in the use of the Stefan equation for
calculating depths of freeze and thaw utilizing air temperatures, an air-surface tem-
perature correction factor, and moisture content and density data on the soil section.

Carlson and Kersten, in a previous paper before the Highway Research Board (1),
reported on observations and calculations for some airfield pavement sections in Alaska
which showed a good agreement between measured depths of freeze and thaw by thermo-
couple readings and borings with values calculated on the basis of the Stefan equation.
The literature records few studies of a similar nature in continental United States.

This study is an attempt to apply calculations by the Stefan equation to some test lo-
cations 1n Minnesota and compare these calculated depths with observed depths. The
calculations are based on such easily collectable data as air temperatures, soil texture,
and moisture content. No ground temperature installations, such as thermocouple
strings, were utilized. For comparison with calculated depths of freeze, auger borings
were made periodically during the winter season and the depth of freeze in the holes

noted.
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All test points were on bituminous-surfaced roads which were kept free of snow.
The subgrade soils at the test points represent a variety of textures and also moisture
contents. It is thought that the comparisons of calculated and observed depths afford a
check on the degree of accuracy that may be expected for predictions of frost depth
based on such procedures. It is also hoped that studies such as this will assist 1n indi-
cating the magnitude of air-surface correction factors for northern United States.

EQUATION FOR FROST DEPTH

The Stefan equation as modified in studies by the Corps of Engineers has been pre-
sented in prior publications (1, 2) and the explanation will not be repeated here. It is
based on the simplification that the only heat flow that need be considered in frost pene-
tration is that represented by the latent heat of fusion of the water in the soil. The
Corps of Engineers modification includes the use of an air-surface correction factor to
convert degree-days of freeze for air temperatures to those for the pavement surface.
Also, the solution is applied to a layered system by considering the individual proper-
ties such as volumetric latent heat of fusion and thernal conductivity for each strata of
soil. The equations as applied in this study may be stated as follows:

Consider a layered system, such as a bituminous mat, gravel base, and layers of
underlying soil, numbered from the top down.

The degree-days required to freeze layer 1 1s

F, < Lo’ _Lih R
1TIgk, W T
in which F, = degree-days of freeze at surface required to freeze layer 1 in degrees
Fahrenheit.
L, = volumetric latent heat of fusion in Btu.per cu. ft.
= 1.434 wd
W = moisture content of soil in percent
d = dry density of soil in pounds per cubic foot
h, = thickness of layer in feet
k; = thermal conductivity in Btu. per square foot per
degree F. per foot per hour.

. h
R, = thermal resistance =-—*

k1
For layer 2
Fz = %hi (R1 +_l'\2'_.a)
For layer n
_ Linhn
Fn=—53" (Ri+Ra+ ...... + Rp-1 +%)

Lph
= (an-l +R )
2 5

in which ZRp-1 = the summation of the thermal resistances of all layers above layer n.
To utilize these equations it is necessary to know certain characteristics of each
layer, namely, moisture content, density, and thermal conductivity, Moisture contents
and densities can be measured in the field at the test location. In the field studies re-
ported herein, extensive moisture-content data were collected. Only a few density tests
were made, but 1t is thought that reasonably accurate values could be estimated from
textural information. Values of the coefficient of thermal conductivity have been se-
lected from diagrams based on extensive laboratory studies previously reported (3, 4).
Experience thus far has indicated that these values are reasonably correct. -
The other item of information required for utilization of the equations 1s temperature
data. Average daily temperatures during the freezing season were obtained by use of a
maximum-minimum thermometer. Readings were recorded at 6 P. M. each day and
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Figure 1. Map showing site location.

the two values averaged for calculation of the degree-days. Also, average daily tem-
peratures were obtained from the U.S. Weather Bureau at Minneapolis.

The degree-days of freeze at the pavement surface, the term F in the equation, was
taken as the degree-days of freeze based on air temperatures multiplied by an air-sur-
face correction factor, Cf. The studies in Alaska had indicated a value of Cf = 0.6 to
be correct. Therefore this same value was initially assumed for this investigation.
However, other values of Cf were also considered in this study to attempt to obtain the
best correlation between observed and calculated frost depths.

SITES SELECTED FOR STUDY

The field sites selected for the study are shown in Figure 1. The area is just north
of St. Paul, Minnesota ; all nine locations are within an area of about 50 square miles.
All locations are points on roads with bituminous surfaces. It was attempted to select
areas with a variety of textures of subgrade soils. The detailed information for each
test point 1s given in the following paragraphs and in Figures 2 to 10, inclusive.

Soil textures were determined by visual and manual manipulation with numerous
checks by hydrometer analysis; moisture content tests were made for every 0.5 foot;
most of the densities are estimates based on the texture of the soils and some labora-
tory compaction tests at natural field moisture contents. Moisture contents for all
test sites are given in Table 1 for ready comparison.

Site A

The location of Site A is on Minnesota Trunk Highway 36 just outside the corporate
limits of Minneapolis (see Figure 1). The area surrounding this location is relatively
level, having little cover with the exception of scattered brush to the south of the pave-
ment., The road itself is a tangent section about 1/2 mile long, connecting relatively
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TABLE 1
MOISTURE CONTENTS - FIELD TEST SITES
Depth in Moisture Content, Percent of Dry Weight
Feetd Site
A B C D E F G H J

0-0.5 3.2 2.0 3.3 7.9 8.1 17.6 19.1 6.9 6.6
0.5-1.0 14.5 3.7 6.7 6. 2 7.2 17.4 27.3 8.2 4.8
1.0-1.5 13.5 6.3 5.1 7.1 10.3 20, 2 23.9 10.3 4.8
1.5-2.0 15.0 11. 7 5.4 5.1 9.4 28.6 24,1 13.3 5.8
2.0-2.5 13.0 11.8 5.8 6.6 8.7 25.1 24,3 15.7 6.1
2.5-3.0 14.0 10.4 5.4 7.3 8.8 24.7 22.8 15.5 5.9
3.0-3.5 14,7 9.5 5.1 7.9 8.7 25.3 23.8 18.3 6.7
3.5-4.0 14. 7 10. 2 5.0 6.9 8.3 24.3 25.7 19. 8 6.0
4,0-4.5 20.6 9.1 4,5 5.4 9.0 25.7 28.0 19.2 5.7
4,5-5.0 19. 8 9.4 4.5 4.8 9.4 25.7 30.7 17.6 7.5
5,0-5.5 22,2 12. 3 4,2 5.0 9.4 25.9 32.3 16. 8 8.3
5.5-6.0 22,0 13.5 4.6 4.7 9.9 24,6 34.7 18.8 10.1
6.0-6.5 19. 8 12. 4 9.2 4,4 10.0 23.1 311 17.6 9.8
6.5-17.0 19.0 8.2 9.1 4,4 9.9 24,7 29,4 17.2 6. 8
7.0-1.5 15.5 8.3 7.5 5.5 10. 3 24.9 29.3 17.5 6.9
7.5-8.0 16.2 9.5 6.1 10.4 10.3 26.3 26.1 17.7 7.4

2 A1l depths measured from top of bituminous surface.

flat reversed curves. The cross-section is level, with moderate ditches; the entire
area offers little cover or wind protection.

The soil encountered in this location 1s described in the Soil Survey of Ramsey
County, United States Department of Agriculture, as Miami loam. Hydrometer analy-
sis of the soil gave a loam texture (United States Bureau of Chemistry and Soil Classi-
fication) for the entire depth of the hole. The particle size of 0. 02 mm. 1s sometimes
considered as being significant in the frost-susceptibility of a soil. About 33 percent
of this soil is smaller than 0. 02 mm.

Site B

Site B 1s just 0. 1 mile east of Site A. Cover conditions are similar, the road being
in an exposed location. The soils at this site, however, differ from those at Site A.
The subgrade is a mixture of sandy loams of both gray and red drift origin. On the soil
map this location is on the apparent border of Miami and Gloucester soils.

Sites C and D

Sites C and D can be considered together, since their locations are close to one an-
other and the soils are the same. This section of the road and the area adjacent to the
sites are relatively level; there is no brush or trees within several hundred feet. Pas-
ture and cultivated areas abut the roadway both north and south. The natural moisture
content of the soil in borings made October 11, 1953, showed 6 to 9 percent at Site C
and 5 to 8 percent at Site D. The soil at both locations was a relatively clean fine sand.
The area is mapped as the Merrimac series.

Site E

Site E has more protection from wind and less exposure to sun than most of the other
sites. The highway at this location is wooded on both sides (see Figure 8); the site was
chosen in order to have a soil of the Gloucester fine sandy loam texture. There soils
are derived from glacial red drift; the stony nature of this material proved to be an
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TABLE 2
MEASURED DEPTHS OF FROST PENETRATION

t Depth of Frost Penetration, Inches?
Site 1953 1954
Dec. 11 Dec. 18 Dec. 19 Dec. 23 Dec. 31 Jan. 15 Feb. 5 Mar. 9

A 7 20 27 36 47 76b
B 6 19 27 36 55 90¢
C 9 12b 31 40,5 51.5 32b
D 10 19 33.5 43.5 60.5 30b
E 8 18 27 40.5 70 37d
F 6 18 23 32 43 40

G 4 117 23 31 43.5 41

H 5 19 27 36 52 42b
b ob 15 32 43.5 68 52€

2 A1l depths measured from top of bituminous surface.
Reliability of data in doubt.

:;Thawed depth approximately 2 to 2.5 feet.
Thawed depth approximately 2 feet.

€ Thawed depth approximately 1.5 feet.

undesirable feature. In the actual boring operation the presence of stones, cobbles,
etc. , made boring difficult and determination of depth of freeze was not readily made
since the granular nature of the soil did not result in a positive line of demarcation
between the frost zone and nonfrozen soil. This made the value of Site E as a test lo-
cation somewhat dubious.

Sites F and G

Sites F and G will also be considered together, since the soils are the same and the
two are thought of as verifications of each other. The location is on a county road with
a narrow (20-foot) road-mix bituminous surface. The surrounding terrain is level and
cultivated fields abut north and south. The top soil is black with high organic content.
A relatively poor natural drainage accounts in part for the high moisture content of 23
to 30 percent. The texture of the soil is sandy clay loam. The so1l survey map shows
the area as the Clyde series. A mechanical analysis of this material indicates about
22 percent of clay and 60 percent of silt. These two locations represent the heaviest
soils which could be found in the general test area. The entire study would have bene-
fited could a location having a heavy clay soil been found.

Site H

The highway in the area of Site H 1s level with open space both north and south af-
fording no wind or sun protection. The subgrade soil is a sandy loam containing about
13 percent of clay and 27 percent of silt. The variations in moisture content are attri-
buted to soine differences in the amount of silt and clay at different depths.

Site J

Site J is a departure from the cover and wind exposure conditions of the other sites
as it is in a deep cut section of highway with trees bordering to the north and south.
The soil survey map of Anoda county shows this soil to be a fine sandy loam of the
Miami series. The hydrometer analysis indicated the soil to be a gravelly sand near
the surface and a sandy loam till derived from red glacial drift at deeper depths. The
good grading and gravel content of the soils resulted in the highest densities, 110 to 118
pcf. , of the soils tested.
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CLIMATIC DATA

The location of the station at which temperatures were measured was about 2% miles
southwest of Site A (Figure 1). This was the residence of the investigator and was selected
for that reason. A maximum-minimum recording thermometer was mounted in a location
away from sun and wind yet representative of the actual air temperature. From November
1, 1953, to April 30, 1954, daily maximum and minimum temperatures were recorded at
6 P.M., from which the observed average daily temperature was determined. The loca-
tion of the U.S. Weather Bureau Station was near the Twin City Metropolitan Airport, ap-
proximately 10 miles south of the location of the other recording station. Average daily
temperatures at this station were based on the maximum and minimum values for a mid-
night to midnjght period.

TEMPERATURE — PRECIPITATION CHART
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It is believed that the temperatures at the airfield and frost study sites approximate each
other rather closely.

The freezing season in Minneapolis according to records of the U.S. Weather Bureau
normally begins about November 17 and ends about March 17, a period of four months.
During this time wide fluctuations of temperature occur with highs of 60 F. to 70 F. re-
corded at the begmnning and end of the season and lows of -20 F. during the middle of the
season. The mean temperature of this 4-month period is 20 F.

Temperature and precipitation data are shown in Figure 11. The winter of 1953-54 dif-
fered from a normal winter in two ways: (1) a very-warm February and (2) a small
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amount of snow. Total snowfall was only 23. 3 inches as compared to an average fall of
42 inches. The light snow had little or no effect on the frost study, since road surfaces
are always kept clean. The abnormally warm February, however, cut off the study at an
early date, since there was no increase in frost depths after the first part of February.

The measurement of cold for frost-penetration calculations is by degree-days. A
degree-day is defined as each degree in any one day that the average daily air temperature
varies from 32 F. The difference between the average daily temperature and 32 F. equals
the degree-days for that day. The degree-days are minus when the average daily tempera-
ture is below 32 F. and plus when above. For temperate climates, where hourly fluctua-
tions of temperature are common, a better system would be the degree-hour, which would
be a more-accurate measurement of cold. This is apparent, since the average daily tem-
perature is the basis for calculation of degree-days. Hence, a sudden rise or fall in tem-
perature, especially near the recording time, would reflect an incorrect amount of cold,
the actual average being several degrees higher or lower. The use of the degree-hour is
considerably more laborious, however, and makes its value a practical question. A varia-
tion of this idea will be shown later when differences arise from time of recording.

Figure 12 is a plot of degree-days of freeze for a normal winter and for the winter of
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1953 —54 using both the temperature data near the test site (observed) and the U.S. Weathe
Bureau values. The differences in values for these two curves is believed to be caused by
two factors which influence the daily average temperature.

The first of these factors is that of location of the recording stations, the station for
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observed data being a more-sheltered urban area of Minneapolis, while that of the Weather
Bureau is 1n an exposed suburban area with less protection from climatic variations. This
fact, it is believed, could account for the somewhat lower daily average temperature and

a higher accumulation of cold.

The other (and perhaps most-important) factor is that of time of recording. The time
of recording for the observed data was 6 P. M. while the USWB averages are computed on
a 12 M. to 12 M. basis. Using the hourly temperature recordings from the official USWB
climatological data sheets, the maximum and minimum daily temperatures for a 6 P. M. -
to-6 P. M. period were compiled. The averages of these temperatures were computed
and from these a new total degree-days of freeze was figured for the entire freezing period.

The following results were obtained:

Total Degree-days of Freeze

U.S.W.B. U.S.W.B. Observed
12Mtol2 M 6 PM to 6 PM 6 PM to 6 PM
February 13,
1954 -1064 -982 -923
April 3,
1954 -1162 -1021.5 -965.5

The result of the change to 6 P. M. recording time is that the total degree-days using
USWB data are 140 days closer to the total of observed and only 56 days greater (April 3
totals). This difference in totals is considered reasonable, being within 6 percent of the
observed degree-days total. A difference of 5 percent is deemed allowable for location
difference.

Closer agreement between the calculated and observed depths of frost penetration could
be shown were these USWB (6 P. M. -to-6 P. M.) data used instead of the 12 M. -to-12 M.dat
However, the concept is a new and unproven one, and therefore the official data were used.

It should be mentioned here that although it was at first intended to include a compari-
son of actual and calculated depths of thaw for the same locations, the unseasonal weather
in February and early March made such a study impossible. The value of such a com-
parison is unquestionable, its application to the fields of highway and airport engineering
being perhaps greater than that of frost penetration.

FIELD OBSERVATIONS OF FREEZE

At the present time two methods of field determination of depth of freeze are in general
use. These are the thermocouple and the auger, either hand or powered. Each method
offers advantages and disadvantages over the other.

The hand method using the simple helical auger or the "Iwan'" posthole auger is the
easiest and most practical where only a few borings are to be made. This method is
adapted for recovery of unfrozen shallow depth samples for laboratory analysis, since the
drill hole is kept clean and actual depths of samples can be closely determined. This
method is not very satisfactory for depth of freeze determination. The use of this method
for frozen soil borings appears to be limited to about a foot. For this study the hand
auger, helical type, was used only for determination of the depth of freeze at the onset of
the cold season. The frost lines is readily found, however, from the break-through point.

The variety of power augers and boring rigs is wide and varies from hand supported,
electric powered, small-diameter helical augers to large, truck-mounted, large-dia-
meter augers and percussion drilling rigs. After the frost line had reached depths ex-
ceeding a foot, a jeep~mounted power auger supplied through the cooperation of the Min-
nesota Department of Highways was used. This unit had a bore 3 inches in diameter
and used a continuous helical screw auger.

In practice the actual point of break through the frozen to unfrozen soil could not be
closely determined during augering. Instead, a sampling spoon having a hooked lip was
scraped along the walls of the hole until the spoon hooked the frozen earth. The depth was
then measured to the lip of the spoon. The only disadvantage of this method was that in
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particularly granular soils (Sites E and J) the pebbles and rocks held firmly to the walls,
so the spoon catching one of them gave the impression of being at the frost line. No dif-
ficulty was experienced in soils such as those found at Sites C, D, F, and G as the frost
line at these locations was sharp and definite and no pebbles were present in the soil.

