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ABSTRACT

Highway pavements in seasonal frost areas undergo annual freeze—thaw cycles. Pavements con-
structed for the design load capacity can become weak during spring thaw. In 1995, the Montana De-
partment of Transportation (MDT) initiated a study on developing road restrictions during the spring
thaw. Selected sites throughout Montana were instrumented. Field measurements of deflection,
moisture, and temperature were made during the winter/spring of 1996-1997 and 1997-1998. The
analysis determined thaw-weakening characteristics of the sites and developed subgrade modulus
values for use in future design of pavement structures in Montana. Based on the moisture data, the
base course layers at Dickey Lake, Wolf Point, Scobey/Redstone, and East Glacier are prone to thaw
weakening. Deflection data indicate that the bases at Bull Mountain, Swan Lake, and Scobey Red-
stone may be prone to thaw weakening. The subgrade at Dickey Lake, East Glacier, Bull Mountain,
Swan Lake, and Scobey/Redstone may also be prone to thaw weakening. The length of the thaw-
weakening period varied from 4 days (Scobey/Redstone) to 3 weeks (East Glacier). This report pro-
vides a general description of the test sites, the measurements and analysis of the data, results of the
analysis, and recommendations based on the results. In addition, the report quantifies the effects of
thaw weakening on typical roads in Montana based on deflection, surface and subsurface moisture,

temperature, and other atmospheric measurements taken by MDT.

Keywords: Pavements, Thaw weakening, Moisture, Temperature, Moduli, Base, Subgrade.



INTRODUCTION

Highway pavements in seasonal frost areas undergo annual freeze—thaw cycles. Pavements con-
structed for the design load capacity can become weak during spring thaw. During the winter, water
is drawn up to the freezing front from shallow water tables by capillary action and converted to ice
lenses. This formation of ice lenses is manifested on the surface as frost heave. During the spring, the
ice lenses are converted back to liquid water and, depending on the hydraulic conductivity of the sub-
surface layers, these layers can become saturated. In addition, more moisture can be introduced into
the subsurface layers from infiltration of melting snow and rain from the surface. As a result, the
bearing capacity of the base, subbase, or subgrade, or all three, can be reduced and damage may be
observed on the surface as potholes, alligator cracking, or rutting. The amount of damage can vary.
However, it has been reported that 90% of the damage to pavements can occur during the thaw-
weakening periods. To reduce this damage, load restrictions need to be applied during these periods.
However, the timing and length of the load restriction period can be a financial burden to the trucking
industry and need to be determined with care.

In 1995, the Montana Department of Transportation (MDT) initiated a study on developing road
restrictions during the spring thaw. The project began with field studies to identify the extent of the
effects of thaw weakening on highway pavements. Selected sites throughout Montana were instru-
mented. Attempts were made to obtain field measurements of deflection, moisture, and temperature
during the winter/spring seasons of 1996—-1997 and 1997-1998. Measurements were made to cover
the four periods in a freeze—thaw cycle: period of deep frost, period of rapid strength loss, period of
rapid strength recovery, and period of slow strength recovery (Shepherd and Vosen 1997).

The U.S. Army Engineer Research and Development Center’s Cold Regions Research and Engi-
neering Laboratory (CRREL) was contracted by MDT to assist in the analysis of the test data from 10
sites. The analysis was to determine the thaw-weakening characteristics of the sites and to develop
subgrade modulus values for use in the future design of pavement structures in Montana. This report
provides a general description of the test sites, the measurements and analysis of the data, results of
the analysis, and recommendations based on the results. In addition, the report quantifies the effects
of thaw weakening on typical roads in Montana, based on deflection, surface and subsurface mois-

ture, temperature, and other atmospheric measurements taken by MDT.



SITE DESCRIPTION

Ten sites were chosen throughout the state of Montana for this project based on their subgrade
soil classification, geologic region, and their closeness to weather monitoring stations (Shepherd and
Vosen 1997) (Figure 1). Montana can be divided into two geologic regions (Shepherd and Vosen
1997). These are the Rocky Mountain and the Plains regions. Sites representing the Rocky Mountain
region include East Glacier, Sweetgrass, Swan Lake, Dickey Lake, and Livingston. Loma,

Scobey/Redstone, Alzada, Roundup/Bull Mountain, and Wolf Point represent the Plains region.

X X
Dickey Lake Sweetgrass X
X X Scobey/Redstone
East Glacier Loma X
X Wolf Point
Swan Lake MONTANA y
Bull Mountain
X
Livingston
X
Alzada

—

Figure 1. Location of test sites in Montana.

All the pavement structures in this study were flexible pavements, which represent 97% of
Montana roads (Shepherd and Vosen, 1997). With the exception of Swan Lake, the pavement struc-
ture at the sites consisted of an asphalt concrete layer over an unstabilized base, over the natural sub-
grade. At Swan Lake, in addition to the base course, there was a subbase layer over the natural sub-
grade. The asphalt concrete layers at the test sites ranged from 76 to 330 mm (3 to 13 in.), and base
thickness ranged from 138 to 686 mm (5.5 to 27 in.). The subgrade soil classifications are based on
the American Association of State Highway Transportation Officials (AASHTO, 2002) system. The
subgrade soils, based on the top 0.6 m (2 ft), were classified as A-2, A-4, or A-6. Site names,
AASHTO soil classifications of the base and subgrade, and road layer thickness are given in Table 1.
Other soil tests conducted by MDT were for moisture content and R-values. Available gradation and

Atterberg limit test results for some of the sites are presented in Appendix C.