Conceivably a stoney clay, silt, or loam could occur which ordinarily would have a
texture permitting easy frost-depth determination in the homogeneous state; however, due
to the stoney texture some ambiguity could occur i frost determination. Manipulation by
hand of scrapings from the sides of the bore was of some assistance in locating the frost
line and, also, frozen soil often having the appearance of containing ice or 1ce crystals as
compared to unfrozen soil having a moist appearance.

After stabilization of the freezing season in December, the borings were continued
throughout the winter at intervals of two to three weeks.

The depths of freeze as determined are tabulated in Table 2. Depth of freeze versus
time plots are shown on Figures 13 to 21, inclusive.
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CALCULATED DEPTHS OF FREEZE

The equation for calculation of depth of freeze in a layered soil has already been given

as
=L h
F,="n"n (ZR, _; + Rp)
e =z

This equation was applied and depths of freeze computed. The maximum freezing in-
dex of -923 degree-days, reached on February 12, 1954, was used for all sites.

Using Site A as an example, the calculations of freeze are shown in Table 3. To cal-

culate the degree-days to freeze the sand and gravel base, the following computation is
made:

F=52 (3R ;+5 )
_ 540 (. 2) .30
_T (-38+-—2—
=5

The volumetric latent heat of fusion of the sand and gravel is 540, 0. 2 is the thickness
of this layer, 0.38 the thermal resistance of the overlaying bituminous mat, and 0. 30 the
thermal resistance of the sand and gravel itself. The average resistance for the layer
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during its becoming frozen is, then, 30/2. The value of 5 degree-days is a surface value.
Since the relation between the surface values and air indices is given by the surface cor-
rection factor, this can be transposed into air degree-days by dividing by the value of Cs.
Table 3 shows air values for C; values of 0.6, 0.8, and 1.0.

For calculating the total number of degree-days to freeze 0.5 feet additional depth, the
next calculation is made, utilizing the same equation as above, but using the L value for
the loam till, a thickness of 0.5 feet, the combined result of the bituminous mat and sand
and gravel base for =R and the average R of the 0.5 feet of loam till. The EZF column
totals the F values for all layers to that depth.

It will be noted that the maximum index of -923 degree-days produced a depth of freeze
between 3 and 4 feet on February 12. In computing the depth of freeze in the final layer,
it is necessary to determine the thickness of soil which can be frozen by the available
degree-days of the freezing index. Since 717 degree-days are required to freeze a depth
of 3 feet, (for Cg = 0.6).
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923 - 717 = 206 degree-days.
available to freeze below 3 feet.
Converting this to surface freezing index by application of the surface correction factor,
Cs, gives
206 (0.6) = 124 degree-days.

Applying the formula again:
F = 1"'n h

R
n (ZR +°n)
n n-1" 4

124 =2—33§-4(—hl (2.96 + 'ZE(‘T))

Or! 9.96h+.5h%=1.28

h = .40 feet.
DEPTH OF FROST PENETRATION
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! N using the USWB freezing index of -1, 064
\\\ degree-days were made and plotted on the
\ same time-depth charts.

£ AN x After the degree-days required to freeze
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the date on which this number was reached
3 can be taken from the curves, such as those
A of Figure 12. The calculated time-depth of
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two sites, A and G, to a depth of 2.5 feet and inasmuch as this depth represents only a
portion of the total frozen depth, it can be said for all practical purposes that the densities
as used are assumptions which are, nevertheless, believed to be indicative of the actual
field conditions.

In recognizing that they are assumptions, it is also necessary to recognize that they
may be in error, some perhaps by as much as 10 pcf. plus or minus. Since the values for
the other variables as used are based upon test or previously determined results, the den-
sities used are the most significant source of error.

In the Stefan equation used here, L, the volumetric latent heat of fusion is given as

L=1.434 wd

where: w = moisture content in percent of dry weight
and d = dry density 1n pounds per cubic foot.

It is possible to determine statistically the exact effect that deviations from the assumed
correct value for both moisture content and density would have upon L and hence also the

TABLE 3
CALCULATION OF FREEZING
Site A

Depth Material Thick.  Density ¥ L k R zr *®R r  3rarp0ezF8

0-0.3 Bit. Mat. 3 18 38
0.3-0.5 Sand and Gr Base 2 118 .2 S0 67 30 .38 53 5 5 8 8
0.5-1.0 Loam till, some gr. .5 118 145 2480 1.17 .43 .68 .90 47 52 81 65
10-20 Loam till 1 18 145 2490 1.17 85 1.11 1.5 159 211 352 264
2 0-3.0 Loam 1 110 135 2130 10 1.0 1.96 2.46 219 430 717 538
3.0-4 0 Loam 1 110 147 2320 1.0 1.0 296 3.46 334 764 1270 955
4.0-5.0 Loam w/silty streaks 1 100 204 2020 10 1.0 396 4.46 543 1307 2180 1635
5 0-6.0 Loam w/silty streaks 1 100 220 3150 1.1 .9 496 541 710 2017 3360 2520
6.0-7.0 Loam 1 100 19.4 2780 1.0 1.0 588 636 735 2752 4580 3440

Units are as follows*
Thickness, h, i feet
Density, §, mn Ib. per cu. ft (dry density)
Moisture content, w, n percent of dry weight
Volumetric latent heat of fusion, L, n BTU per cu. ft.
Thermal conductivity, k, n BTU per sq ft. per degr F,per ft. per hour
Thermal resistance, R = h/k
Degree-days of freeze, F, degree-days Fahrenheit
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Figure 24. Figure 25, 1

effect upon the depth of freeze. The moisture contents in this study are the result of actua
test and are thought to be accurate within a percentage point or two; variations in density
from assumed values are more probable, and hence only these will be considered.

For this analysis the broad assumption was made that the densities could have been in
error by as much as 10 pcf. plus or minus. Calculations were made for the soils at Site
A representing the sandy loams, C representing the fine sands, and G representing the
heavier silty clay loams. In the calculations for each site, the densities were both in-
creased and decreased by a value of 10 pcf. and the depth of freeze calculated for the Feb-
urary 12 date when the air freezing index was -923 degree-days. The resultant depths are
shown in Table 4.

It can be seen that a maximum variation of 0. 3 to 0. 4 feet in calculated depth of freeze
would result for a variation of 20 pcf. (Plus or minus 10 pcf. from actual assumed values).

SURFACE GORRECTION FACTOR GOMPARISON
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59

COMPARISON OF CALCULATED AND OBSERVED DEPTHS

One of the important purposes of this study was to compare the actual and calculated
depths of freeze and, also,to study the effect of the surface correction factor on calculated
depths of freeze. The results of the former are shown by Figures 13 to 21 and of the latter
by Figures 22 to 30.

SURFAGE CORRECTION FACTOR COMPARISON
SITEH

LOCATION TH 96, E B Lans, O | mi west L

1953 1954
NOVEMBER DECEMBER JANUARY FEBRUARY
SURFACE CORREGTION FACTOR COMPARISON
SITE 6 Ry
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1953 — 1554 O
o TOVENSER GEGENBER, JANUARY FEBRUARY MARGH t A
W\
“\
.
1N \\
PR\
2 AN \‘
\\\
.y
.

DEPTH IN FEET

r
p.
A

DEPTH IN FEET

= By auger horings By auger bonngs

—_——Cr ——Ct=06

———¢j: 08 m———0t+08

mmme g0 ] emme=- Ci=1 0

¢ L [ 1
Figure 28. Figure 29.

Inspection of Figures 13 to 21 shows that the predicted depth of frost penetration is less
than actual depth, and that the use of U.S. Weather Bureau temperature data gives closer
correlation between them than does use of observed temperature data. The difference
between the two calculations is not especially significant. It will be noted that in each case
the curves are closely parallel, differing only in magnitude.

Using the USWB curves, the differences in observed and calculated depths of freeze on
February 5, 1954, are shown in Table 5. In all cases except at Site C, the actual depth
was greater than the predicted depth. This leads one to conclude that Site C may have
been in error regarding the final depth. This conclusion may actually be correct, since
some doubt existed at the time the borings were made.

; The ambiguity regarding the depth stemmed from the fact that the soil at Sites C and D
was a cohesionless sand with a low moisture content; this made determination of the depth

TABLE 4
CALCULATION OF DEPTH OF FREEZE FOR ASSUMED VARIATIONS IN DENSITY

Calculated Depth of Freeze,

Site Assumed Density Feb. 12, 1954
pef.

feet

10 #/c.f. greater 3.3

A As in Figure 2 3.5
10 #/c.f. less 3.6

10 #/c.f. greater 4.1

C As in Figure 4 4.9
10 #/c.f. less 5.1

10 #/c.f. greater 2.7

G As 1n Figure 8 2.9

: 10 #/c.f. less 3.1
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FEBRUARY 5, 1954.

TABLE 5
DIFFERENCE BETWEEN ACTUAL AND CALCULATED DEPTHS OF FREEZE,

AIR-SURFACE CORRECTION FACTOR = 0.6

Measured Depth

Difference, Measured and

Site Soil of Freeze, ft. Calculated Depths, ft.
Observed Temps. U.S W.B. Temps.
A Loam 3.9 -0.45 -0. 40
B Sandy loam 4.6 -0.50 -0.20
C Fine sand 4.3 +0.35 +0. 85
D Fine sand 5.0 -0.65 -0.25
E?sandy loam 5.8 -1.35 -1.10
F Silty clay loam 3.6 -1.00 -0.85
G Silty clay loam 3.6 -0.90 -0.50
H Sandy loam 4.3 -0. 85 -0.60
J Gravelly sand 5.7 -1.00 -0.55

aResults of this site in doubt.

Note: A plus sign indicates calculated depth is greater than observed.

of the frost front difficult. Therefore in the case of Site C, the borings were repeated on

February 6 in order to correct what seemed to be an obvious error, with an inconclusive

result.

The differences shown in Table 5 represent those which would result from the original |
assumptions for the theoretical equation, i.e., an air-surface correction factor of 0.6.

With the exception of the dubious frost depth determinations at Site E, it will be noted that
the error in such predictions did not exceed 1.0 foot for actual frost depths which varied

between 3.6 and 5.8 feet.  This is considered a fairly good correlation.

U.S.W.B.

TABLE 6
DIFFERENCE BETWEEN ACTUAL AND CALCULATED DEPTHS OF FREEZE

TEMPERATURE DATA
AIR-SURFACE CORRECTION FACTOR = 0.8

Difference, Measured and

Site Soil Mot;a;z:::el’)ef;:fh Calculated Depths, ft.
January 15 February 5 January 15 February 5
A Loam 3.0 3.9 -0.2 -0.2
B Sandy loam 3.0 4.6 +0.6 +0.2
C Fine sand 3.4 4.3 +0.6 +1.3
D Fine sand 3.6 5.0 +0.3 +0.6
E Sand loam 3.4 5.8 +0.5 -0.6
F Silty clay loam 2.7 3.6 -0.3 -0.5
G Silty clay loam 2.6 3.6 -0.2 -0.4
H Sandy loam 3.0 4.3 +0.2 -0.2
J Gravelly sand 3.6 5.7 +0.5 -0.1

Note: A plus sign indicates calculated depth is greater than observed.

i



61

sTE 4 SURFAGE CORREGTION FACTOR GOMPARISON At the start of the investigation it was
LOCATION T H 100, 0.2 mi sent T 63 - realized that some air-surface correction
NOVEMBER DEGEMBER JANUARY FEBRUARY factor other than 0.6 might result in a better
check. As inspection of the curves of Fig-
q}\ ures 22 to 30 indicates that a value of C¢ =
. S 0. 8 does give better results. Table 6 shows
N\ the differences between observed and cal-
W culated depths using C¢ = 0. 8 and the USWB

temperature data for two different dates.
IR\ k Inspection of the table shows an average

\

AW

difference of only about % foot with some
\. calculated values being greater than the ob-
N served and others bemng less.
W \ It is of interest to note that the relation-
‘~‘\ ship of texture and moisture content with
\ frost penetration was the same as that shown
A\
Y

DEPTH IN FEET
7~

N by theoretical calculations. All other con-
~ ditions being the same, the least frost pen-
o) o pornas RN \\ etration should occur in a fine-textured soil
oo R\ with a high moisture content. Sites F and G
! o with the silty clay loam soils and moisture

Figure 30. contents m the middle 20's had the smallest

depths of freeze, about 43 inches. The greatest frost penetrations should occur for sandy
solls at low moisture contents. Inspection of Table 1 shows the Sites C, D, and J had the
lowest moisture contents, averaging around 5 or 6 percent.

Results show that these sites did have reasonable deep frost penetrations although Sites
B, E, and H had greater depths than Site C (some doubt on accuracy of measurements at
Site E has previously been mentioned). The soils with moisture contents between those of
the dry sands and the silty clay loams such as the loam at Site A (15 percent) and the sandy
loam at Site H (10 to 19 percent) showed intermediate depths of freeze. It is not felt that
the accuracy of the frost depth determinations was sufficient to permit making more than a
generalized comparison of frost depths for different textures of soils such as has been done
above.

CONCLUSIONS

The study involved the collection of factual data on the soils at nine selected sites, tem-
perature data during the freezing season, and depths of freeze at intervals. The latter
were determined by means of auger borings. Utilizing the soil and temperature data, cal-
culations of anticipated frost depths were made by a modified form of the Stefan equation.
The following conclusions result from this investigation:

1. The modified Stefan equation is a useful tool for calculating frost depths. The in-
formation required for its use includes texture and moisture contents of the soil profile,
density determination by tests or estimates, and average daily air temperatures during
the freezing season.

2. The use of an air-surface correction factor of 0. 8 gave the best agreement between
the calculated depths of freeze and the observed depths. Differences in calculated and ob-
served depths averaged about % foot when this factor was used.

3. Frost penetration is greatest in those soils with low moisture contents and least in
those with high moisture contents. These results are obtained with the theoretical equa-
tion and were also found in the field observations.

4. For calculating the freezing index from the average of maximum and minimum 24-
hour period temperatures, the time selected for readings 1s significant. Since midnight-
to-midnight periods are commonly used, 1t 1s suggested that this be taken as standard.
Further study 1s suggested to determine variations when another hour 1s selected for read-
ings.

5. This relatively short project has indicated the desirability of other studies. It would
be valuable to make measurements during a more-severe winter, with greater resultant
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frost depths. The inclusion of more silt and clay soils would be helpful. Further study
of the air-surface correction factor is needed. The study could be extended to include ,
depth of thaw, since these calculations can also be made by the Stefan equation. It should
also be of interest to make similar investigations in other states or areas with different
climatic conditions.
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Climate in Relation to Frost Action

CARL B. CRAWFORD, Assistant Research Officer, Division of Building Research, and
DONALD W. BOYD, Climatologist, Department of Transport,
National Research Council of Canada, Ottawa

This paper attempts to illustrate the great need of correlating the main
climatic factors with frost action damage. This has already been done,
on a modest scale, with evidence of some success. Although adequate
climatic data is available in most populated regions, much-more-concise
information on actual road damage is required for a complete analysis of
the effect of climate. Two specific cases of climatic influence on spring
breakup are discussed.

@IN practically all of Canada and most of the United States frost action is a problem of
major importance in highway and airport engineermg. The term "frost action' is used
here in its broad sense to include any detrimental effect on engineering works resulting
from the penetration of frost below the surface of the ground.

For more than a century scientists and engineers have been concerned with the de-
structive effects of frost action. The advent of modern land and air transportation has
added urgency to the necessary solution of the problem., This has resulted in many in-
vestigations and a voluminous literature on the subject. Fortunately this was studied,
abstracted, and correlated in the admirable review of the literature on frost action by
Johnson (1952).

DEVELOPMENT OF THEORIES ON FROST HEAVING

The most-significant developments in the understanding of the frost action phenomenon
occurred about 25 years ago. Much good work had been done earlier but it was the pub-
lishing of Taber's treatise on "Frost Heaving" in 1929 that introduced the elements of the
theories on frost action which are now widely held. Coincident with Taber's work was
the equally important work of Beskow in Sweden. Although Beskow had visited America
during the First International Conference on Soil Mechanics and Foundation Engineering
in 1936, his work was not widely known in this country until Osterberg translated his
original papers into English in 1947.

Taber postulated that a steady penetration of frost into certain types of soil would re-
sult in the formation of ice lenses which would produce heaving of the surface. In 1930
Benkelman and Olmstead, on the basis of laboratory studies and many field observations,
proposed that freeze-thaw cycling of air temperature was necessary for the formation of
lenses. Although Taber's theory appears to be more-widely accepted, the significance of
freeze-thaw cycling has not yet been satisfactorily resolved. Heat-flow theory indicates
that there is no limit to the thickness to which an ice lens may form under a slow steady
extraction of heat from the ground. There is, however, some reason to believe that cy-
cling of air temperatures, a common feature of the weather, contributes significantly to
frost damage to roads (see Johnson, 1952, p. 133).

EMPIRICAL RELATIONSHIPS

There are many variables that affect the penetration of frost into the soil (Crawford
1952). There are many additional factors that will affect the frost damage to subgrades
(Johnson 1952). In the solution of the problem, there are two methods of approach in
which these variables have vastly different significance. In fundamental investigations
into the mechanics of frost action, the mmvestigators must attempt to consider all variables.
In practical investigations or in the application of fundamental results, however, the en-
gineer must exclude minor variables and apply averages or statistical factors to the var-
iables of major importance.

Consider, for example, the role of the soil moisture content, a factor which is ob-
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viously important and which, to a large degree, determines the severity of frost action.

In a fundamental analysis the investigator must understand the physical state of the soil
water, its chemical content, its rate of movement and whether it moves as liquid or vapor
under temperature gradient. In addition to its direct effects, the soil moisture will greatl
influence such variables as the coefficients of thermal conductivity, specific heat, radia-
tion, and evaporation. On the other hand, in attempts to explain frost damage in the field,
average values only can be cited. Because of variability in the soil and sampling difficul- ;
ties, further refinement is not possible.

This same limitation will apply to any attempt to relate climatic effects to frost action.
It will be necessary to neglect completely many important factors 1n order to obtain work-
able relationships. The design of the roadway and the volume of traffic, in addition to
climate and soil type, will have a considerable influence on the amount of damage which
can be attributed to frost action, but these two factors are superimposed conditions and
must therefore be neglected.

Casagrande, in 1931, illustrated an empirical relationship between the cumulative de-
gree-days of below freezing air temperatures and the penetration of frost into the ground.
The idea of this simple relationship had been mentioned 2 years earlier (Sourwine 1929). ¢
1t is based on the premise that a reasonable measure of the magnitude and duration of cold
for any one day is given by the number of degrees that the mean temperature 1s below
freezing; the sum of these daily values for the winter season is now called the "freezing
index." Approximate values of the freezing index can be calculated by using only the
monthly mean temperatures or by plotting the monthly mean temperatures and finding the
area between the resulting curve and the freezing line. If accurate values are needed,
however, it is necessary to use daily mean temperatures for the computations.

Many subsequent investigators have noted a similar correlation. A definite empirical
relationship has been established for a particular soil type under snow-free conditions
{Shannon 1945).

Although it will be readily admitted that this empirical relationship is an oversimplifica-
tion of complex phenomena, no improvement of the original curve has yet been possible.
It is now generally referred to as the U.S. Corps of Engineers "Design Curve" (Corps of
Engineers 1947). It has been suggested (Belcher, 1940; Legget and Crawford, 1952) that
the rate of accumulation of degree-days of freezing air temperatures will have a signifi-
cant effect on frost penetration but sufficient data are not available to establish this effect.

l
1
1

1

CLIMATIC STUDIES |

In 1929 F.H. Eno presented a paper to the Ninth Annual Meeting of the Highway Researc1
Board outlining the available climatic data which are of most importance to highway en-
gineers (Eno 1929). Twenty-three figures were used to illustrate various features of air
temperature and freezing, sunshine, wind velocity, relative humidity, evaporation, and
precipitation. He emphasized the application of climatological data to drainage, subgrade
and surface stability, construction operations, maintenance, snow problems, load re-
strictions and safety. This paper was an introduction to the importance of climate in high—I
way engineering, but 25 years have passed since 1its presentation, and relatively little ef-
fort has been devoted to the promotion of its implications.

Certain features of the paper were elaborated in the discussion by J. A. Sourwine, Senid
Highway Engineer, U.S. Bureau of Public Roads, who 1 the following year (Sourwine 1930
published results of an extensive climatic study of frost occurrence for use in highway de- |
sign. His purpose was to establish a method of using recorded weather data to determine
the probability of ground freezing. His method included the effects of the intensity, dura-
tion, and frequency of low air-temperature occurrences based on past records. |

From the work of Bouyoucos and Petit on the required duration and lowering of air tem7
perature to produce freezing m soil and a study of low temperature durations from me-
teorological records, Sourwine established 23 F. as the "critical initial air temperature' :
for freezing of the ground surface. He then assumed a depth of 3 inches as the "depth
below which ground freezing becomes a problem for consideration in highway design. "
Again referring to the work of Bouyoucos and Petit, he established 26.4 F. as the "abso- l
lute minimum soil temperature coincident with the inception of ground freezing," based
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on the required super cooling of the soil and corrected for duration of cold period as shown
by meteorological records.

From the field observations of Bouyoucos, 16 F. was found to be the "average minimum
air temperature equivalent to a soil temperature of 26.4 F. at a depth of 3 inches. From
the records of several stations of the U.S. Weather Bureau, Sourwine analyzed all periods
during which the air temperature fell below 23 F. (the critical initial air temperature for
ground freezing) and found that the absolute minimum temperature during any period was
on the average 13 F. colder than the mmnimum temperature occurring with 5 percent fre-
quency.! From this he reasoned that, since 16 F. is the air temperature at which ground
freezing begins at a 3-inch depth, 3 F. represents a "critical absolute minimum air tem-
perature' coincident with 5 percent frequency of ground freezing at a 3-inch depth,

He then compared values of monthly average daily minimum temperature and absolute
monthly minimum temperature for four stations and found, by coincidence, a critical value
of 23 F. for the "lowest monthly average of daily minimum temperature' which he assumed
to be a critical design value for highway ground freezing.
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Figure 1. Critical index line folr g:)%hway ground freezing (Sourwaine,
930).

Sourwine extended his initial work to a study of the effect of duration of cold periods.

He studied records over a 15-year period for 35 stations near the 23 F. -minimum-air-
temperature isotherm and determined in each case the cold period duration in degree-hours
which occurred in 5 percent of all cold periods. After considerable study, a "degree-hour-
index" of 900 for 5 percent frequency occurrence was chosen to represent the danger line
for highway ground freezing.

Combining these two studies, Sourwine plotted a "critical index line for highway ground
freezing" on a map of the United States, Figure 1, which, on the basis of weather records
alone, separates territory relatively safe from highway ground freezing from territory in
serious danger of Highway ground freezing. A portion of the territory in serious danger,

This "5 percent allowable frequency” is arbitrarilydefined to mean that when we con-
sider for any locality all cold periods sufficient to cause freezing of average surface
soil, ground freezing below 3 inches in depth may occur one time in 20. A frequency
of more than 5 percent, or more than 1 period in 20, we designate as "objectional
frequency. "



according to temperature data, was modified to be a region of doubtful danger due to the
nature of its winter (December to February) rainfall. This region, mainly in the south
central United States, has less than 2 inches of average winter precipitation, with a low-
est monthly average of daily minimum temperature between 10 F. and 23 F.

This review of Sourwine's work is presented because it is the most-extensive analysis
of weather records in relation to frost action known to the authors. The purpose of the
study was to determine, on the basis of meteorological data only, the approximate southe
boundary of probable highway frost damage. It does not include important intrinsic var- ’1
iables, such as soil type, soil moisture content, density or surface cover; but, to a de-
gree, the objective was accomplished and the approach encourages further study for relat
purposes. |

|
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RECENT CLIMATIC STUDIES |

In recent years many studies have been made relating climate and soil temperatures.
From these studies there resulted some general relationships between climate and frost
action, but few specific correlations have been evolved. It was encouraging to the au-
thors, therefore, to review the work of Dolch (1952) who, working at Purdue University,
attempted to combine temperature and precipitation data to explain variations 1n the sever
ity of spring breakup of roads.

Using average values for about seventy stations in Indiana, he plotted monthly mean
temperature, monthly total precipitation and normal precipitation n relation to time, for
16 winter seasons. Using smooth curves through these monthly average points he com-
puted the "freezing index" (area between actual air temperature and 32 F.) and a "pre-

L Y
,|  saussury ny. | " norTH HEeAD /i
. WASH. |
6 -1 6 | \l\‘o -
\
51 45} —
@ p
;
T4l 44} -
Z
s EX: -
2} {2} .
. o
27.4
‘awP 7 i

[ O O T IO B I |
AMJJASONDUJ

{ & 1'FrF o
0 1111111_"@0
JFMAMJUJASON

LEGEND:

POTENTIAL EVAPOTRANSPIRATION
o—-—e PRECI/PITATION

WATER SURPLUS

WATER DEFICIENCY

S0IL MO!STURE UTILIZATION
S50/1L MOISTURE RECHARGE

QO
L2 o
[2ng
T}
g.—

[

ANHE

Figure 2. Extreme climatic variation (Thornthwaite, 1948).
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cipitation index" (area between normal and actual precipitation during the 30-day period
before freeze-up) for each winter season.
Figure 3 shows similar curves for Calgary, Alberta, during the winter of 1951-52.
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Though various combinations of tempera-
ture and precipitation were tried, the best
correlation between actual spring breakup of
roads and weather was found using the pro-
duct of freezing-index and the 30-day pre-
cipitation index as a measure of the severity
of road breakup.

Dolch recognized that freezing character-
istics alone would not indicate the potential
severity of spring breakup and his data cer-
tainly support this view. (One of the most-
severe breakups followed a winter during
which the approximate freezing index for the
state was only 8 degree-days.) He also con-
cluded, from his weather data, that snowfall
and freeze-thaw cycles had no bearing on the
severity of spring breakup.

There are certain disadvantages in using
a precipitation index such as that used by
Dolch. For example: the use of departure
from normal precipitation restricts a broad
application of the data, and further, the pre-
cipitation during a particular period may not
be proportional to the amount of moisture in
the soil at the end of the period. The amount
of soil moisture depends not only on precipi-

tation and soil type but also on other weather
elements.

In a general analysis of the problem, the
engineer can turn to climatology and to agricultural soil science for further assistance.
Thornthwaite (1948) has pointed out that precipitation alone does not indicate whether a
climate is moist or dry. It must also be known whether precipitation is greater or less
than the water needed for evaporation and transpiration. Where precipitation exceeds
water need, the climate is moist; and where it is less than water need, the climate is dry.

The combined evaporation from the soil surface and transpiration from plants is termed
""evapotranspiration.' The amount of water that would evaporate and transpire if it were
available is called "potential evapotranspiration.” Thornthwaite pownts out that evapo-
transpiration and precipitation, representing flow of moisture to and from the atmosphere
respectively, are equally important climatic factors. Evapotranspiration can be meas-
ured only with considerable difficulty, and potential evapotranspiration must be determined
experimentally.

Since the determination of potential evanotranspiration is so difficult, it was necessary
to establish a relationship between potential evapotranspiration and other weather elements.
This was done by Thornthwaite, and although the relationship is entirely empirical, it has
been found to be satisfactory. Computed values can be obtained from temperature records
and latitude.

The annual potential evapotranspiration ranges from more than 60 inches in the southern
part of the United States to less than 18 inches in the western mountains; it varies greatly
from summer to winter. Along most of the Canadian border it is less than 21 inches. In
southern Ontario it ranges from 20 to 26 inches. (Sanderson 1950).

Monthly or daily values of potential evapotranspiration and precipitation can be used to
keep an account of the amount of moisture stored in the soil, and of any surplus or deficit.
It is assumed that a certain amount of rainfall can be stored in the soil near the sur-

face and any amount in excess of this quantity will run off or be used in recharging the
ground-water table. On the other hand, when the storage has been exhausted, a deficit will
occur due to the potential evapotranspiration.

Figure 3. Calgary temperature and precipita-
tion,
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Figure 4. Soil moisture at Calgary.
TABLE 1
WEATHER DATA, CALGARY, ALBERTA
Soil Condif1
Freeze Freezmng 30-day Dolch Modified
Winter Thaw F?::: eo_i“p Index Precip Breakup Srg)(;f;e Breakup gﬁ‘l’:"
N S
Cyeles {degree-days) (Inches) Index (Inches) Index Sprmg
1048-49 13 Nov 16 2421 0 37 896 0 30 726
1949-50 17 Dec 2 2889 0 01 20 0 0
1950-51 14 Nov 5 2493 122 3041 0 94 2343 Worse thar
normal
1951-52 15 Oct 15 2313 2.16 4996 3 60 8789 Worst on
record
1952-53 18 Nov. 14 1143 Tr 8 0 0 Worse tha
normal
1953-54 15 Nov 17 1824 0 31 565 0.24 438 Better tha
normal

6-Year Av 15 Nov. 11 2180 0 68 1589 0 88 2049
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It is recognized that the storage capacity will vary with soil type and distribution of
root systems. Thornthwaite states the "except in areas of shallow soil the water storage
capacity available to mature plants with fully developed root systems varies around a mean
that is the equivalent of about 10 centimeters, or 4 inches, of rainfall."

For purposes of illustration two extreme climatic cases are shown in Figure 2 (from
Thornthwaite 1948). 1t is seen that at Salisbury, New York, no water deficiencies occur
during the average year. At North Head, Washington, on the other hand, where annual
rainfall is slightly greater, a serious deficiency lasting more than 4 months may be ex-
pected during the average year. It seems obvious that groundwater and soil moisture con-

~ ditions at these two locations will be entirely different. Furthermore, it is probable that

there exists a relationship between the combination of precipitation and potential evapo-
transpiration and the soil moisture conditions at any location.

o

BR 2018

a) April 2, 1953, b) April 1, 1954.

B 201

¢) April 2, 1953. d) April 1, 1954.

Figure 5. Contrast in spring breakup during 1953 and 1954.

The importance of climate to practical aspects of building research led, in 1949, toa
useful arrangement between the Division of Building Research of the National Research
Council and the Meteorological Division of the Department of Transport. By this special
agreement the full time services of a trained meteorologist are seconded to the Division
of Building Research for cooperative work on building problems while he retains the as-
sociations and facilities of the Meteorological Service. One of the first joint studies was
to analyze the weather conditions which accompanied an unusual spring breakup of roads
in the Province of Alberta.

EXAMPLES OF SPRING BREAKUP OF ROADS

Calgary, Alberta

During the spring season of 1952, roads in the Calgary district of Alberta suffered un-
usual deterioration, while roads in the Edmonton area, to the north, experienced a normal
breakup. It is known that frost action in the Calgary area, a region of silty soil mantle,
is always more severe than in the predominantly clay soils around Edmonton, but in this
particular year the breakup was so severe in the southern part of the province that a spe-
cial investigation of the weather was thought to be warranted.
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TABLE 2

WEATHER DATA, OTTAWA, ONTARIO

Soil Condition
Freeze Freezing 30-day Dolch Modafied
Winter Thaw F?:;:eo-fup Index Precip Breakup sl\:l:::tge Breakup gul:‘::;s
Cycles (degree-days) (Inches) Index (Inches) Index Spring
1948-49 11 Nov 28 1269 4 17 5292 4 00 5076
1948-50 18 Nov 17 1719 2 04 3507 276 4744
1950-51 13 Nov 21 1491 3176 5606 4,00 5964 Very Bad
1951-52 13 Nov 1 1557 1 50 2336 0 51 794 Very Good
1952-53 12 Nov 28 933 213 1987 4 00 3732 Bad
1953-54 14 Dec. 15 1449 2 56 3709 3.41 4641 Good
6-Year Av 13 Nov 23 1403 2 69 3740 311 4208
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The most-difficult problem encountered in an investigation of this type is the evalua-
tion of relative road damage, both in its variation over a wide area and in disparity from
year to year. It was possible to obtain only descriptive terms, based on experience, in
order to differentiate the degree of damage from year to year. Significantly, the road

breakup near Calgary during the spring of 1952 is termed ""the worst on record." This
was attributed, in a general way, to a comparatively wet cycle in the weather which
caused a general rise in ground-water levels. Study of the records does, in fact, show
that this was probably the case.

In the climatic investigations, a large volume of data was assembled and analyzed in
an attempt to establish a relationship between road damage and the weather. Weather re-
cords for 6 years at Calgary were studied; the results are shown in Table 1. Freeze-
thaw cycles were based on daily mean air temperatures; each figure indicates the number
of times during the winter that the mean temperature fell below and rose above the freeze-
ing point. The freezing index was computed using monthly mean temperatures. This
procedure is an approximation, adequate for comparative purposes but resulting in an in-
dex which is usually low.

In the correlation of road damage to weather it was considered desirable to refine the
index which was origmated by Dolch. Accordingly the ""30-day Precipitation" is the actual
total precipitation which occurred during the 30-day period before freeze-up, rather than
the ""departure from normal" based on graphical analysis. The Dolch breakup index, re-
ported in this paper, is the product of the freezing index and the 30-day precipitation as
outlined above. Values of soil-moisture storage were computed using Thornthwaite's
theories; the value represents storage in inches at the time of freeze-up. The modified
index is the product of freezing index and soil moisture storage. In the opinion of the
authors this index provides a more accurate evaluation of soil moisture conditions than
is possible using precipitation data alone.