Table 1. Layer material type and thickness.

Layer thicknesses
Site name Subgrade Asphalt Base Subbase
mm (in.) mm (in.) mm (in.)

Loma A-1 152 (6) 686 (27) No subbase
East Glacier A-4 76 (3) 584 (23) No subbase
Sweetgrass A-6 330 (13) 483 (19) No subbase

Swan Lake A-1 122 (4 %) 122 (4 %) * 127 (5)
Dickey Lake A-2-4 127 (5) 427 (17) No subbase
Scobey/Redstone A-6 229 (9) 140 (5 %2) No subbase
Alzada A-6 235 (9 V4) 603 (24) No subbase
Livingston A-1 152 (6) 518 (20 %) No subbase
Roundup/Bull Mtn A-4 254 (10) 432 (17) No subbase
Wolf Point A-6 178 (7) 152 (6) No subbase

*Pulverized plant mix surfacing (PMS).

Of the 10 sites, only two have any amount of shading that would increase frost penetration and

delay thaw weakening. They are Dickey Lake, which is located on the north side of a hill, and Swan

Lake, which is located among trees.

FIELD INSTRUMENTATION AND TESTING PROGRAM

Each test site was instrumented with VITEL Hydra Soil Probes. Subsurface soil temperature, soil
dielectric constant, and soil conductivity were measured hourly with these probes and recorded with
VX1004 data loggers, manufactured by VITEL, Inc., Chantilly, Virginia.

A brief summary of the probe is given here. Basically, it is a moisture probe. It determines the
soil moisture and salinity from a 50-MHz high-frequency complex dielectric constant measurement.
The dielectric constant can be separated into its real and imaginary components. The real component

has been shown to be sensitive to the moisture content of the soil. The imaginary (conductive) com-



ponent can be related to the salinity of the soil. Subsurface temperatures were directly measured us-
ing thermistors located in the probe head. The volumetric moisture content is determined from cali-
bration equations provided by VITEL for sands, silts, and clays. These calibrations are part of the
data acquisition system provided by VITEL. Sensor locations provided by the MDT are shown in
Table 2.

In October 1997, the VITEL probes at seven sites were checked by CRREL and 64% of the sen-
sors were found to be fully operational. With respect to temperature, we found that 94 % of the sen-
sors were functioning properly.

In addition to the subsurface instrumentation, the sites were located in areas where Road
Weather Information Systems (RWIS) were available. Plans were made initially to supplement the
VITEL data with data from the SSI system. However, when the data were reviewed, we found that
data from the SSI sensors were recorded at irregular intervals, based on how often the closest weather
station dialed into the site. Because of this irregularity and also because only 36% of the data were
available for the analysis period (1996—-1997), measurements from the SSI system were not used.
Also, no data were found for Bull Mountain and only a few readings were found for Livingston, East
Glacier, and Alzada.

Pavement deflection measurements for the 19961997 period were obtained nondestructively
with the MDT Road Rater, manufactured by Foundation Mechanics, Inc. (Foundation Mechanics, no
date specified), El Segundo, California. Surface deflections were measured from steady-state
dynamic loads (9 to 22 kN, or 2000 to 5000 1b). The loads were applied through a 305-mm-diameter
steel plate at a frequency of 25 Hz. Deflections were measured at distances of 0, 203 (8), 305 (12),
610 (24), 914 (36), and 1219 mm (48 in.) from the center of the plate.

For the 1997-1998 period, deflection measurements were made with the JILS-20T falling weight
deflectometer (FWD). The deflections were measured at distances of 0, 203 (8), 305 (12), 458 (18),
610 (24), 914 (36), and 1219 mm (48 in.) from the center of the plate. The falling weight loads
ranged from 27 to 71 kN (6000 to 16,000 Ib). Based on test data notes, the JILS-20T FWD system
replaced the Road Rater about at the end of September 1997. Comparison measurements were made

at Dickey Lake, Sweetgrass, and Loma using both the Road Rater and the FWD.
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For the 1996-1997 period, deflection measurements were taken monthly throughout the year,
with the exception of spring, when they were taken biweekly. The test program consisted of one
drop at each test point between 9 and 22 kN. The test section size of 30.5 m was selected in such a
way that half the section was either to the right or left of the location where the VITEL probes were
installed. The test points were 1.5 m. apart. A total of 21 non-destructive testing (NDT) tests were
conducted for each site using the “Road Rater” for most of the year.

During our analysis, we found that, during the spring thaw period, deflection tests were con-
ducted at four or five test points. In addition to NDT testing, air temperature and, in some instances,
pavement temperatures were recorded during the tests. Pavement temperatures included surface
temperatures and temperature in the middle of the asphalt concrete (AC) layer (defined by MDT as
the “material” temperatures).

In the 1997-1998 season, when the JILS 20-T (annotated JILS 201 in the data remarks) was
used, each location had 20 tests per date. Some sites were tested at least once per month, and during
February, March, and April, there were multiple tests, up to four in one instance. The system was
normally programmed to apply four loads, but occasionally three or five loads were programmed. In
other instances, the system was programmed to apply one load four times, and then the sequence was
repeated with three or four other loads. The normal loads used were 26.7, 35.6, 40.0, and 44.5 kN
(6000, 8000, 9000, and 10,000 Ib), with 26.7, 40.0, 53.4, and 62.3 or 66.7 kN (6000, 9000, 12,000,
and 14,000 or 15,000 Ib) occasionally used.

ENVIRONMENTAL DATA ANALYSIS

Approximate coordinates for the test sites were obtained through discussions with Montana
DOT personnel. Air temperature data for the sites were obtained from the National Weather Service.
The weather stations were chosen based on proximity to the test site. The coordinates of the test sites
and the nearest weather station are shown in Table 3 below. Some data gaps are present, but they are

not critical. However, deflection data were available and were analyzed.



Table 3. Location of weather station sites relative to test sites.

Test site Latitude Longitude NWS station Latitude Longitude
Dickey Lake 48° 42'N 114° 48'W Fortine 1 N 48° 47'N 114° 54'W
Wolf Point 48° 39'N 105° 26'W Scobey 4ANW 48° 50'N 105° 29'W
Sweetgrass 48° 59'N 111° 57'W Sweetgrass 49° 00'N 111° 58'W
Redstone 48° 49'N 105° 01'W Bredette 48° 33'N 105° 16'W
East Glacier 48° 27'N 113° 13'W East Glacier 48° 27'N 113° 13'W
Alzada 45° 01'N 104° 25'W Albion 1 N 45° 13'N 104° 16'W
Bull Mtn. 46° 14'N 108° 27'W Roundup 46° 27'N 108° 33'W
Livingston 45° 39'N 110° 32'W Livingston Mission Field 45° 42'N 110° 26'W
Loma 47° 56'N 110° 30'W Loma 1 WNW 47° 57'N 110° 32'W
Swan Lake 47° 30'N 113° 41'W Lindbergh Lake 47° 25'N 113° 43'W

Several of the VITEL probes failed 5 to 6 months after installation. For example, five out of the
six probes at Swan Lake stopped functioning within 5 months from installation and five out of eight
probes at Livingston stopped functioning within 6 months from installation. A power surge, possibly
from lightning, was thought to be the most likely cause according to MDT. In addition, we found
that data were missing during the winter and thaw periods in Alzada. Results from these sites were
not used in the analysis. Additional probes, and probes at additional sites, failed during the following
year (1997-1998).

The subsurface moisture, in conjunction with deflection data, was used to determine if the
pavement structure was susceptible to thaw weakening. When deflection data are unavailable, the
moisture contents can provide a good indication of the thaw-weakening susceptibility of the base and
subgrade. A good illustration of this is the moisture data in the base course from Dickey Lake
(Figure 2). As seen in Figure 2, the moisture content in the base increased sevenfold from its non-

frost value during the spring thaw. This increase translates to a period of weakening.
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Figure 2. Definitions of critical and recovery periods used in the analysis.

For our analysis (see Figure 2), the non-frost moisture content was taken as the average mean
moisture content for October, when the mean ground temperature was still positive. The unfrozen
moisture content during the winter is the average moisture content where the ground temperature is
stable at its lowest temperature. The critical period, determined using the moisture data, is the time
when the moisture content exceeds the non-frost value during the spring thaw to its maximum value.
Recovery is at the end of the maximum value to the time when it levels out to either the non-frost
level or just close to it.

Moisture and temperature data were recorded hourly. The hourly moisture contents and tem-
peratures were converted to daily mean values and are presented in Appendix A. The subsurface
temperature data provided information on the length of the freezing season and was used to estimate
the maximum frost penetration. In addition, when available, daily mean air temperatures at or near
the site is presented in Appendix A. The frost depth presented in Table 4 is defined as the maximum
depth where the temperature reached 0°C. (For the 1997-1998 winter, the frost depth was interpo-

lated from the Vitel probe temperature data. This was done using the deepest probe that indicated



below freezing temperatures, and the temperature indicated by the next deeper probe.) The time that
the ground is frozen is defined as the period (to the nearest month) when the ground temperature re-

mains below 0°C.

Table 4. Estimated frost depth and period of freezing from measured temperatures and moisture

content.
Location Frost depths (m) Period of freezing
1996-1997 1997-1998 1996-1997 1997-1998
Loma 2.39 —* December—April —
East Glacier 2.16 — September—April —
Sweetgrass 2.29 1.60 September—April November—March
Swan Lake — — — —
Dickey Lake >1.60" 1.32 November—April November—March
Scobey/Redstone >1.88" 1.85 September—April November—April
Alzada >1.93" — — —
Livingston >1.27" — — —
Bull Mountain 1.70 — — —
Wolf Point >1.80" 1.66 September—April November—April

* Insufficient to note the trend or missing temperature data.
1 Frost penetration exceeded the deepest measurement sensor.

Thaw weakening is caused by excess moisture and the rate of dissipation in the pavement
structure. On the basis of the moisture distribution in the pavement structure, we can surmise the
potential for thaw weakening. Detailed descriptions of the seasonal moisture variation in the base
and subgrade at five sites are given below: Dickey Lake, Wolf Point, Sweetgrass, Scobey/Redstone,
and East Glacier. At these sites there were complete or near complete temperature and moisture data
in the base and subgrade. (However, East Glacier moisture and temperature data were not collected

for the 1997-1998 season.) Unfortunately, the selected sites were in the northern half of the state.