For a comparison of the winter of 1951-52 with that of other years, reference may be
made to Table 1. During this particular winter, the occurrence of freeze-thaw cycles
was equal to the 6-year average. The freezing index was about 6 percent greater than
average, but the freeze-up occurred much earlier than usual. The most-significant
variations occurred in the precipitation which preceded freeze-up and in the soil mois-
ture storage. Precipitation during the 30-day period before freeze-up was more than
three times the 6-year average and soil moisture storage was more than four times the
average.

Reference to Figure 4, showing soil moisture conditions at Calgary from 1950 to 1954,
supports the general opinion that the Calgary area was experiencing a wet cycle. This
diagram illustrates the variation of soil moisture storage on a monthly basis. The bar
graphs indicate the total amounts of surplus and deficiency which occurred during each
month.

Unforturately, it was possible to obtain comparative opinions of the severity of road
breakup for the last four seasons only. The breakup indices for three of these years are
in the appropriate order. The indices for the winter of 1952-53, however, indicate a
light breakup when in fact it was worse than normal. Significantly, the freezing index for
this year was only about half of the 6-year average; it was one of the mildest winters on
record. Further comments on this feature will be made later.

A study of weather records for Edmonton during the period from 1948 to 1954 showed
much less variation in the Dolch index (535 to 1,944) than at Calgary (6 to 4,996) during
the same period. This climatic feature, together with the great difference in soil type,
previously mentioned, results in greatly different average breakup conditions.

It is noted in a private communication from R.M. Hardy of the University of Alberta:
"The effect of frost action is usually much slower in becoming apparent as damage to
pavements than is the case in the Calgary area. In the Edmonton area, damage to pave-
ments may still be developing as late as July by subbase failure while in contrast, in the

Calgary area, pavement failure occurs almost within hours after the breakup."

An extensive survey of thirty blocks of newly paved streets (Hardy, 1950) showed that
pavement damage occurred only where ice segregation took place within a depth of 18 or
20 inches of the surface. Redesign of these streets using a mechanically stabilized pit-
‘run gravel base with minimum thickness of 24 inches has proved adequate, even during
the spring of 1952.
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Ottawa, Ontario

Observations of road breakup at Carleton County, near Ottawa, Ontario, during the
past two spring seasons have shown the remarkable effect of weather variation on frost
damage. During the spring of 1952-53, the county experienced a severe deterioration of
its road system. The following year damage was confined to a few isolated frost boils.

Figure 5 shows typical road conditions at two locations during the two spring seasons.
Figure 5 (a) shows a section of road that was barely passable on April 2, 1953. A few
days earlier it had been completely closed to traffic. The same road is shown in Figure
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Figure 7. Freezing index at Ottawa, 1952-54.

5 (b) a year later. Although no change had been made in the road structure during the
previous year, it remained in good condition. Figure 5 (c) shows a similar piece of ro:
that was impassable on April 2, 1953, but quite satisfactory during the spring of 1954,
Figure 5 (d). This road had been treated with about a foot of pit-run gravel following th
spring breakup of 1953 but 1s shown as a typical contrast between the two seasons.

Table 2 shows weather data for Ottawa similar to those shown previously for Calgar
It was again possible to obtain an assessment of road breakup during only the last four
years. During this period freeze-thaw cycles did not differ significantly. Freezing in-
dexes were near normal, except during 1952-53, which was the mildest winter on recor
Both breakup indices indicate a bad road breakup during the spring of 1951, and the mod
ified index indicates a negligible breakup during the spring of 1952 and a bad breakup in
1953. To this extent the index is a satisfactory guide. But the indices intimated a bad
road breakup during the spring of 1954, when in fact breakup was light. A more-detail
analysis of weather data illustrates at least part of the reason for the varying usefulnes:
of the indices.
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Figure 6 shows soil-moisture conditions at Ottawa (according to the Thornthwaite
. riterion) from 1950 to 1954. Reference to Figure 6 and Table 2 will show that the soil
- as saturated at the time of freeze-up 1n 1950 and 1952, the years followed by bad break-

p. During 1951-52 there was no surplus and only about % inch of storage during freeze-up.
. lthough the freezing index was about 10 percent above the average, no road breakup oc-
urred.
During 1953 a water deficiency existed early in September and storage remained less
han 2 inches until early December and was still not saturated at the time of freeze-up in
n id-December. These observations show substantial differences in the amount of water
n the soil during the fall seasons which appear to be related to the degree of breakup dur-
ng the following spring.
The seasonal variation in water content of soil is not well understood. There 1s no ques-
ion but that in most regions it is dependent on the weather, but much correlation is nec-
' ssary to establish the relationship between weather and the ground-water table. Measure-
1 ents of ground-water levels near the Building Research Centre in Ottawa show values
which are probably typical of the region. At the time of freeze-up in 1952, the ground-
water table was less than a foot below the surface; in 1953 1t was about 6 feet below the

urface. Although no other actual records are available, the Water Resources Division of
the Geological Survey of Canada confirms this trend throughout the Ottawa area.

The accumulation and decrease of degree-days below freezing during the 1952-53 and

953-54 winters are compared with the normal in Figure 7. Several anomalous features
are evident from these curves. During the first month of the 1952-53 winter season,
degree-day accumulation was extremely slow; a situation thought to favor ice lensing.
Later, two significant periods of slow freezing occurred and the winter ended about 2 weeks
earlier than usual.

The winter of 1953-54 began quite late but the air temperatures during January and the
flirst two weeks of February were exceptionally cold, causing rapid accumulation of degree-
days of freezing. This was followed by about 3 weeks of very mild weather, with mean
laily temperatures near freezing. Ground temperatures, during this mild period, were
very near the freezing point in the upper few feet indicating a softening of ice formations
and possibly some redistribution of the soil water. It 1s thought that the rapid accumulation
of degree-days of freezing early in the winter and the sustained mild weather which followed
v ere responsible for the absence of road damage and for the failure of the break-up indices
o assess the situation adequately.

COMMENTS

In considering the general problem of frost action as it affects the performance and main-
tenance of highways, two problems are paramount: pavement heaving and loss of strength
luring spring thaw. Obviously freezing air temperatures, a frost-susceptible soil, and
water are prerequisites for road damage. The soil can be eliminated from this discussion
of the effect of climate; since, in general, it is affected by climate only in the pedological
sense and so can be assumed to remain in the same physical and mechanical state from
year to year. Air temperature, however, needs close attention.

In regions of doubtful freezing danger, climatic studies, such as those of Sourwine, are
nelpful in predicting the possible frequency and degree of damage. In colder regions, the
rate of accumulation of freezing temperatures probably has great effect on the depth of frost
senetration and on the degree of ice lensing in the soil. Consequently, it affects the amount
f heave and the potential loss of strength during break-up.

The rate at which the frost ""leaves the ground" must also be of prime importance, inso-
ar as loss of strength is concerned. A rapid thaw is usually followed by severe breakup,

ue to the quick release of excess water within the upper part of the so1l which cannot es-
>ape quickly, due to the frozen layers below. The quantity of water released during break-
1p is, of course, dependent on the amount of heaving.

Although in this study the freezing index is incorporated in the indices of road breakup,
t is evident that factors other than cold weather are extremely important in causing road
ailures during spring thaw, except in regions where the freezing index is occasionally
squal to zero. It is submitted that two features in particular greatly influenced this notable

ifference in breakup. These two features are the amount of water available and rate of
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accumulation and decrease of degree-days of freezing. The data quoted support this vie

Dolch cited cases of severe breakup following very mild winters. At both Calgary an
Ottawa following the exceptionally mild winter of 1952-53, a "worse-than-normal" road
breakup occurred. Therefore, a wide collection of case histories must be made if the fi
effect of air temperature 1s to be understood.

The last, and probably most-important, variable is water. It is a much-more-compl
variable than temperature, since it occures in three phases and comes in variable amow
the utilization of which depends largely on temperature, drainage, vegetation, and soil t
Since the amount of water available affects the degree of frost lensing, the position of the
ground-water table is important. The ground-water table, in turn, depends on the above
variables.

Although Thornthwaite's method of dealing with water utilization was developed for cl
mate classification, 1t can probably be used, in a general way, to assess soil moisture
and ground-water levels for engineering purposes. The quantitative method of separatin
from precipitation the amount of water used by evaporation and transpiration is an impo:
tant development.

As previously mentioned, the problem of assessing road breakup is difficult. Adjec-
tives, as used in this report, are not adequate. Perhaps a breakup classification can be
developed which would allow more-direct comparisons with weather. Other possible me
ods of evaluation include plate-bearing tests, the cost of repairs, or a combination of mi
and duration of road breakup. Plate-bearing tests are expensive and, therefore, not ma
extensively. But it has been suggested by N. W. McLeod that this type of evaluation may
best be carried out using the Benkelman Beam Pavement-Deflection Indicator. Recent
tests with this instrument (Carey 1954) have shown much promise in this regard. An ex.
ample of road breakup evaluation based on pavement maintenance costs has been given b;
Otis (1952), but in the case of the Carleton County study this method was quite unreliable

CONCLUSIONS

This paper is an attempt to draw attention to the necessity of studying climate to gain
more-complete understanding of frost action in soils. Owing to the fact that an entire ye
is necessary for the collection of each piece of evidence, relatively little field data have
been presented. The following tentative conclusions may, however, be stated:

1. The partial success of Dolch's index in assessing spring breakup at Calgary and
Ottawa indicates that a combination of air temperature and precipitation can be used as 2
index of spring breakup of roads.

2. The somewhat-greater success of the modified index indicates that Thornthwaite's
formulas lead to a better evaluation of the moisture available for frost action than does
cipitation alone.

3. There 1s no evidence that very cold winters result in severe breakup. In fact, in
northern regions where annual freezing always occurs, the slope of the freezing index cu
probably has more effect than the absolute value of the index on frost damage to roads.

4. This investigation has revealed no evidence that the number of freeze-thaw cycles
air temperature affect the degree of frost damage to roads.

In the general approach to understanding frost action, the phenomena must be studied
n the laboratory as well as by studies in the field. Problems such as the role of moistu
movement and the criteria for frost-susceptible soils require fundamental studies. But
even if these phenomena were completely understood, highway engineers would still be
baffled by the weather. To understand the phenomenon of frost action in the field consid.
eration of the effect of climate is essential. With such an understanding, it can be hope
that accurate forecasting of the amount of heave, the duration and the degree of spring
breakup and thus improved roadway design will follow.
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Theoretical Basis for Frost-Action Research

A.R. JUMIKIS, Associate Professor of Civil Engineering,
Rutgers University

The purposes of this article are to (1) direct the attention of the highway design-
er, builder, owner and user to the adverse effect of the freeze-thaw phenomena
on the performance of street, highway and runway pavements; (2) indicate the need
for effective frost action research; and (3) stimulate interest among research
workers, highway engineers and others in the importance of frost action research
in highway and airport engineering, with a view to improving technical service of
the nation's transportation system.

For these purposes, a theoretical basis as an imperative and indispensable tool
to work with is here briefly reviewed, the physical concepts involved are men-
tioned and the principal factors to be studied outlined.

The evaluation of the geotechnical and thermal properties of the materials n
question, and their application to a practical problem on a scientific basis, with or
without modifications, may, it is believed, help to suggest to the mvestigator an
approach to a satisfactory solution of almost any frost action research problem.

The theories displayed (which are based on the discipline of heat transfer) are
by no means the ne plus ultra for this field of research. However, based on the
present state of knowledge, they can be considered as representing a theoretical
basis for frost action research in soil mechanics (géotechnique) and highway en-
gineermng. As our knowledge mcreases, theories can then be modified and cor-
rected.

@ THIS article is a summary of thoughts resulting from the writer's reading of the per-
tinent literature, from his observations in practice through many years, from experien
gained m research in the fields of soil mechanics, foundation engineering, highway en-
gineering and the building of airports, and from teaching undergraduate and graduate
courses in these and other related fields, as well as from practical consulting work.

For several years now highway owners and engineers have become mcreasingly con-
scious of the kind and amount of damage to highways caused by frost action. Both contir
uous (seasonal) freezing followed by thawing (in northern regions), and periodic {cyclic)
freezing and thawing (in more temperate regions) of the pavement-supporting soil, part
ularly in areas where roads are kept free of snow in winter, create difficulties for traff
and maintenance. These difficulties consist of differential frost heaves, development o
boils, and damage or destruction of pavements, making driving conditions dangerous.
Repairs of such damage usually cost huge sums.

Observations made of existing roads 1n the Atlantic states showed that many miles of
roads of all types, which under normal climatic conditions have served well for many
years, were damaged seriously in the severe winter of 1947-48. From experience with
road performance in this particular winter, one concludes that engineers are really wo
ried as to how to combat effectively frost on highways and airports.

FACTORS CONTRIBUTING TO DAMAGE

Some of the main factors contributing to the damage to roads by frost action include:

(1) climatic conditions, for example, freezing temperatures and their duration; (2)
the soil itself, particularly silts; (3) precipitation; (4) drainage conditions; (5) soil
moisture; (6) position of ground-water table; and (7) vehicular loads.

Great damage occurs particularly in thawing periods, when improper soil below a
pavement under unfavorable conditions becomes soft from saturation by melting ice
water without proper drainage. The consequence is the loss of bearing capacity of the
soil, resulting in damage to pavements and causing so-called spring breakup. The inte:
relationship of the various factors involved in damaging roads is complex. A variation

any one of the factors involved influences to a greater or lesser extent the others, the
76
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properties of the soil, as well as the whole thermal system, soil-moisture-temperature.

These facts revive and focus more sharply the two well-known fundamental require-
ments for a good road: (1} a solid foundation and (2) good drainage. These require-
ments were understood by the early Roman and Incan road builders, and still are to be
honored. The idea could be somewhat extended by saying, "A road must be dry even in
wet weather. "

By drainage is here understood taking care not merely of the water on the road sur-
face, from floods and groundwater, but also of the melting water from the ice in the
thawed pavement-supporting soil. In practice, drainage is often overlooked. One can ap-
preciate its importance simply by remembering that excess moisture m the pavement-
supporting soil reduces the bearing capacity of the soil.

NEED FOR FROST ACTION RESEARCH

Although the development in highway transportation in the past 30 years has made con-
siderable progress, relatively little progress was made in arriving at more effective
methods for evaluating the thermal system of soil-moisture-temperature in connection
with the suitability and performance of highways under freeze-thaw conditions. Because
of the complex nature of this thermal system, engineers.in their efforts to solve a pro-
blem involving temperature differences, heat transfer and moisture migration in soils,
relied for the most part upon a practical approach or depended upon mechanics alone.
Relatively little attention in this matter has been given to a theoretical basis or approach.

Now, we often realize that a satisfactory explanation of a thermal problem cannot be
found merely by experimentation or by way of mechanics alone. We must admit the fact
that we have not arrived at a point where so-called practical methods in such researches
have developed to a sufficiently refined point to give satisfactory solutions pertaining to
pavement performance under freeze-thaw conditions.

If we hope to get from research all the answers we desire and to understand soil and
pavement performance under freeze-thaw conditions, any approach or method of re-
search must be based on a theoretical foundation. In addition to geology, mechanics,
soil mechanics, hydraulics, and hydrology, we should also consult with increasing fre-
quency the disciplines of mathematics and heat transfer. This is because none of the
complex frost problems in soils can be undertaken without some knowledge of the ther-
mal conductivity and diffusivity of the soil-moisture medium and the basic laws of heat
transfer. In other words, we should utilize every theoretical tool available to our pre-
sent state of knowledge and technology; because: (1) the system "'soil-moisture-heat"
is a complex thermal system requiring appreciation; (2) there is a need for better un-
derstanding of the physical factors and their mutual relationship in this thermal system
and the laws gove nmg it; and (3) large sums and great effort usually are spent in in-
vestigations pertaining to frost action in highway soils.

All these points, without reservation, manifest the great need for frost action research
in highway engineering on a solid theoretical basis. The value of frost action research
within the scope of highway research is now generally recognized, and therefore it is in-
disputable. Like all other phases of highway research, frost action research is vital, and
is of national importance.

Experience indicates that conclusions drawn from observations on the effects of geo-
physical, climatic and soil conditions on highway behavior and performance in one area
are not, in general, valid for other areas, however similar those areas may be. There-
fore, it is believed that frost action research should be carried out under conditions as
they prevail in each particular locality.

PURPOSE OF RESEARCH

The purpose of frost action research is to: (1) study the various factors interacting
within the thermal system of soil-moisture-temperature and to try to find the fundamental
relationships between factors entering into highway design and construction (of particular
interest are thermal and thermoosmotic processes in soils in winter and summer, the
climatic influence on the physical properties of soils, loss of bearing capacity of pavement-
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supporting soils under thawing conditions, spring breakup, study of materials to be used
n lieu of rapidly diminishing supplies of gravel material in certain areas, and how to use
substitute materials to advantage in highway construction); (2) investigate soils in orde

to know which ones are particularly susceptible to heaving under freezing conditions; and
(3) provide observation and test data to establish a method or criteria index for the eval.
uation of frost danger to subgrade soils and to base and subbase courses where condition:
are conducive to frost action. All this, in turn, serves to obtain quantitative and qualita-
tive knowledge for design purposes.

The ultimate goal of frost-action research 1s to provide the engineer with knowledge
concerning design and construction of better roads, airports, and other earthworks and
thus to contribute to the improvement in the service of our nation's transportation systern
It 1s necessary because highways may be said to be the backbone of the nation's life and
are considered to be the most-important factor in civilization, for progress and for na-
tional defense. Of course, the magnitude of our efforts in research should be great enou
to match the magnitude of the important highway performance problem under freeze-thav
conditions.

PLACE OF FROST-ACTION RESEARCH

Having familiarized ourselves with the important frost action problem in highway en-
gineering, accepting the thought that frost action research of the thermal system of soil-
moisture-temperature must be based on a theoretical basis and that among other discipli
heat transfer should also be consulted and having formulated the need and purpose of suct
research, one might ask what is the place of frost action research in engineering?

The answer, fortunately, is not too difficult to be found. The place 1s géotechnique (s
mechanics). This discipline permits us to subdivide it in phases paralleling the disciplir
of general mechanics (see Table 1). Hence, it seems that the place of frost action resea.

TABLE 1
SOIL MECHANICS (GEOTECHNIQUE)

General Mechanics Statics

Statics Statics (all static soil tests, bearing tests, stability of
slopes and foundations, static stabilization of soils, earth
pressures)

Dynamics Dynamics (all dynamic soil tests, seismic soil investiga-

tion, dynamic compaction of soils, pile driving, earth-
quakes and vibrations in soils induced by vibrating machin-
ery)

Hydrodynamics Hydrodynamics (consolidation, suction force, moisture
migration in soils, permeability, lowering of ground-
water table, injections [ grouting])

Heat Transfer with Thermal Soil Mechanics (formation of ice, freezing and

Thermodynamics thawing, irost penetration, heaving, moisture migration
1n soils in cold and hot regions, heat transfer in soils,
thermodsmosis, artificial freezing operations, perma-
frost)

Geo-Electric Soil Investigation

Electro-Osmosis (de-watering of fine grained soils)

Chemical Stabilization of Soils

Nuclear Soil Mechanics (non-destructive tests for the de-
termination of soil density and moisture content by means
of radioactive isotropes)
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in soils is in thermal soil mechanics under the aegis of geotechnique.

SCOPE OF RESEARCH

Having assigned the frost action research a place, we can now oroceed with a brief
discussion of the general scope of research. To start anything in research, there must
be a theoretical basis for it. Using a theoretical basis, it is possible to treat the frost
penetration problem analytically, provided the necessary quantities and soil constants,
characterizing soil geotechnical and thermal properties, are readily furnished by tests.
It is believed that the results of frost-action research based on sound theoretical con-
siderations can be made available, with modification and adjustment, for practical ap-
plication to highway and airport engineering.

The general scope of a frost research program should comprehend: (1) formulation
of the problem; (2) library studies; (3) mathematical analyses; (4) building and con-
struction of research facilities; (5) laboratory and field research; (6) studies of re-
search material and testing of the hypotheses and theories; (7) scientific travel for
gathering and exchanging mformation; and (8) correlation work and adjustment of find-
ings to practice.

By mathematical analyses is here understood the treatment of the thermal system of
soil-moisture-temperature by means of heat transfer theories. These theories have the
advantage of (1) having a broad bearing and (2) the generality of their methods of anal-
ysis, which permits applying them in the theoretical and practical approach to the sol-
ution of frost problems in soils.

Of course, in any domain of scientific knowledge, some basic principles are treated
by means of mathematics. Engineering has always been founded on a base of mathemat-
ics, and the trend today is toward more extensive use of it. As the Committee on Ade-
quacy and Standards of Engineering Education of the American Society for Engineering
Education recently concluded, "The greatest potential for future development in science
and technology is to be found in mathematics. "

In an article entitled "Have We Lost Control of Our Profession?" in "American En-
gineer" for May, 1954, Major General Samuel D. Sturgis, Jr., says:

"What is of real concern to me, however, 1s the gradual acceptance on the part of the
average engineer in the average firm of an attitude geared to just getting by and no more.
A continuance of such an attitude in any large segment of engineering firms will lead in-
evitably to a deterioration of the over-all quality of American engineering and a decrease
in the confidence and esteem of those we serve, which it has always been our good for-
tune to enjoy . . . . One insidious influence on both the quality and quantity of engineers,
the full impact of which is scarcely yet being felt, is the general drift in public schools
away from mathematics and science towards the so-called social studies. The mental
discipline of the three R's has been thrown overboard in favor of happy, well-adjusted
children. "

Hence, we conclude that the solutions pertaining to the problems of our thermal system
are governed to a great extent by mathematics.

THEORETICAL BASIS

Having established the need for a theoretical basis in frost action research, it is per-
tinent to review briefly the following principal theories: (1) heat flow in the steady state,
(2) heat flow in the unsteady state, (3) temperature oscillation theory, (4) sudden
changes in temperature, (5) cold snaps, (6) Neumann's theory, (7) Stefan's theory,
and (8) Ruckli's suction force theory.

Frost penetration in soils and thawing is simultaneously a geotechnical and a heat trans-
fer problem. As a theoretical basis for analysis, the following laws apply: (1) the amount
of heat in a differential soil element is proportional to its mass and to its temperature; (2)
heat flows from a higher to a lower temperature; (3) the rate of heat flow across an area
is proportional to it and to the temperature gradient at a point of that area; and (4) upon
freezing, the migration of soil moisture takes place from a warmer medium toward the
cold front (thermodsmosis).



80

1. Depending upon field conditions, heat conduction in the steady state or unsteady
state is to be considered! Where the temperature gradient 1s linear and constant, and
the soil can be considered homogeneous, isotropic material, with constant geotechnical
and thermal properties, the law of steady-state flow of heat can be applied:

qQ=K-A- %—1, @)
where
q = rate of heat flow;
K = thermal conductivity;
A = the area measured normal to the direction of flow, and
g% = i = temperature gradient.

2. (a) Analysis furnishes the following general partial differential equation for un-
steady-state heat conduction in rectangular coordinates:

3T _ T 3T | 3°T
S‘; ¢ axz * LY * o2 @)
y z J,
where
T = temperature in the soil;
t = time;

fl

a coefficient of diffusivity of a soil,

X, ¥, and z = space coordinates.

This equation expresses the conditions that govern the flow of heat in soil. The soil
itself 1s considered to be homogeneous. (b) Assuming that on highways cold penetrates
the soil in one direction only (vertically), i.e., normal to the upper road surface (y = O
z = 0), we have a special case of Equation (2), which can be rewritten as follows:

T i
I T @

This type of equation has wide application in the theory of heat transfer as well as in
the unidimensional consolidation theory of soils.

3. Observations show that the highway surface- and air-temperatures oscillate diur-
nally sinusoidally around a mean temperature, T 5. Hence, the solution of the partial
differential equation (3) must also fit the surface boundary condition (at x = O)

T = Ty sin(w- t), )
where 9.w

w = =5 P being the period, and

x = depth below the ground (road) surface.

The solution of equation (3) is: w
x\/Ts w
To- | e -sin(w-t—x-Z-a ), (5)

e = 2.71... = the base of natural logarithms.

T

where

A full treatment of the various theories can be found in A. R. Jumikis, "The Frost
Penetration Problem m Highway Engineering," 1955, Rutgers University Press, (in
preparation).
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Respective maximum and minimum points on the temperature oscillation wave are |
delaved progressively by x. 2_w_a as depth x increases. The amplitude of the oscilla-

ting temperature wave 1s damped rapidly by

X w
2'0.

e
as depth, x, increases.

This solution is valid for a homogeneous and uniform soil. No consideration to forma-
tion of ice lenses in the subgrade is taken nto account. Nevertheless, 1t gives a fairly
good idea as to how the temperature fluctuations in the soil take place.

The quantities o (thermal diffusivity) and x (depth) are to be furnished by tests and
investigations, respectively. Besides, this theory allows determining the thermal diffu-
sivity, a, of a soil or pavement in place by means of temperature measurements at dif-
ferent depths. Tests in the laboratory can also be performed.

4. Sudden Changes of Temperature. For the solution of the problem as to how deep
will the freezing temperature (say 0 C. = 32 F.) penetrate a soil in a certain period of
time (o must be furnished by tests), if the surface temperature is lowered to Ts", the
following equation, which is also a particular solution of the general partial differential
Equation 3, can be used;

o

XM
T-T 2 -
= - - - .
__So_ 2 = — (e ) dp = G(x 1\), 6)

0
where
T = temperature at depth x (for example, T =0 C.= 32 F.),

Toe = average initial temperature of the soil,
Tg = surface temperature,

t = time,

1
1]_—___
2-Va-t' ,
X
2 Aja .(t_ -r)

7 = time variable (limits 0 and t),

G (x .M )= Gauss's probability integral (or error function).

For example, assuming T=0C. =32 F., To=5C. =41 F., Tg=20C. = -4 F., and
with a = 0.005 ft. ¥hr., and t = 24 hours, x = 1. 25 ft.
5. The following expression

© 2
- B
T = =2 ff t-—2 Y. e .dp, O
~'-n- 4-“-32
X -7

which is also a particular solution of the general partial differential Equation 3, enables
a more accurate evaluation of the effect of surface temperature fluctuation (so-called cold
snaps) to be made than is possible if one assumes that they are simple periodic sine varia.
tions.

This expression is particularly well suited for problems where it 1s necessary to find
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soil temperatures at a certain depth, when a period of uniform soil temperature, say
0C. =32 F., is broken by a cold snap lasting several days.

6. Neumann's Solution. Taking into consideration i1ce and water, Neumann gives two
equations for a moist, isotropic, semiinfinite body whose temperature to begin with 1s
positive and constant. By suddenly lowering the surface temperature to a new constant
but freezing value, the thermal process is started. The two equations are:

_g.% =a; . _23?’1_‘1 for ice, (8)
and 2
% = agz. g " zT' for water, ©)

where § is the thickness of the advancing ice layer, which is a function of time, thermal

and other physical properties of the soil.
Considering latent heat of fusion, and setting up boundary conditions, the solutions of

Equations (8) and (9) are:
Ty = By + Dy - G(x- ny), (10)
and
T Bz + Dz - G(x- 1), (11)

where X-n
-p"’
G(x.n):._z_. (e ).dp
Uv 0

is the Gauss's probability integral. One of the boundary conditions 1s:

£ = b'v—;’ (12)

i.e., the frost penetration depth ¢ is proportional to V t. The coefficient m is to be
determined from the following transcendental function:

m? m?
K Oy e-m

(e sy ) i)
a; 2 Ve,
Lt Y Twem w

[ ]

where
bl = _El_ = Kl Cy 81 y
va1
be=ﬁ=K2 ca- 8,
a2

a, and a2 are coefficients of thermal diffusivity,

QL = latent heat (when water is converted into ice),
5g = density of ice, viz., frozen soil,

8 , = density of ice,

8 » = density of water,
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¢ and ¢z are specific heats,

Ts = surface temperature,
To = initial temperature,
w = moisture content in soil,
and Tf = 32 F. = freezing temperature.

7. Stefan's Solution - Stefan simplified the foregoing theory assuming that the tempera-
ture gradient in the ice layer is linear, and the temperature of the water is 0 C. = 32 F.
The frost penetration depth, ¢, according to Stefan, 1s expressed:

£ =V_2'K1 T -t (14)
Q- -Y1

The first derivative of § with respect to time t gives the rate of frost penetration.
8. Suction Force. Neumann's and Stefan's theories are valid only for soils where the

moisture present is motionless. However, on formation of ice lenses, moisture in soils

is subject to migration or flow towards a cold boundary (ice lenses). The upward flow of
moisture in soils can be considered as being caused by the so-called suction force, Pg,

the magnitude of which, according to Ruckli, can be expressed as follows:

L)oo
)

P, = subpressure (real or fictive),

Yw = unit weight of water,

where

Ah = amount of permissible frost heave,
H = depth of the ground-water table below ground surface,
& = frost penetration depth,

t = time required to obtain an upward flow (in laboratory or
actual freezing period),

ks = coefficient (experimental) of proportionality of vertical flow
of moisture through the soil concerned.

It seems that the suction force, inaugurated on freezing, would be an important soil
constant in predicting frost penetration depths and calculating the amount of lowering the
ground water table 1n order to interrupt moisture supply to the growing ice lenses.

9. Ruckli's Theory. The theory by R. Ruckli furnished a differential equation for
frost penetration depth, ¢, taking into consideration the vertical flow of soil moisture
toward a cold front upon freezing, suction force, porosity of soil, moisture content mn
soil, unit weight of the soil, depth of the ground-water table, diffusivity of the soil, dura-
tion of the cold period and its intensity, and other thermal properties and soil mechanical
characteristics of the soil:

d§ _ A C
T R (16)

in which A, B and C are constants to be determined for any given case, and v = velocity
of the upward flow of soil moisture toward the ice lenses. The general solution of this

- equation can be found by plotting the integral curve of Equation (16), or analytically.

It seems to be obvious that basic theories contribute to the understanding of natural
phenomena and provide an objective guide in theoretical as well as applied research.
Particularly are they helpful when we have to face new and unfamiliar situations. In such
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cases they facilitate handling the problem in question with real competence. Therefore,
heat transfer theories can be considered as great untapped sources of knowledge for the
solution of the complex frost problems.

OFFICE, LABORATORY, AND FIELD RESEARCH

From the foregoing discussion it can be seen that for the evaluation of frost suscep-
tibility of soils used in highway engineermg, the following general studies, characteriz-
ng the properties of the particular soil, should be made; their results, as well as other
information relative to the particular problem, should be studied and correlated: (1)
climatologic data (duration and intensities of frost periods); (2) soil temperatures (in
the field and laboratory); (3) ground-water table fluctuations and temperatures; (4) frost
heaves on highways; (5) frost penetration depths; (6) physical and mechanical propertie:
of soils entering into the evaluation of their frost susceptibility; (7) moisture content
variation in unfrozen and frozen soils; (8) permeability of soils; (9) suction force studi
in soils; (10) thermal properties of soils; (11) thermal properties of concrete pavements
(12) thermal properties of bituminous pavements; and (13) correlation of findings.

Whatever our frost action research program should be, and whatever the definition of
the practical proolem might be, two kinds of research and studies should be done anyway:
(1) research on thermal diffusivity and conductivity of soils and highway pavements and
(2) research on suction force in soils upon freezing. If we have this information, we maj
apply any one of the aforementioned theories, with or without modifications, to a practical
problem to be investigated.

Of course, important elements 1n any research are research-mimnded men, time, space
to do research, basic equipment, a good library and financial support. Needless to menti
that, above all, enthusiasm for research 1s a contributory factor of research workers, sp
sors and those who direct research, as well as good cooperation and interest of all partie:
involved. Besides, as 1n any other field of scientific and technical endeavor, new facts,
their better understanding and their better application can be expected from frost action r
search. This contributes to the advancement of knowledge.

What has been learned by some research workers today might result in new, practical
applications tomorrow which would be directly useful 1in highway engineering.
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Drainage Index in Correlation of Agricultural

Soils with Frost Action and
Pavement Performance

WILBUR M. HAAS, Assistant Professor of Civil Engineering,
Michigan College of Mining and Technology

This paper deals with the application of selected concepts of pedology to
highway soil-engineering problems. Particular emphasis 1s placed on the
natural drainage index of a soil type as an indicator of its probable perform-
ance as a highway subgrade. The report 1s based on a study of represent-
ative soils of the glaciated portion of Wisconsin. Because of the severe
climate, frost action in soils is a major consideration in the design of high-
ways 1n this state.

The natural drainage index 1s primarily a function of the topographic
position of the soil type and of the texture or textures of its profile. The
soil association is a group of soils that commonly occur throughout a soil
region. The individual soil types within this association may vary with re-
spect to topographic position, texture, or both. Therefore each soil within
this association has its particular dramnage index. For agricultural pur-
poses, these indices range from "excessively drained" to "very-poorly
drained." The highway engineer probably will interpret these terms dif-
ferently, but the drainage relationships of the soils are useful, nevertheless.

Soil samples were taken from selected horizons of 19 soil types. Each
profile was assigned a generalized frost-susceptibility rating on the basis of
the rating of each of its horizons. When these ratings are compared with
the drainage index, it is shown that the soils that are least susceptible to
frost action usually occupy the better drained positions, and the soils that
are most susceptible to frost action are in the intermediate to poorly drained
positions.

Another phase of the study was concerned with observations of pavement
performance over several types of soil. On one study section, the actual
amount of longitudinal and transverse cracking was determined for each of
the several soil types traversed by the pavement. This pavement broke up
the most where laid over poorly drained soils and performed better on the
better-drained soils. On another study section, certain segments of the
pavement had been resurfaced. When these segments are plotted on the soil
map, it is shown that resurfacing was not generally required over the well-
drained soils, that resurfacing alone was required over the intermediate
soils, and that resurfacing plus a new base was required over the poorly-
drained soils.