Dickey Lake

The base and subgrade gradation, as obtained during the instrumentation stage, are shown in

Figures 3 and 4. Details of the gradation and Atterberg limits are presented in Table C-1. Under the
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AASHTO soil classification system (AASHTO, 2002), the base was an A-1-a soil. Bedrock was
found at a depth of 1.5 m (58 in.) from the surface. The subgrade was found to vary with depth. The
top 900 mm (36 in.) ranged between an A-2-4 and A-4 soil (Table C-1). The bottom part of the
subgrade turned out to be more granular and was classified as an A-1-b subgrade. The percentage of
material finer than the 0.075-mm (#200) sieve size in the base ranged between 10 and 13%, and in
the subgrade, between 18 and 37%. On the basis of the plasticity index, the fines were classified as
non-plastic. Initial gravimetric moisture contents taken at the time of instrumentation installation
(mid-November 1995) ranged between 8 and 10% in the base and between 13 and 18% in the
subgrade. The moisture measurements in the subgrade were taken at depths between 686 and 1270
mm (27 and 50 in.). The depth of the water table was not reported.

The moisture and temperature response during the fall-winter-spring seasons of 1996-1997 and
1997-1998 in the base and subgrade are shown in Figure A-1. Based on the temperature
measurements, frost penetration reached at least to a depth of 1.6 m (60 in.) in 1996—1997, and about
1.35 m (about 54 in.) in 1997-1998. The minimum average air temperature during the 19961997
winter was —22°C. The air freezing index” for the winter-spring of 19961997 was greater than
792°C degree-days (1425°F degree-days) (see Figure 5). (As the air temperature data for November
are missing, there is no indication of how much greater the freezing index would have been.
However, it is safe to assume that the November data would have increased the freezing index.)
Based on the air freezing index, the freezing season started when the air freezing index was at its

maximum (November 14", 1996 and November 8", 1997).

" Air freezing Index is the measure of the departure of the mean daily temperature below a given standard, 0°C (32°F);
these departures, called freezing degree days, are summed over a season to give the air freezing index. For example, a
day with an average temperature of —SEC (23EF) represents 9 freezing degree-days by the Fahrenheit scale (5 freezing
degree-days by the Celsius scale).

11
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Figure 3. Base course grain size distribution at Dickey Lake.
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The measurements in the base were made at a depth of 292 mm (11 in.) from the AC surface,
which is about the mid-point of the base layer. Prior to freezing, the mean daily volumetric moisture
content in the base was approximately 5.5% (COV = 8.8%) at the start of the 1996—-1997 winter, and
6.7% (COV = 5.4%) at the start of the 1997-1998 winter. This is based on the average of the mois-
ture measurements for October. This suggests that the base is a fairly dry material. Although the base
was classified as an A-1-a soil, there was a substantial increase in moisture content during the 1997
thaw (~4x the non-frost value). Based on the moisture data, thawing started around March 20™ 1997,
when the moisture content was greater than 5.5%. The temperature in the base at this time was
—2.2°C. The next day (March 21*), the moisture content in the base was approximately 21% and on
March 22", it peaked around 22% during the 1997 thaw. The temperature in the base at maximum
moisture content was —1.7°C.

This increase in moisture content happened at a rate of approximately 9%/1°C. This rapid in-
crease occurred when the temperature in the base was between —4 and —2°C. It is possible that the
increase in moisture content was attributable to infiltration of melting snow into the base course

from the surface or from melting ice lenses in the base course. Recovery of the base started on
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March 23" and continued to about April 13" where the moisture content leveled to approximately
7%. The 10 to 13% fines in the base could explain this recovery time. Janoo et al. (Janoo et al, 1997)
found that, when base course layers under airport pavements contained more than 3% fines, it
affected the rate of moisture dissipation during the thaw period. Based on the assumption that the
moisture content in the layer controls the strength of that layer, the critical period for the base lasted
approximately 3 days (March 20" -March 22"%) and it required another 20 days to recover to near its
original moisture content.

The base freezing index was 553°C degree-days (995°F degree-days) (Figure 6). According to
Figure 6, freezing of the base started around November 16" 1996, and thawing started on March 30™
1997. This is 8 days after the base had reached its critical moisture content of 22%.

In 1998, based on the moisture data, thawing began on the 17" of February, when the moisture
content first rose above 6.7%, and it peaked at about 29% on the 22™ of February 1998. There was a
second peak at about 20% on March 2™, and a third peak at about 16% on the March 12™. At the
start of thaw in 1998, the temperature in the base was —2.0°C. The temperature in the base at maxi-

mum moisture content was also —2.0°C.
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Figure 6. Base freezing index for winter/spring 1996-1997 at Dickey Lake.
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On March 30™ 1997, the base moisture content was approximately 9%, which was close to its
recovered moisture content. It may be coincidental that the time of critical moisture content was the
same time as the air freezing index indicated thawing.

The top parts of the subgrade at Dickey Lake were characterized as A-2-4 and A-4 soils using
the AASHTO soil classification system (AASHTO, 2002). The first set of measurements in the
subgrade that is shown in Figure A-1 was taken at a depth of 30 mm (1.2 in.) below the bottom of
the base in the A-2-4 soil. The results from these measurements can be used to infer the response at
the top of the subgrade. The response at the top of the subgrade is very important in pavement
engineering, as vertical elastic strain on top of the subgrade is currently used in one of the definitions
of failure.

The subgrade moisture response (Figure A-1) is similar to that of the base. The mean non-frost
moisture content is about 6.2% (COV = 10%) at the start of the 1996-1997 winter, and 6.2% (COV
=9.0%) at the start of the 1997-1998 winter. As with the base, the moisture content dropped rapidly
as the subgrade froze. The minimum temperature reached was —11°C during the 1996—1997 winter.
During the 1997-1998 winter, a data gap caused the loss of the minimum temperature. When the
subgrade was frozen, the moisture content was approximately 0%. Thaw began when there was a
rapid increase in moisture content. This rapid increase started around March 24™ and became critical
on March 25™ during the 1996-1997 winter. The temperature in the subgrade on March 24™ was
—2.3°C. The moisture content peaked at about 35% on March 27™ and remained at the peak value for
4 days. Recovery started around April 1% and ended around April 17™. The average moisture content
at the end of recovery is approximately 7%. Based on the moisture data, the thaw-weakening period
began around March 25" and ended around April 17"—23 days. Again, the significant period of
thaw weakening could be attributed to the high fines content in the layer (27% finer than 0.075 mm).