The results of this investigation indicate that the drainage index of the
so1l type may be of considerable value in soil engineering. This is borne
out by the correlations with accepted soil classification systems and with the
actual performance of soils as a subgrade.

@ THE use of the pedological system of soil classification has attracted considerable in-
terest, with several states using it to a greater or lesser extent in their soil engineering
problems. Evidence of this interest is demonstrated by the series of bulletins published
by the Highway Research Board dealing with the use of soil maps, aerial photos, and other
means for determining soil conditions (6, 11, 12, 15). Some states have published de-
tailed manuals as an aid to the interprefation of the significance of the various soil series
and types (13).

This paper reports some of the results of a research project, the object of which was
to develop general relationships between the pedological classification and recognized
engineering classification systems. The project was divided into two major phases. The
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first phase consisted of determining the engineering classification of 65 samples taken
from 19 selected soil profiles. The second phase consisted of observing the actual per-
formance of pavements constructed over each of several soil series.

A number of significant relationships were developed or reaffirmed, but the most-
important relationships appear to be those between the natural drainage index of the soil
series and the Highway Research Board (now American Association of State Highway
Officials) classification (1), the Corps of Engineers frost-susceptibility rating (10), and
the actual performance of the pavements. The natural drainage index is a general ex-
pression of the natural soil moisture content and is a function of both the topographic
position and slope of the soil body and of the texture of the soil profile.

Other relationships that appear to br significant include those between the textural
classification and the susceptibility to frost action, and to pumping action under a rigid
slab,

DRAINAGE INDEX ILLUSTRATED BY LANDSCAPE DIAGRAMS

The natural drainage index has been described as a measure of the natural moisture
condition of the soil profile. It is influenced by both the texture or relative permeability
of the soil profile and the landscape position and slope, which governs both surface and
subsurface drainage. There are, of course, many variations and combinations of these
factors, but a few illustrations will serve to point out the possible range. For instance,

a sand could be ""excessively drained" if in a relatively high position, or ""moderately wel
drained" if in a depression and if underlain by a less-permeable layer. A silt or till soil
on a hill would be "well drained" or possibly better, but in lower lying positions, espe-
cially in depressions, the same texture would be "poorly drained."

It should be pointed out here that the engineer and the agronomist probably will not
interpret these word descriptions in the same manner. While the highway engineer us-
ually would think of a sand as being "excellently drained, " the agronomist would consider
this same material to be "excessively drained." Many silt loam soils would be rated as
"well-drained” by the agronomist, but the engineer would probably consider the drainage
only "fair." Recognizing the difference 1n interpretation, this report will use the soil
mapping terminology, rather than the terminology that might be suggested by engineering
considerations.

With the objective of condensing and clarifying the many items that enter into a com-
plete pedologic description of soil bodies, F. D. Hole has suggested certain terms, and
corresponding numerical scales to permit the writing of the soil description in a numeri-
cal shorthand (7). One of the descriptive items for which he proposes a numerical index
is the natural drainage of the soil.

In the system he proposes, well-drained soils are arbitrarily assigned the value of +1.
An organic soil or bog soil is rated as +10, very-poorly drained, while a soil that is very-
excessively drained is rated as -10. Soils of drainage characteristics between these ex-
tremes are assigned appropriate numbers to indicate their relative position in the sequenc
This system will be further illustrated by a definite example.

If all the possible combinations of texture and topographic position that condition the
drainage of the soil are considered, the range at first seems too great to comprehend and
organize into workable units. However, the number of soil series in a given landscape
association or major soil region is not large. By studying the relationships between the
members of one association, a good idea of their probable nature can be developed. The
soils belonging to an association are related because of similarities in climate and geolog-
ical history and typically occur together in fairly consistent patterns. Furthermore, soil
associations occur in rather well-defined zones or belts, which fact facilitates their study
considerably. This ig illustrated by Figure 1, a map of the major soil regions as rec-
ognized in Wisconsin at the time of the study.

Within a given association or soil region, the general nature of the various soil series
can be shown rather well by means of landscape diagrams (14b). Figure 2 illustrates a fe
of the important considerations. The Rodman soil, formed from gravel and sand, is "ex-
cessively drained" (natural drainage index of -10). The Bellefontaine soil is "' somewhat
excessively drained," -2. The difference in drainage, compared to the Rodman soil, is a
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gion. (Soil Survey Davision, Wisconsin Geological and Natural His-
tory Survey.)
result of its lower position, and to a minor extent, of the thin silt cap covering the gravel
and sand. Although the Miami soil may be actually somewhat higher in the landscape thar
the Bellefontaine, it 1s rated as "well-drained," +1, because of the loam till underlayer,
with a silt cap of moderate thickness.

The only difference between the Miami and the Crosby is the position, yet the Crosby
so1l is sufficiently lower to be rated as imperfectly drained, +4. The Kokomo soil 1s a
marsh border soil, onlv slightly lower than the Crosby, but very-goorly drained, +8.5.
The Carlisle soil is a bog soil, very-poorly drained, +10.

The gravel and sand are of glacial origin, as is the loam till. The silt cap is a wind-
blown deposit that may be as thick as 4 feet.

Other diagrams have been prepared by Hole to illustrate other soil association areas
(14c).

STUDY OF SELECTED SOIL PROFILES

As stated in the introduction, the objective of this phase was to determine the engineer
g classification of the significant horizons of several soil profiles and to see what gen-
eral relationships or correlations could be determined, if any. Soil profiles were selec-
ted from a wide range of soil series and major soil regions in Wisconsin's glaciated area.
These ranged from "excessively drained" soils to ""very-poorly drained soils, ' to use the
terminology of the soil surveyor.

The test program consisted of determining the liquid limit, the plasticity index, and
the mechanical analysis. The results of these tests permitted the AASHO classification
and the Corps of Engineers frost-susceptibility rating to be determined for each of the
horizons studied.

The relationship between AASHO subgroup and the group index number is shown in Tab
1. This is of interest because tentative thicknesses of flexible pavement were suggested
for given ranges of the group index number (1), and the Washington State Highway Depart-
ment has tabulated thicknesses required for each subgroup (8). When actual soils are prc
erly located in this table, it 1s possible to check the extent of agreement between the two
systems.

This table also shows the frost-susceptibilitv ratings of the soils tested, located in the
table according to group and group mndex number. On the basis of this table, it may be
concluded that there 1s no significant relationship between the group index number and the
frost-susceptibility rating. There is a general correlation between frost action and the st
groups, however. A-1 and A-3 soils probably are not susceptible to frost action, A-2 so
are moderately frost-susceptible, A-4 soils are moderately to very-highly frost suscepti
and A-6 and A-7 soils are highly to very-highly frost susceptible. The differences 1n pav
ment thickness required are due primarily to differences in the duration and magnitude
of subfreezing temoeratures.
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The criteria for the frost-susceptibility ratings referred to in the preceding paragraph
may be briefly summarized as follows: F-0, generally not frost-susceptible; F-1, grav-
elly soils containing between 3 and 20 percent finer than 0.02 millimeter by weight; F-2,
snads containing between 3 and 15 percent finer than 0. 02 millimeter by weight; F-3, (a)
gravelly soils containing more than 20 percent finer than 0.02 millimeter by weight, and
sands, except fine silty sands, containing more than 15 percent finer than 0. 02 millimeter
by weight and (b) clays with plasticity indices of more than 12, except varved clays; F-4,
(a) all silts including sandy silts, (b) fine silty sands containing more than 15 percent finer
than 0. 02 millimeter by weight, (c) lean clays with plasticity indices of less than 12, (d)
varved clays.

The rating F-0 is not included in the original system, but the author has taken the lib-

erty of adopting that designation for soils not susceptible to frost action.

From the above criteria it can be seen that the relative frost susceptibility of soil is
largely a function of its mechanical analysis or texture. This suggests plotting the several
samples on the triangular textural chart and indicating the frost-susceptibility rating. Fig-
ure 3 is such a chart, based on the chart currently used by the agricultural soil survey
agencies and the 2-micron definition of maximum-size clay particles.

The results of this correlation may not be surprising to those persons well acquainted
with the nature of frost action. However, there are a few rather clear-cut patterns that
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may be of interest. These patterns suggest the following conclusions: (1) It is empha-
sized again that the silts are the worst offenders with respect to frost action. (2) Within
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proper limitations, it appears that the frost-susceptibility rating could be determined
from the textural classification with reasonable accuracy. (3) Clays, clay loams, silty
clays, and silty clay loams are likely to have an F-3 rating. (4) Silts, silt loams, and
loams are likely to have F-4 ratings. (5) Sands may range from F-0 to F-2. (6) All the
loamy sands had an F-2 rating, but inspection of the pattern in the area of loamy sands
and sandy loams near the line of zero clay indicates that there is a very narrow boundary
between F-2 and F-4 ratings. This arises from the criteria used in establishing the fros
susceptibility ratings originally. (7) Sandy loams are likely to be either F-3 or F-4, de-
pending upon the precise amount of silt present. (8) To the extent that this sampling 1s
representative of Wisconsin soils, most of them are frost-susceptible. Of the 65 sample:
analyzed, 7 rated F-0, 17 rated F-2, 15 rated F-3, and 26 rated F-4. (9) In the zones
on the chart where slight differences are critical, an abbreviated mechanical analysis by

100

/00

40 Porcent Sift 00

Figure 3. Relationship of frost-susceptibility rating and pumping
to textural classification O = FO @ =F2 A =F3 O=F4 7 added
to any of above symbols indicates that the so1l 1s susceptible to
pumping action under rigid slabs.
by sedimentation methods (determining the percent finer than 0. 02 millimeter) supplemen
ting the textural classification would establish the correct frost-susceptibility rating.

The same figure indicates some possible correlations with susceptibility to pumping
action under rigid slabe. These conclusions are as follows: (1) Clays, silty clays, silty
clay loams, clay loams, silt loams, and loams are very likely to pump. (2) Sands are n
likely to pump. (3) The correlation is not good for sandy loams and loamy sands, but it
appears that about 20 percent silt is the maximum for a nonpumping soil. This would re-
quire further analysis to make a final determination. (4) With few exceptions, soils with
frost-susceptibility ratings of F-3 and F-4 are also susceptible to pumping. (5) Soils
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that are rated F-2 generally are not susceptible to pumping, with a few exceptions where
the silt content is rather high.

For the above correlations of pumping with the textural chart, the gradation of each
sample was compared with criteria used in North Carolina (6), and in Ohio (12). In Ohio,
it was discovered that pumping was confined principally to soils having more than 45 per-
cent of the particles passing the No. 200 sieve. Pumping was also related to the frequency
of loading of heavy axles.

North Carolina has established rather detailed specifications for "blotter' courses to be
used under rigid pavements. These are provided specifically to prevent pumping action.
The minimum specification for this material is as follows:

100 percent passing No. 10 sieve
40 - 100 v " No. 40 "
12 - 35 » " No. 200 "

""The percentage passing the No. 200 sieve shall not exceed two thirds of the percentage
passing the No. 40 sieve. The liquid limit shall not exceed 25, and the plasticity index
~ shall not exceed 6. Material which does not meet this specification is considered to be
susceptible to pumping. "

In figure 3, any sample that is susceptible to pumping according to either or both of the
criteria is designated as pumping.

While such studies of individual horizons indicate general relationships and are the key
to profile studies, it is nevertheless true that soils occur in definite profile relationships.
Therefore the actual profile must be considered to gain a fuller appreciation of the probable
behavior of the soil under a pavement. For example, it has been previously recognized
that the contrast between horizons may account for the concentration of pavement breakup
where the grade line shifts from cut to fill.

This contrast is shown in graphical form for the several types of soil parent material
in Figure 4. On the two charts the AASHO subgroups are arranged from left to right,
with the group index number as a secondary variable plotted along the same axis, where
applicable. The horizons for each soil series are arranged downward from the top, and
designated by letter and subscript. Trace lines have been drawn to facilitate the com-
parison of horizons. ¥rom these charts the extent of contrast can be visualized. If the
trace line is vertical, there is no contrast. If the trace line is sloping or nearly horizon-
tal, varying extremes of contrast are indicated. Also, the general or average position of
the horizons indicates the nature of the profile as a whole. Positions at the left indicate
the best soils, while positions at the right indicate the poorer soils.

From Figure 4, it may be seen that soils formed from silt over till range from rather
good quality with minor contrast to poor quality with considerable contrast.

Soils formed from sands and lake clays show little or no contrast between horizons,
although the two groups are at opposite ends of the quality scale. Soils formed from silt
over stratifiéd sands show extreme contrast, and are difficult to generalize as their re-
lative quality.

Examination of these diagrams also leads to two other interesting observations. In
many cases, while adjacent horizons fall in different subgroups, these subgroups bear some
relation to each other. For example, the Milaca, Iron River, and Eldron profiles are com-
posed of an A-4 horizon over an A-2-4 horizon, while in the Shiocton and Elba profiles,
this relationship is reversed. These two subgrades are related in the classification sys-
tem because of si, ilar plastic properties.

In addition to this relationship, it should also be noted that as a general rule the soils
plotting to the left, or good quality range, are those that are among the better drained
soils, while those falling to the right, or in the poorer subgroups, are also those that are
inadequately drained.

To compare the profiles of several soil series, however, some generalization must
be attempted. Charts of this nature offer a means of rating profiles according to the prob-
able governing horizon of each. Furthermore, several profiles fall into a given pattern
of B-to-C horizon relationship, as already demonstrated. Other profiles have no signi-
ficant contrast. In the case of still other profiles, the probable position of the grade line
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Figure 4. Profile contrast and rating.
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relative to the hori1zons determines which AASHO group the profile as a whole shall be placed in.
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Such a generalized rating of the profile as a whole is necessary if the dramnage index
concept is to be used, as the dramage index refers to the entire profile, not individual
horizons. In a similar manner, the profile can be generalized with respect to 1its frost-
susceptibility rating.

The frost-susceptibility rating does not mean that the intensity of frost action will
vary with the rating regardless of other conditions.
located similarly with respect to a moisture supply, those with the highest rating will

~ exhibit the greatest frost action.

It does mean that if all soils are

This in turn suggests that if all soils or soil profiles

~ of a given frost-susceptibility rating be arranged with respect to their drainage index,
~ a truer picture might be indicated of the actual amount of frost action to be expected.
For example, the actual distress due to frost action would be much less in the Antigo

series (somewhat excessively drained) than in the Almena series (poorly drained) although
both are in the F-4 category.
Table 2 has been prepared for this purpose.

The several profiles are arranged ac-

cording to their respective drainage indices on the vertical scale, and their generalized

frost-susceptibility rating on the horizontal scale.

The soil profiles themselves are

TABLE 2
DRAINAGE INDEX RELATED TO FROST-SUSCEPTIBILITY RATING
Drainage F-0 F-1 F-2 F-3 F-4
Index
-6 Hiawatha,
Excessive A-2
-2 Ottawa, McHenry,
Somewhat A-3 A-2
Excessive
-1 Antigo,
Somewhat A-6 & A-2
Excessive
+1 Milaca, Gogebic,
Well A-2 A-4
Drained Elderon, Onaway,
A-2 A-4
Iron River,
A-2
Dodge,
A-2
+2.5 Dubugque,
Moderately A-7-6
Well
Drained
+4 Ontonagon, Shiocton,
Imperfectly A-7-8 A-7-6
Drained Oshkosh, Elliott,
A-7-8 A-6
Kewaunee,
A-7-6
+5.5 Almena,
Very Poorly A-4, A-B,
Drained & A-7-6
+8.5 Bergland, Elba,
Very Poorly A-T7-6 A-B
Drained
represented by their series names and generalized AASHO classifications. This table

shows that the soils that are least susceptible to frost action generally occupy the most
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favorable drainage positions, and that the soils most susceptible to frost action general-
ly occupy the least favorable positions, although there is some overlapping. The chart
also shows a similar pattern for the generalized AASHO classification. In those cases
where it is difficult to express a generalized rating, more than one group 1s indicated.

STUDY OF PAVEMENT PERFORMANCE

The objective of this phase was to determine differences in pavement performance ove
soil types of various drainage indices. The general procedure was to determine the
amount of pavement cracking or to otherwise rate the performance over individual soil
bodies, then to correlate this rating with the natural drainage indices of the several soil
bodies. On the basis of three types of studies, there appears to be a definite relation-
ship between pavement performance and the drainage ndex.

The first of these studies consisted of determining the amount of transverse and long-
itudinal cracking on a concrete road about 10 miles in length. The results are tabulated
in two sections because of two different jointing arrangements. On one section, there
were no transverse joints, except for construction joints, while on the other section
transverse expansion joints were spaced at approximately 50-foot intervals. There was
no longitudinal joint on either of the sections. With a detailed soil map in hand, the
amount of cracking over each soil body traversed by the highway was determined by
walking over the entire length.