In the 1997-1998 winter, the rapid moisture content increase started about March 13™ and be-
came critical on March 14™. The temperature in the subgrade on March 13" was —2.2°C. The mois-
ture content peaked at about at 19% on March 14™. Recovery started around March 14" and ended
around April 13™ The average moisture content at the end of recovery is approximately 7%. Based
on the moisture data, the thaw-weakening period began around March 13™ and ended around April
12", a period of 30 days. Again the significant period of thaw weakening could be attributed to the
high fines content in the layer (27% finer than 0.075 mm).
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The ground freezing index at the top of the subgrade is shown in Figure 7. The ground freezing

index for the top of the subgrade was 506°C degree-days (911°F degree-days). According to the

freezing index, freezing started on November 17™ and ended on April 17" for the 1996-1997 winter
This means that if we had based the beginning of thaw on temperature, we would have missed the

thaw period by 23 days and the subgrade by this time had recovered to its non-frost moisture

content.
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Figure 7. Ground freezing index for top of subgrade for winter/spring 1996-1997 at Dickey Lake.

At location 813 (Figure A-1), 259 mm (10 in.) from the bottom of the base, the non-frost
moisture content is approximately 21% (COV = 3%) for the 1996-1997 winter/spring season, and
the non-frost moisture content is approximately 20% (COV = 1%) for the 1997-1998 winter/spring
season. The minimum temperature at this depth was —6°C in 1996-1997. During the 1997-1998
winter, a data gap caused the loss of the minimum temperature. The mean unfrozen moisture content
was approximately 14.5%. During the spring of 1997, thaw occurred (with respect to moisture) when
there was a rapid increase in moisture content around April 3™, The temperature at this depth at this
time of rapid moisture increase was —0.6°C. The critical moisture content was 34% and it occurred

around April 4", Recovery began the day after and ended around April 19®. The recovered moisture
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content was 21%. The ground freezing index at this depth was 188°C degree-days (338°F degree-
days). Freezing at this depth started on December 18" and ended on April 16™. Again, as before in
the top of the subgrade, if temperatures had been used to determine the thaw period, it would have
been missed.

During the spring of 1998, thaw occurred (with respect to moisture) when there was a rapid in-
crease in moisture content around March 15™. The temperature at 259 mm (10 in.) from the bottom
of the base at this time of rapid moisture increase was —0.3°C, and did not rise above 0°C until
March 16™. The critical moisture content was about 26% and it occurred around March 27", Recov-
ery began the day after and ended around April 16™. The recovered moisture content was about 20%.
At this depth, the start of the freezing period was within the data gap mentioned above.

At the depth of 1168 mm from the surface and below, it is difficult to say if the layer has any
significant moisture change during the1997 thaw period (Figure A-1). The soil was classified as an
A-1-b soil and has a significant amount of fines (18-24%). The mean non-frost moisture content was
around 8%. At this depth, the minimum temperature reached was —4.5 °C. The mean unfrozen
moisture content during the winter was close to 0.5%. However, as before, the moisture content be-
gan to increase when the subgrade temperature was around —2°C. At the end of thaw, the moisture
content rapidly increased to its non-frost value of §%.

In the fall of 1997, the mean non-frost moisture content was around 6%. However, the moisture
content began to increase rapidly when the subgrade temperature was around —1°C on March 15"
1998. The critical moisture content peaked at 17% on March 28™, Recovery began the day after and
ended around April 21%. At the end of recovery period, the moisture content had returned to its non-
frost value of 6%.

At 1468 mm, during the winter/spring season of 19961997, the soil started to freeze around
January 19" and started to thaw around March 3™ (Figure A-1). The temperature hovered around the
0°C mark until April 13™. The average non-frost moisture content during the non-frost period is
around 15%. The moisture content increased at a rapid rate around March 27" when the ground
temperature was again around —2°C. Again, it is difficult to conclude whether or not there was a pe-
riod of increased moisture content. It is possible that there may have been an increase of approxi-
mately 1.5 to 2x the non-frost moisture content during the spring thaw.

During the 1997-1998 winter/spring seasons, although there is the above-mentioned data gap,
the temperatures appear not to have gone below 0°C at this depth (1468 mm). The temperature hov-
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ered around the 1°C mark until March 18", The average non-frost moisture content during the non-
frost period is around 12%. The moisture content increased at a rapid rate around March 15", when
the ground temperature was around 1°C. The critical moisture content peaked at around 20% on
March 27", Recovery began the day after and ended around April 21%'. There was an increase of ap-
proximately 1.5x the non-frost moisture content during the spring thaw at this depth.

In summary, at Dickey Lake, the base course and the upper subgrade layer show significant in-
crease in moisture content during the spring thaw. This suggests that the pavement structure is prone
to thaw weakening. Table 5 summarizes the periods of thaw weakening and recovery. The critical
periods in Table 5 are based on the time when a rapid increase in moisture content surpasses its non-
frost value. At Dickey Lake, the thaw weakening is controlled by the base course. It lasted approxi-

mately 25 days in 1997 and 30 days in 1998.

Table 5. Summary of freezing, thaw-weakening periods, and moisture contents at Dickey Lake.

a. 1996-1997 winter.

Depth % finer than| Start of | End of St:.”:t of Start of | End of Thaw-
Layer AASHTO . .__|critical weakening
(mm) 0.075 mm |freezing|freezing ., |[recovery|recovery .
period period
Base | 292 | A-1-a 810 | 18-Nov | 26-Mar |20-Mar| 22-Mar | 13-apr | 20-Mar
to April 13
25-Mar
584 | A-2-4 28 19-Nov | 13-Apr |25-Mar| 31-Mar | 15-Apr to April 15
Subgrade| 813 | A4 37 20-Dec | 13-Apr | 3-Apr | 5-Apr | 16-Apr |, S PT
9 P P P P | to April 16
1168 | A-1-b 24 21-Dec | 17-Apr | —* — — —
1468 | A-1-b 18 19-Jan | 3-Mar — — — —

* Dashes indicate that there was no weakening at these depths, therefore, no critical period.

Length of Average volumetric moisture content
0,
Layer I(Drirr,r:;] (Caye) (A)():r't'cal
Freezing|Critical|Recovery|Thaw weakening|Non-frost|Freezing pelr:o d Recovered
Base 292 128 2 22 24 5.5 0 22 7
584 145 6 15 21 6 0 35 7
Subarade 813 114 2 11 13 20 4 34 22
gJade e | 117 | — | — — 8 0 — 8
1468 43 — — — 15 0 — 15

* Dashes indicate that there was no weakening at these depths, therefore, no critical period.
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b. 1997-1998 winter.

. Start of Thaw-
0,
Layer Depth AASHTO %finer than Start_ of End.of critical Start of | End of weakening
(mm) 0.075 mm | freezing | freezing . recovery |recovery .
period period
Base | 202 | Ada | 8-10 | 12:Nov | 18Mar | 7-Feb | 22-Feb | 15-Mar | LoD
584 | A-2-4 28 16-Nov | 19-Mar | 15-Feb | 16-Mar | 12-Apr | 12:Febto
19-Mar
* 15-Mar to
subgrade| €13 A-4 37 ND 16-Mar | 15-Mar | 27-Mar | 15-Apr | 520!
1168 | A-1-b 24 ND | 21-Mar | 14-Mar | 28-Mar | 16-Apr | 14-Marto
16-Apr
1468 | A-1b 18 ND T | 14-Mar | 28-Mar | 18-Apr | —

*ND—Missing temperature data.
1 Dashes indicate that there was no weakening at these depths, therefore, no critical period.

Length of Period

Average volumetric moisture content

(1)
Layer | Depth (days) (%)
(mm) . . Thaw Non- .| Critical
Freezing| Critical |Recovery . Freezing . Recovered
weakening| frost period
Base 292 126 15 21 36 7.5 ND 29 7.5
584 123 29 27 56 7 ND 19 7
Subgrade| 813 ND* 12 19 31 20 ND 26 20
1168 ND 14 19 33 7 1 17 6.5
1468 ND 14 21 35 12.5 7 19.5 12.5

*ND—Missing temperature data.

Wolf Point

The gradations of the base and subgrade at Wolf Point are shown in Figures 8 and 9. Additional

details of the gradation and Atterberg limits can be found in Appendix C. Based on results from

sieve analyses, the base was classified as an A-1-b soil. The subgrade varied between an A-6 and an

A-7-6 soil (Table C-2). The percentage finer then the 0.075-mm (#200) sieve size in the base ranged

between 12 and 15% and in the subgrade, between 50 and 56%. The plasticity index of the subgrade

ranged between 19 and 27%. Initial moisture contents taken at the time of instrumentation installa-

tion (mid-September, 1996) ranged between 18 and 21% in the subgrade. These readings in the sub-

grade appear to correlate with the volumetric moisture contents.
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Figure 8. Base course grain size distribution at Wolf Point.
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Figure 9. Subgrade grain size distribution at Wolf Point.

0.010

The air freezing index at Wolf Point was 1595°C degree-days (2873°F degree-days) during the

1996-1997 winter. Freezing started around the end of October and ended around mid-March. Based

on the temperature data, frost penetrated to at least 1.8 m (71 in.). The moisture content and tem-
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perature data in the base and subgrade are shown in Figures A-2, A-3, A-11, and A-12. Volumetric

moisture and temperature data in the pavement structure were missing during part of the winter.

1996—-1997 Data Analysis

The non-frost volumetric (month of October) moisture content of 46% (Figures A-2 and A-3)
appears to be high. Assuming a specific gravity of 2.65, we can translate this moisture content to a
gravimetric moisture content of approximately 17%. Measurements from a nuclear density moisture
meter during the installation of the gages in mid-September indicated a gravimetric moisture content
around 8%. Either water entered the pavement from the surface or measurements of moisture content
in the base course are suspect. However, assuming the trend in moisture content as a function of time
is correct, it suggests that there may be a thaw-weakening period.

The minimum temperature reached in the base was —24°C. At around this temperature, the un-
frozen moisture content was approximately 10%. The critical moisture content was around 57%, and
the critical period was between April 21 and May 3. This thaw-weakening period started later in the
spring (approximately 9 days after the end of freezing). The weakening may be attributable to an in-
flux of melting snow into the base course.