When these data are reduced to averages and expressed as the amount of cracking per
unit of length, a definite relationship can be noted between the drainage index of the soil
bodies and the amount of longitudinal cracking in the pavement. Also, a reasonably good
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Figure 5. Intensityof pavement cracking related to so1l series and
drainage, unjointed section. Solid lines and corresponding numbers
indicate longitudinal crackingin percentageof total length; broken
lines and corresponding numbers indicate transverse cracking ex-
pressed as average number of cracks per 100 feet along centerline,
NDI 1s the natural drainage index, expressed numerically.

correlation is shown for the intensity of transverse cracking, although there are some
discrepancies here. These relationships are shown in graphical form as Figures 5 and
6, with intensity of cracking increasing upward. The relative distance over each soil
type (and therefore over each drainage index) traversed by the highway is shown by the
horizontal length of the appropriate lines. The soils are arranged so that the most-poorl;
drained soils generally are to the right. The greatest intensity of cracking and therefore
the poorest performance occurs on these soils.

The second of these studies considered the relationship of the resurfacing requirement
to the soil series along a 16-mile section of highway. During 1952 it was found necessary
to resurface this highway in certain sections because of excessive breakage. In some
cases, a granular base course was required in addition to the bituminous mat, and in
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Figure 6. Intensityof pavement cracking related to so1l series and

drainage - section with transverse jointsat 50-foot 1intervals.

Solid lines and corresponding numbers indicate longitudinal crack-

1ng 1n percentage of total length; broken lines and corresponding

numbers indicate transverse cracking expressedas average number of

cracks per 50-foot slab length; NDI 1s the natural drainage index,
expressed numerically.

other sections, no resurfacing was required at all. Therefore three classes of pave-
ment performance are suggested: (1) no resurfacing, (2) bituminous mat only, and (3)
gravel lift course plus bituminous mat.

When the locations of these classes of pavement performance are compared with the
soils map (Figure 7), it can be seen that with few exceptions, the portions requiring no
resurfacing are on "well-drained" soil. The portions requiring only the bituminous mat
were resting on soil types that were "moderately well drained, ' while the portions re-
quiring the base course as well as the mat were on soil types ranging from "imperfectly"
to "very-poorly drained."

The third of these studies was based on a comparison of present pavement conditions
with those observed 10 years ago. In 1944, A. T. Bleck of the Wisconsin Highway Com-
mission observed pavement conditions at many places over the state, noting the type of
soil as well as general and quantitative information about the pavement (4, 5). These
observations and accompanying photographs were made available to the author through
the courtesy of Bleck. Several sites were selected for inspection in the spring of 1954,
covering a considerable range of soil types. The amount of pavement cracking as well
as other evidence of distress was noted, and another photograph taken for comparison.

Because of variations in pavement design, traffic volumes, and local climatic condi-
tions, it is not possible to make such clear-cut comparisons of performance as in the
two studies mentioned previously. However, the general trend is similar, with pave-
ments over sand showing the least increase in cracking compared with 1944, and those
over silts and clays, poorly drained, showing the most cracking, or even the need for
resurfacing, as indicated in the second study. Conditions at two of the seven observa-
tion sites are described in the following paragraphs to illustrate this trend.

Figures 8 and 9 illustrate the conditions in 1944 and 1954, respectively, on Plainfield
sand (excessively drained, -10). From the photos and recorded observations, it can be
seen that cracking has progressed only moderately in the past 10 years. Commercial
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traffic volume doubled in the same period.

Figures 10 and 11 demonstrate the differences between ""well-drained" soils and
"poorly drained” soils. The 1944 photo includes Clyde series soil in the foreground
(very-poorly drained), and Fox series soil in the background (well drained), In 1944,
there was no appreciable difference in the observed behavior of the pavement over the
two soils. In 1954, however, quite a change was apparent. The pavement over the
Clyde soil has been covered with both a gravel lift and bituminous mat, while the pave-
ment over the Fox soil has not required covering, although there was more cracking in
1954 than in 1944. Again, traffic volumes had about doubled in the intervening period.

Gravel Liff and
Brtuminous _Pavement

Brturmnous  loncrete Covenng only, Evaot as Nefed

Figure 7. Relationship of soil series and drainage to resurfacing
requirements. Original portland cement paving about 1926 resurfac-
1ng as indicatedin 1952, base map adapted from Dane County So1l Re-
port and Map, Wisconsin Geological andNatural History Survey. So1l-
mapping legend: C, Clyde s1lt loam; Ca, Carrington silt loam; Cf,
Carrington fine sandy loam, Fs, Fox silt loam; Mf, Miami fine sandy
loam; Mg, Miami gravelly sandy loam; Msl, Miam silt loam; Mu, Muck;
P, Peat; Rs, Rodman gravelly sandy loam; and Wk, haukesha silt loam.
The number beneath the mapping symbol 1s the natural drainage index,
expressed numerically.
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Figure 8. Pavement constructed on Plain-
field sand in 1927 without transverse
joints - photo taken in 1944 by A. T.
Bleck; some transverse cracking at inter-

vals of 120 and 66 feet.

Same pavement as pictured in
Pavement rode well in 1954, ap-

Figure 9.

Figure 8.

peared to be in good condition; in some

places, new cracks formed 10 to 15 feet
back from older cracks.

Figure 10. Pavement constructed in 1927
without transverse joints, Clyde soil in
foreground, Fax soil in background; crack
interval ranges from 15to 50 feet or more.
Photo taken in 1944 by A. T. Bleck.

Same pavement as pictured in
Pavement in immediate fore-
bitumin mus pave-
been placed over
pavement constructed on Clyde soil; pave-
ment has not been covered where it rests

Figure 11.
Figure 10.
ground is over Miami soil;
ment and lift course has

on Fox soil. Photo taken in 1954.

The traffic volume was somewhat greater than in the case of the pavement constructed

over the Plainfield sand.

Figures 10 and 11 also supplement Figure 7 in illustrating the second study.

CONCLUSIONS
The studies upon which this paper is based indicate: (1) there is a reasonably good

correlation between the natural drainage index of a soil series and recognized engineering
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classifications, such as the AASHO classification, the Corps of Engineers frost-suscept-‘
ibility rating, and pumping criteria; (2) there 1s a good correlation between the drainage
index and actual pavement performance as measured by the observed intensity of crack-
ing of a rigid pavement over several soil types, by resurfacing requirements, and by the
observable changes over a period of 10 years; and (3) the drainage-index concept, sup-
plemented by the soil-association concept, may offer an expedient means of organizing
the many soil series into workable classifications for engineering purposes. |
It 1s further indicated that the soil textural class is a fairly reliable indicator of the

relative susceptibility of a given soil to frost action and pumping action. In this respect,
it is important to consider each horizon separately, and not to use the class indicated by
the soil mapping unit, which refers to the texture of the surface soil only. Careful study
of the soil profile description will indicate the texture of each horizon, as well as other
significant information about the soil profile.
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Plate-Bearing Study of Loss of Pavement
Supporting Capacity Due to Frost

WILLIAM C.SAYMAN, Engineer, Arctic Construction and Frost Effects Laboratory,
New England Division, Corps of Engineers

This paper summarizes field studies of the effect of frost action on the magnitude
and duration of loss in pavement supporting capacity, measured by plate-bearing
tests, as part of a comprehensive frost-investigation program initiated by the
Corps of Engineers in 1944. The studies represent one phase of continuing field
investigations initiated in the fall of 1950 at the Frost Test Area, Loring Air
Force Base, Limestone, Maine, to improve methods for the prediction of the ef-
fects of frost action. The Frost Test Area, 30 by 40 feet in plan, consists of
four test sections with various combined thicknesses of pavement and base course
constructed on a natural gravelly sandy clay subgrade.

Plate-bearing tests at the Frost Test Area indicate the following results for
the reported investigational period: (1) succeeding years of freezing and thaw-
ing decreased the normal period (fall) pavement supporting capacity progres-
swvely during successive years; (2) the quantitative loss of pavement supporting
capacity is the same for each test section during frost-melting period when com-
pared to the normal period supporting capacity for the specific test sections; (3)
the duration of loss in pavement supporting capacity is approximately four months
as measured by static loading test and about three months when measured by re-
peating load tests; (4) all repeating-load tests show good agreement, whereas
static-load tests at locations where they are preceded by repeating-load tests in-
dicate considerably less loss in pavement supporting capacity when compared
with the test results from the static load test locations.

@ IN northern latitudes, as well as in the Arctic and Subarctic regions, freezing and
thawing of soils cause considerable damage to roads and airfields. Constantly increas-
ing wheel loads and speeds of trucks and aireraft on roads and airfields, together with
the demand that these facilities be kept in usable condition at all times, have brought
about the need for improved design and construction of pavements for both airfields and
roads. Freezing of the ground, especially where frost-susceptible soil types are pres-
ent and water is readily available, will cause 1ce segregation resulting in possible non-
uniform heave which in turn may cause damage to the pavement surface. The most
severe damage associated with frost action occurs during frost-melting periods when
the supporting soil loses a large proportion of its strength and may become practically
liquid due to the melting of the segregated ice in the soil. With the strength of the sup-
porting soil reduced, frost boils, pumping and pavement breakup may occur necessitat-
ing either halting of all traffic or restricting the traffic to lighter wheel loads.

To develop pavement design and evaluation criteria for such frost conditions, the
Arctic Construction and Frost Effects Laboratory of the New England Division was es-
tablished in 1944 by authority of the Chief of Engineers, Department of the Army, and
was assigned the responsibility of carrying out the investigations under the supervision
of the Airfields Branch, Engneering Division, Military Construction, Office of the
Chief of Engineers. Extensive field investigations consisting of traffic tests, plate-
bearing tests, California Bearing Ratio tests and supplementary observations have been
conducted at various airfields in the northern part of the United States and extensive
field data have been assembled to aid in the development of criteria.

The available field data, however, indicated the need for further field mmvestigations
under controlled conditions to determine the magnitude and duration of loss of pavement
supporting capacity due to frost action as measured by plate bearing tests and to obtain
temperature, ground water and heave data with the objective of improving methods for
the prediction of the effects of frost action. To attain these objectives, a frost test

area was constructed at the Loring Air Force Base, Limestone, Maine, during
99
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September 1950 and a testing program, which was itiated upon completion of the test
area, has been carried out continuously to the present tume.

Studies, which are being conducted under controlled conditions, are intended to give
a clearer understanding of frost action under field conditions and should resuilt in the
development of improved criteria for design and evaluation of pavements for airfields
and highways. With the facilities available, a comparison of test results at selected
points may be made on a year-round basis and the continuing study should encompass
a range of climatic conditions.

The present paper is devoted mainly to a summary of the results of the plate-bearing
tests which were performed to measure the magnitude and duration of reduction in pave-
ment supporting capacity due to frost action.

DESCRIPTION OF TEST AREA

The Frost Test Area, shown in Figure 1, 1s located at Loring Air Force Base,
Limestone, Maine. The 40- by 30-ft. test area consists of four test sections, four-
teen by eighteen feet, with base courses of 7, 12, 18 and 24 inches, respectively, over
a natural glacial till subgrade. The base course consists of a lower layer of sandy
gravel and an upper layer of crushed rock which was choked, rolled, and paved with a
double surface treatment of sand and tar. In the fall of 1952, the area was resurfaced
with approximately one inch of hot-mix asphaltic concrete to eliminate depressions and
irregularities caused by previous test operations. Drainage swales are provided around
the test area to take care of surface runoff water. Subsurface drainage facilities were
also incorporated around the area and bisecting the area in the north-south direction.
This system is built of perforated corrugated metal pipe instalied 1n the trenches and
connected to a water supply well in which the water level may be controlled to either
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drain the test area or maintamn the ground water elevation at any height in the subgrade
or the lower part of the base.

The subgrade material at the test area exposed after removal of topsoil and badly
weathered subgrade so1l was a gravelly sandy clay (CL) glacial till with an average lig-
uid limit of 21 and a plasticity index of 6. This material is classified as of high frost-
susceptibility mn accordance with the classification system adopted as one factor to aid in
in the comparison of the relative frost-susceptibility of soils subjected to standard lab-
oratory freezing tests.®

The thickness of upper and lower base course materials in each of the four test sec-
tions are as follows:

Upper Base Lower Base
Total Base Thickness Crushed Rock Sandy Gravel
Inches Inches Inches
7 4 3
12 6 6
18 6 12
24 6 18

Copper-constantan thermocouples were installed in each test section to observe sub-
surface temperatures at depths of 0.25, 0.50, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0
feet beneath the pavement surface. Each group of thermocouples was encased in water
tight plastic tubing and the measuring tip of each thermocouple was hermatically sealed
to insure a water tight unit. The thermocouple leads terminated at temperature meas-
uring units located in an instrument house adjacent to the test area.

Observation wells were installed in each section to observe fluctuation in the ground
water level of both the base course and the subgrade.

Subgrade deflection gages were installed in each section to measure the subgrade de-
flection at five plate loading test locations. These gages, consisting of steel rods at-
tached to four square inch square plates, rest on a sand cushion on the subgrade surface
and the steel rod 1s encased in a pipe sleeve extending from approximately?s inch above
the steel plate to the pavement surface. The space between the gage rod and the pipe
sleeve was packed with grease to permit free movement of the rod and to prevent water
from entering, freezing, and hampering the action of the gage. The gages were located
in the same relative location and similarly numbered in each section.

Reaction for the plate loading tests is provided by a 27-inch WF steel beam anchored
at the center and free to rotate horizontally over the areas of the test sections where the
plate bearing tests are conducted. Reaction is obtained by cribbing one end of the beam
and jacking agamst the other end. The beam is supported by a yoke which in turn is
fastened to a 3 Ja-inch-diameter steel rod grouted in a hole extending 20 feet into bed-
rock. The surface of the bedrock is 20 feet beneath the surface of the test area.

Additional installations at the test area consist of five heave reference points installed
in each section and a bench mark installed adjacent to the area for use as a reference in
heave measurements.

FIELD PLATE BEARING TESTS

Test Procedures

Upon completion of the construction of the test area in September 1950, the subgrade
material was saturated by adjusting the water level in the water supply well to control
the ground water level slightly above the subgrade surface. The water level was main-
tained at this position until freezing started and was then lowered to and maintained at
an elevation slightly below the subgrade surface, until the middle of August 1952. There-
after, the ground water was allowed to stabilize at its natural level which fluctuates be-
tween 11 and 14 feet below the subgrade surface.

Field investigations were initiated in the latter part of October 1950, which included

! Haley, James F., "Cold Studies of Frost Action in Soils, A Progress Report," Soil
Temperature and Ground Freezing, Highway Research Bulletin 71, Washington, D. C.,
1953, pp, 1-18.
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an initial series of plate bearing tests to determine normal period values of pavement
supporting capacity. Plate-bearing tests were discontinued during the freezing season;
however, observations were continued periodically of ground water, temperature and
heave. Plate-bearing tests were resumed at the start of the frost melting period and
continued periodically until the next freezing season. Prior to the freezing and during
the frost melting season of each year, test pits were excavated to observe ice segrega-
tion, obtain moisture and density data and to perform CBR tests.

The plate-bearing tests were performed on the pavement surface using a 30-inch di-
ameter plate. A thin layer of Ottawa sand was used to seat the bearing plate on the pave-
ment. Plate deformations were measured by three dial extensometers placed 120 deg.
apart on the outer edge of the plate. Subgrade deflection was measured by a single dial
extensometer placed on the subgrade deflection gage through a hole in the center of the
plate. All four extensometers were attached to a steel beam supported approximately
eight feet from each side of the bearing plate. A jack stand was used to distribute the
load over the plate and to provide a space for the extensometer placed over the subgrade
deflection gage. The load was applied by jacking against the 27-inch WF beam with a
50-ton hydraulic jack controlied by an electrically driven hydraulic pump. A ball and
socket joint, between the jack and beam, reduced eccentricity of loading on the bearing
plate. A 500-lb. seating load was used at the start of each plate-bearing test.

Two types of plate-loading tests were conducted at each test section, namely: static
load tests at two locations, repeating load tests at two locations and a repeating load
test followed by a static load test at a fifth location.

The static load tests were performed by loading the plate in approximately five equal
increments with each load increment held constant and the deflection of the plate and
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Figure 3. Static-load tests, 18-inch section. Note: all ratios
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subgrade recorded when the rate of plate deflection hecame less than 0. 004 inches per
minute. A maximum load of 50,000 lb. was used regardless of deflection for the initial
normal period static load tests of October 1950 due to difficulties with the anchorage of
the loading beam. For all tests, thereafter, the plate was loaded to either a maximum
of 60,000 1b. or to a deflection of 0.200 inches, whichever was attained first.