The subgrade at Wolf Point was classified as an A-6 to an A-7-6 soil. These soils in general tend
to be frost-susceptible. However, based on the moisture contents (Figures A-2 and A-3), the sub-
grade appears to recover rapidly to its non-frost value during thaw at all depths, with the exception
of 914 mm. At this depth, the data suggest some thaw weakening lasting for approximately 4 days.
The critical period is for approximately 2 days. Recovery to its non-frost moisture content occurs
within the next 2 days. The moisture content during the critical period increased by about 16%,
compared to its non-frost value.

A summary of the results for Wolf Point is given in Table 6. The base layer may be prone to
thaw weakening. If so, the period of thaw weakening is approximately 2 weeks, staring in mid-April.
However, this increase in moisture content is possibly attributable to an influx of melting snow from
the surface. The subgrade appears to recover to its non-frost moisture content at the end of thaw.
Although freezing temperatures and frost-susceptible soils were found at Wolf Point, there was
practically no thaw weakening of the subgrade. This leads to the conclusion that there was no nearby

source of water for the freezing front (a deep or nonexistent water table).
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Table 6. Summary of freezing and thaw-weakening periods, and moisture contents at Wolf Point.

a. 1996-1997 winter.

o, H -
Layer |PeP™ AAsHTO /3.2?? Start of | End of 2:?&:: Startof | End of we-l;\rll(:vr\:ing
(mm) mm freezing | freezing period recovery |recovery Period
21-Apr
Base 229 | A-1-b 12-15 8-Nov 12-Apr 21-Apr 3-May 9-May to 3-May
381 A-6 65 13-Nov 26-Mar —T — — —
762 A-6 65 23-Nov 18-Apr — — — —
Subgrade| 914 | A76 | 56 | 29-Nov | 22:Apr | 21-Apr | 23-Apr | 25-Apr t02;5§2:)r
1118 | A-7-6 57 30-Nov 8-May — — — —
1422 | A-7-6 60 ND* 13-May — — — —
1803 | A-7-6 62 22-Jan 19-May — — — —

*ND — Missing temperature data.
1 Dashes mean that data do not show event to have occurred.

Length of Average volumetric moisture content
o,
Layer Depth (days) (%) _
(mm) . . Thaw . Critical
Freezing| Critical | Recovery . Non-frost| Freezing . Recovered
weakening period
Base 229 155 12 6 18 46 8 57 37
381 133 —T — — 39 19 — 39
762 146 — — — 40 22 — 40
Subarade 914 144 2 2 4 37 19 41 37
9 1118 159 — — — 40 21 — 36
1422 ND* — — — 42 34 — 41
1803 117 — — — 39 36 — 39
*ND — Missing temperature data.
1 Dashes mean that data do not show event to have occurred.
b. 1997-1998 winter.
. Start of Thaw-
0,
Layer Depth AASHTO Yofiner than Start_ of End_of critical Start of | End of weakening
(mm) 0.075 mm | freezing | freezing - recovery |recovery -
period period
Base | 229 | Ab | 12-15 | 10-Nov | 22-Mar | 14-Feb | 18-Feb | 22-Mar | '5 "€
381 A6 65 14-Nov | 25-Mar | 21-Feb | 24-Feb | 27-Mar | 2)-Febto
27-Mar
762 A-6 65 11-Dec 2-Apr —* — — —
Subgrade| 914 A-7-6 56 7-Jan 9-Apr — — — —
1118 A-7-6 57 27-Dec 16-Apr — — — —
1422 A-7-6 60 17-Jan 15-Apr — — — —
1803 A-7-6 62 — — — — — —

* Dashes mean that data do not show event to have occurred.
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Length of Period Average volumetric moisture content
Layer I():“f)'t‘;l s Thaw (%Lritical
Freezing| Critical |Recovery . [Non frost| Freezing . Recovered
weakening period
Base 229 132 4 32 36 33 18.5 43 32
381 131 3 31 34 38 30 38 38.5
762 112 0 0 0 37.5 30 — 38
914 92 0 0 0 35 255 — 34
Subgrade| 1118 110 0 0 0 34 28 — 34
1422 88 0 0 0 — — — —
1803 0 0 0 0 — — — —

* Dashes mean that data do not show event to have occurred.

1997—-1998 Data Analysis

The non-frost volumetric (month of October) base moisture content was 35%. The minimum
temperature reached in the base was —20°C. The critical moisture content was around 43%, and the
critical period was between 14 and 18 February. Based on the moisture contents (Figures A-2 and A-
3), the subgrade appears to recover rapidly to its non-frost value during thaw at all depths.

A summary of the results for Wolf Point is given in Table 6. There appears to have been no
thaw weakening in the spring of 1998. As mentioned earlier, although freezing temperatures and
frost-susceptible soils were found at Wolf Point, there was practically no thaw weakening of the
subgrade. This again supports the conclusion that there was no nearby source of water for the

freezing front (i.e., the water table is either deep or nonexistent).

Sweetgrass

The response of the moisture during the thaw period is similar to that of Wolf Point. With the
possible exception of the base, there is no indication of thaw weakening based on the response of the
moisture content in the base and subgrade.

The base was mostly classified as an A-1-a soil (Figure 10). The subgrade was classified be-
tween an A-4 and an A-6 soil (Figure 11). The percent finer than 0.075 mm (#200) sieve ranged
between 7.5 and 13% in the base and between 47 and 68% in the subgrade. Details of the gradation

can in found in Table C-3.
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Figure 11. Subgrade grain size distribution at Sweetgrass.