The procedure for conducting the repeating load tests was to subject the 30-inch-
diameter plate to 30 loading cycles in a period of 15 minutes. A specified load was rap-
idly applied in one increment, held constant for a period of approximately 20 seconds
and then rapidly released. The deflection of the plate and subgrade was determined aft-
er the 1st, 5th, 10th, 20th, and 30th repetition of load. The permanent deflection was
determined 10 minutes after the release of the repetition of loading. The following con-
stant loads were selected for the various test sections:

Test Section Test Load per Repetition
Inches Pounds
7 10,000
12 15, 000
18 30, 000
24 50, 000

Climatological Factors

During the investigational years, complete weather data were obtained from the Lor-
ing Air Force Base Weather Station at Limestone, Maine. Freezing indexes for the
years 1950 through 1953 were 1,529, 1,926, 1,647 and 1,737 degree-days as compared
to the ten year normal of 2,417 degree-days at the Caribou, Maine Weather Station lo-
cated approximately 10 miles southwest of the test area. Differences in the seasonal
average values of the other factors for the periods of test were so small that evaluation
of each factor was not possible.
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Results and Conclusions

In order to depict the seasonal changes in pavement supporting capacity, the ratios
of frost melting period to normal (fall) period static loads required to deflect the bear-
ing plate 0.05 inches are plotted against time. The repeating load tests are compared
by plotting deflections under the 30th load repetition for each test series. A typical ex-
ample of static load ratios for the four test sections is shown in Figure 2. The top plot
illustrates the ratios based on deflections of the bearing plate (or pavement) and the low-
er plot shows the ratios based on deflections of the subgrade during 1951.

The ratios of frost melting period to normal period static load tests at the 18-inch
base thickness section are summarized in Figure 3 for the investigational years from
1950 through 1954. These plots are typical of the ratios obtained at the other sections
of the test area. The ratios for the various years shown thereon are based on the nor-
mal period loads required for 0. 05 inches deflection during the fall of 1951.

It may be seen in Figure 3 that the load required to cause 0. 05 deflection 1n the fall
season progressively decreased from 1950 to 1952. The ground-water table in this per-
iod was controlled slightly below the subgrade surface. Allowing the ground water to
seek its natural elevation and adding approximately an inch of pavement  the latter part
of 1952 appears to have caused an increase in the 1953 normal static-period load ratios,
which thereupon progressively decreased with succeeding years of study.

The plots also indicate that the loads required to cause 0.05 inch pavement or sub-
grade deflection at the time of maximum weakening ranged from 15 to 30 percent of loads
required to cause 0. 05 inch deflection during the normal period following a particular
frost melting period. Furthermore, for the soil types and conditions existing at the test
area, it appears that approximately 4 months are required for complete pavement recov-
ery to normal supporting capacity. After reaching the maximum degree of weakening
during the frost melting periods, strength recovery took place at a fairly rapid rate until
the degree of pavement supporting capacity was approximately 10 percent below the nor-
mal value, then the recovery was quite gradual.
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Figure 4. Repeating load tests, 18-inch section.
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Figure 5. Static load tests preceded by repeating load tests, 18-
inch section. Note- all ratios based on 1951 normal period loads.

Plois of the results of the repeating load tests at the 18-inch base thickness section
shown on Figure 4 are typical of the results at the other sections. It was found that the
pavement or subgrade deflections increase with increased number of repetitions up to
30 during the frost melting period but during the normal period increase in deflections
was practically negligible after the first repetition of loading. The recovery of pave-
ment supporting capacity is observed to be more rapid at repeating load test locations
than at static load locations.

At locations where repeating load tests were followed by static load tests, it was
found that the repeating load tests tended to consolidate the subgrade as shown on Figure
5 by the lesser deflections measured by static load tests at the 18-inch section for this
test series as compared with the deflections obtained at the static load locations shown
on Figure 3. The load required to cause 0.05 inch deflection in the normal period,
however, similarly decreased progressively with succeeding years of tests. Approx-
imately 50 to 60 percent reduction in the pavement supporting capacity of the static load
test locations was noted at locations where static load tests were preceded by repeating
load tests.

The results of the repeating load tests at the combined repeating load test ana static
load test locations at the 18-inch section, shown on Figure 6, mmdicate good agreement
with the test results on Figure 4 for repeating load tests alone. These plots are typical
of the results measured at the other sections of the test area.

The static and repeating-load plate-bearing test results indicate the magnitude and
duration of subgrade weakening for the particular soil and loading conditions but do not
necessarily provide a reliable measure of the reduction 1n the wheel load supporting
capacity of pavements.

The consolidation of the subgrade soil by the repetitive loads in the repeating load
tests apparently accelerated the rate of regain of subgrade strength as compared with
the static load tests in which there was only one load application. Traffic, because of
frequency of repetitions would also tend to consolidate and speed up the regain of sub-
grade strength. However, the traffic would possibly have a more adverse effect on the
subgrade 1 1its weakened condition during the frost melting period. The suddenly ap-
plied and short duration of the traffic load at a specific location would, for a saturated
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subgrade, result in a large increase in pore water stress with little or no increase in
effective stress.

At the frost-test area, the major effect of repetitive loading appears to be consolida-
tion as illustrated by the appreciably smaller loss of supporting capacity determined
from the static-load tests at the combined repeating and static load test locations as
compared to the static load test locations. The duration of loss in pavement supporting
capacity determined by static load tests appears to be of the same length of time re-
gardless of whether or not repeating load tests are performed at the location. All of
the repeating load tests indicated a shorter duration or loss in pavement supporting
capacity.

Reduction of normal period loads through succeeding years of test indicate that each
year's freezing and thawing cycle has altered the structure of the glacial till subgrade
at the frost-test area.
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Figure 6. Repeating load tests followed by static load tests, 18-
inch section.

Correlation of these data from the field studies with other frost investigational stud-
ies will result in more positive methods of determining the effects of frost action and
the magnitude and duration of loss of pavement supporting capacity due to frost action.
Also improved design and evaluation criteria will be developed resulting in improved
and more dependable highway and airfield pavements.



Frost and Permafrost Definitions

The following list of terms used in current literature on Frost and Permafrost
has been prepared and approved by the Highway Research Board Committee on
Frost Heave and Frost Action 1n Soil. Special credit is due Frank Hennior,
chairman of the subcommittee which prepared the list for approval by the main
committee.

GENERAL

Arctic. The northern region 1n which the mean temperature for the warmest month
is less than 50 F. and the mean annual temperature is below 32 F. In general, arctic
land areas coincide with the tundra region north of the limit of trees.

Subarctic. The region adjacent to the Arctic in which the mean temperature for the
coldest month is below 32 F., the mean temperature for the warmest month is above 50
F., and where there are less than four months having a mean temperature above 50 F.

In general, subarctic land areas coincide with the circumpolar belt of dominant conifer-
ous forest.

Break-up period. The period of the spring thaw during which the ground surface is
excessively wet and soft, and ice is disappearing from streams and lakes. Duration of
the break-up period varies from one to six weeks, depending on regional and local cli-
matic conditions.

Freeze-up period. The period during which the ground surface freezes, and during
which ice cover is forming on streams and lakes. The duration of the freeze-up period
varies from one to three months, depending on regional and local e¢limatic conditions.

Frost-melting period. An interval of the year during which the ice in the foundation
materials is returning to a liquid state. It ends when all the ice in the ground has melted
or when freezing is resumed. Although in the generalized case there is visualized only
one frost melting period, beginning during the general rise of air temperatures in the
spring, one or more significant frost melting intervals may occur during a winter season.

Normal period. The time of the year when there is no reduction in strength of founda-
tion materials due to frost action.

Period of weakening. An interval of the year which starts at the beginning of the
frost-melting period and ends when the subgrade has begun to regain its strength.

SOIL-AND-FROST

Permafrost. Perennially frozen ground.

Suprapermafrost. The entire layer of ground above the permafrost table.

Permafrost table. An irregular surface which represents the upper limit of perma-
frost.

Annual frost zone. The top layer of ground subject to annual freezing and thawing.
In arctic and subarctic regions where annual freezing penetrates to the permafrost
table, suprapermafrost and the annual frost zone are identical. (Sometimes referred
to as active layer or active zone).

Residual thaw zone. A layer of unfrozen ground between the permafrost and the annual
frost zone. This layer does not exist where annual frost extends to permafrost.

Frost action. A general term for freezing and thawing of moisture 1n materials and
the resultant effects on these materials and on structures of which they are part or with
which they are in contact.

Frost thrust. A lateral displacement due to frost action.

Frost heave. The raising of a surface due to the formation of ice in the underlying
soil.

Percent heave. The ratio, expressed as a percentage, of the amount of heave to the
depth of frozen soil before freezing.

Frost boil. The breaking of a localized section of a highway or airfield pavement
under traffic and ejection of subgrade soil in a soft and soupy condition caused by the

melting of the segregated ice formed by frost action.
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Frost-susceptible soil. Soil in which significant (detrimental) ice segregation will
occur when the requisite moisture and freezing conditions are present.

Non-frost susceptible materials. Cohesionless materials; such as, crushed rock,
gravel, sand, slag and cinders n which significant (detrimental) 1ce segregation does
not occur under normal freezing conditions.

Homogeneously frozen soil. A soil in which water is frozen within the material voids |
without macroscopic segregation of 1ce. |

Heterogeneously frozen soil. A soil in which a part of the water is frozen in the form
of macroscopic ice occupying a space in excess of the original voids in the soil.

Ice segregation. The growth of ice as distinct lenses, layers, veimns and masses
soils commonly, but not always, oriented normal to the direction of heat loss.

Ice wedge. A vertical wedge-shaped ice mass 1n permafrost usually associated with
fissure polygons.

Ice lenses. Ice formations in soil occurring essentially parallel to each other, gen-
erally normal to the direction of heat loss, and commonly in repeated layers.

Ice content. The ratio, expressed as a percentage, of the weight of ice phase to the
dry weight of soil.

Tangential adfreezing strength. Unit bond strength between frozen ground or ice and
another material.

Pavement pumping. The ejection of water and subgrade soil through joimnts, cracks,
and along edges of pavements caused bv downward slab movement actuated by the pas-
sage of heavy axle load over the pavement after the accumulation of free water on the
subgrade.

Open system. A condition in which free water m excess of that contained originally
m {he voids of the so1l is available to b2 moved to the surface of freezing, to form seg-
regated ice in frost-susceptible soil.

Closed system. A condition in which no source of free water is available during the
freezing process beyond that contained originally 1n the voids of soil.

TEMPERATURE

Average daily temperature. The average of the maximum and mmnimum temperatures
for one day or the average of several temperature readmgs taken at equal time intervals
during one day, generally hourly.

Mean daily temperature. The average of the average daily temperatures for a given
day for several years.

Average monthly temperature. The average of the average daily temperatures for a
particular month.

Mean monthly temperature. The average of the average monthly temperatures for a
given month for several years.

Average annual temperature. The average of the average daily temperature for a
particular year.

Mean annual temperature. The average of the average annual temperatures for sev-
eral years.

Degree-day. The degree-days for any one day equal the difference between the av-
erage daily air temperature and 32 F. The degree-days are minus when the average
daily temperature is below 32 F. {freezing degree-days) and plus when above (thawing
degree-days).

Degree-hour. A variation of one degree Fahrenheit from 32 F. for a period of one
hour. The degree-hcur is negative if below 32 F. and positive if above 32 F.

Freezing season. That period of time during which the average daily temperature is
generally below 32 F.

Thawing season. That period of time during which the average daily temperature 1s
generally above 32 F. Note: The definitions for "freezing season' and "'thawing season"
are applicable to conditions 1n arctic and subarctic regions where frequent oscillations
about the freezing point are uncommon.

Freezmng mndex. The number of degree-days between the highest and lowest points on
a curve of cumulative degree-days versus time for one freezing season. It isusedas a
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measure of the combwned duration and magnitude of below-freezing temperatures occur-
ring during any given freezing season. The index determined for air temperatures at
4.5 feet above the ground is commonly designated as the air freezing index, while that
determined for temperatures immediately below a surface is known as the surface
freezing index.

Mean Ireezing index. The freezing index determined on the basis of mean tempera-
tures. The period of record over which temperatures are averaged is usually a mini-
mum of 10 years and preferably 30.

Thawing index. The number of degree days between the lowest and highest points on
the curve for cumulative degree-days versus time for one thawing season. It is used as
a measure of the combined duration and magnitude of above-freezing temperatures oc-
curring during any given thawing season. The index determined for air temperatures
at 4. 5 feet above the ground is commonly designated as the air thawing index, while that
determined for temperatures immediately below a surface is known as the surface thaw-
ing index. —

Mean thawing index. The thawing index determined on the basis of mean temperatures.

Correction factor.  The ratio between the surface index and air index for either freez-
ing or thawing.

HEAT TRANSFER

Thermal regime. The temperature pattern existing in a body.

Thermal conductivity. The time rate of heat flow through unit area of a substance
under a unit temperature gradient. Common units are Btu per hour per square foot per
degree F. per inch or foot of thickness.

Thermal resistivity. The reciprocal of thermal conductivity.

Thermal conductance. The time rate of heat flow through a substance for an area of
1 square foot and a difference of temperature of 1 F. between surfaces.

Thermal resistance. The reciprocal of thermal conductance.

Volumetric heat capacity. The number of Btu. necessary to raise the temperature
of 1 cubic foot of a material 1 F.

For dry soils it is cd; for wet soils it is d (c+1. Om\%_),

and for wet, frozen soils it is d (c+0.5 w),

where ¢ = specific heat of the dry material
d = dry density of a soil in 1b. per cu. ft.
and w = water content of a soil in percent of dry weight.

Diffusivity. An index of the facility with which a material will undergo temperature
change. It is numerically equal to the quotient of the thermal conductivity and the vol-
umetric heat. The diffusivity of a soil is increased by freezing, by an increase of
moisture, and by an increase in density.

Latent heat of fusion. The number of Btu. necessary to melt one pound of ice without
a change in temperature.

Volumetric latent heat of fusion. The number of Btu. necessary to melt the ice in 1
cubic foot of soil without a change in temperature.

Specific heat of soil. The number of Btu. necessary to raise the temperature of one
pound of dry soil 1 F.

TERRAIN

Patterned ground. A general term describing ground patterns resulting from frost
action such as soil polygons, stone polygons, stone circles, stone stripes, and soli-
fluction stripes. The most common type of soil polygon is known as a fissure polygon.

Creep. Extremely slow downslope movement of superficial soil or rock debris us-
ually imperceptible except to observation of long duration.

Solifluction. The perceptible slow downslope flow of saturated non-frozen soil over a
base of impervious or frozen material. Movement occurs primarily when melting of
segregated ice or infiltration of surface runoff results in concentration of excess water
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in the surface soils.

Frost mound. A localized upwarp of land surface caused by frost action or hydro-
static pressure.

Pingo (hydrolaccolith). A large frost mount not uncommonly a hundred feet high or
more containing a core of ice.

Icing. A surface ice mass formed by freezing of successive sheets of water.

Tundra. A treeless region of grasses and shrubs characteristic of the Arctic.

Muskeg. A shallow, poorly drained, peat-filled depression supporting bog vegetation.
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HE NATIONAL ACADEMY OF SCIENCES—NATIONAL RESEARCH COUN-

CIL is a private, nonprofit organization of scientists, dedicated to the

furtherance of science and to its use for the general welfare. The
ACADEMY itself was established in 1863 under a congressional charter
signed by President Lincoln. Empowered to provide for all activities ap-
propriate to academies of science, it was also required by its charter to
act as an adviser to the federal government in scientific matters. This
provision accounts for the close ties that have always existed between the
ACADEMY and the government, although the ACADEMY is not a govern-
mental agency.

The NATIONAL RESEARCH COUNCIL was established by the ACADEMY
in 1916, at the request of President Wilson, to enable scientists generally
to associate their efforts with those of the limited membership of the
ACADEMY in service to the nation, to society, and to science at home and
abroad. Members of the NATIONAL RESEARCH COUNCIL receive their
appointments from the president of the ACADEMY. They include representa-
tives nominated by the major scientific and technical societies, repre-
sentatives of the federal government designated by the President of the
United States, and a number of members at large. In addition, several
thousand scientists and engineers take part in the activities of the re-
search council through membership on its various boards and committees.

Rece1ving funds from both public and private sources, by contribution,
grant, or contract, the ACADEMY and its RESEARCH COUNCIL thus work
to stimulate research and 1its applications, to survey the broad possibilities
of science, to promote effective utilhization of the scientific and technical
resources of the country, to serve the government, and to further the
general interests of science.

The HIGHWAY RESEARCH BOARD was organized November 11, 1920,
as an agency of the Division of Engineering and Industrial Research, one
of the eight functional divisions of the NATIONAL RESEARCH COUNCIL.
The BOARD 1s a cooperative organization of the highway technologists of
America operating under the auspices of the ACADEMY-COUNCIL and with
the support of the several highway departments, the Bureau of Public
Roads, and many other organizations interested in the development of
highway transportation. The purposes of the BOARD are to encourage
research and to provide a national clearinghouse and correlation service
for research activities and information on highway administration and
technology.
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