1996-1997 Data Analysis

Detailed moisture and temperature data for the winter and spring 19961997 period can be
found in Figures A-4, A-5, A-13, and A-14. The air freezing index at this site was 841°C degree-
days (1346°F degree-days). The base (Figure A-13) started to freeze around mid-November and was
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thawed by late March. The measured minimum temperature in the base was —16°C. The non-frost
moisture content was around 4%. When frozen, the moisture content dropped to zero and at the end
of thaw recovered to 4%.

The subgrade started to freeze around the same time and it was completely thawed by the mid-
dle to third week of April. There was no increase in moisture content during the spring thaw. At the
end of winter, the moisture content rapidly increased to its non-frost value, as shown in Figure A-4.
We can conclude that the pavement structures at Sweetgrass do not undergo any thaw weakening.
The results are summarized in Table 7. Again, as seen at Dickey Lake, the rapid increase in moisture
content during spring thaw occurs around —2.5°C. This rapid increase in moisture content occurred

about 2 weeks prior to when the ground temperature was above 0°C.

1997-1998 Data Analysis

Detail temperature and moisture data for the winter spring 1997—1998 period can also be found
in Figures A-4, A-5, A-13, and A-14. Because of a gap in the data (mid-November to mid-February),
it is not possible to tell when the base or subbase started to freeze. However, the base was thawed by
mid-March. The measured minimum temperature in the base was -3.5°C; however, the data gap is
large enough that lower temperatures may have occurred. The non-frost moisture content was around
4%. At the end of thaw, the moisture content recovered to 4%.

The subgrade was completely thawed by the second or third week of April. The moisture con-
tent plot shows that there was no increase in it above the non-frost value during the spring thaw. At
the end of winter, the moisture content rapidly increased to its non-frost value, as shown in Figures
A-4 and A-5. We can conclude that the pavement structures at Sweetgrass did not undergo any thaw
weakening this season. The results are summarized in Table 7. Like Dickey Lake, the rapid increase
in moisture content during spring thaw occurs around —2.5°C. (Where the data gap doesn’t hide the
response of the subgrade. Below 1087 mm, the data gap hides the response of the subgrade to
freezing and thawing.) This season, the rapid increase in moisture content occurred about 4 weeks

prior to when the ground temperature was above 0°C.
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Table 7. Summary of freezing, thaw-weakening periods and moisture contents at Sweetgrass.

a. 1996-1997 winter.

. Start of Thaw
() | Depth | AASHTO | E I | reosing | freazing | STHC2! | rocovary | recevery | Wedkening
period period
Base | o572 [M1ESAN a3 | 15Nov | 25Mar | — — — —
864 A-6 68 19-Nov 15-Apr — — — —
1087 A-6 47-68 24-Nov 17-Apr — — — —
1237 |A-6 & A-4| 47-68 28-Nov 17-Apr — — — —
Subgrade 1387 |A-6&A-4| 4768 11-Dec 19-Apr — — — —
1586 |A-6 & A-4 68 13-Jan 26-Mar — — — —
1887 A-6 — 4-Jan 22-Apr — — — —
2289 — — 26-Jan 21-Apr — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Length of Average volumetric moisture content
Depth days %
Layer (m':n) F . i ve) Thaw . : )Critical
reezing| Critical | Recovery . Non-frost| Freezing . Recovered
weakening period
Base 572 130 — — — 3 0 — 4
864 147 — — — 28 8 — 30
1087 144 — — — 34 16 — 35
1237 140 — — — 37 21 — 37
Subgrade| 1387 129 — — — 31 25 — 34
1586 72 — — — 37 30 — 38
1887 108 — — — 31 27 — 32
2289 85 — — — 35 — — 35
* Dashes indicates that there was no weakening at these depths, therefore, no critical period.
b. 1997-1998 winter.
Layer | DePth |aasiiro| %finer than | Startof | End of Start of | Start of | End of we:‘(ae"r‘:i'ng
(mm) 0.075 mm | freezing | freezing . recovery |recovery .
period period
Base 572 | Al1-as 8-13 13-Nov | 20-Mar | —* — — —
A-1-b
864 A-6 68 — 24-Mar — — — —
1087 A-6 47-68 — 25-Mar — — — —
1237 |A-6 & A4 47-68 — 25-Mar — — — —
Subgrade| 1387 |A-6&A-4 47-68 — 25-Mar — — — —
1586 |A-6 & A-4 68 — — — — — —
1887 A-6 — — — — — — —
2289 — — — — — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.
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Length of Period

Average volumetric moisture content

0,
Layer Depth (days) (%)
(mm) . . Thaw Non- .| Critical
Freezing| Critical |Recovery . Freezing . Recovered
weakening| frost period
Base 572 127 — — — 3.5 — — 3.5
864 — — — — 29 — — 30
1087 — — — — 34.5 — — 34
1237 — — — — 36 — — 36
Subgrade| 1387 — — — — 40.5 — — 40
1586 — — — — 38 — — 37
1887 — — — — 335 — — 31.5
2289 85 — — — 35 — — 35

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Scobey/Redstone

The base was clsssified as an A-1-b. The subgrade was classified as an A-6 (Figures 12 and 13).

Additional details of the gradation and Atterberg limits can be found in Table C-4. The percentage

finer than the 0.075 mm (#200) sieve was about 15% in the base and approximately 65% in the sub-

grade.
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Figure 13. Subgrade grain size distribution at Scobey/Redstone.

The response at Scobey/Redstone is similar to that of Sweetgrass. The base is prone to thaw
weakening and the subgrade in general is not. The moisture and daily mean temperature measure-
ments are presented in Figures A-6, A-7, A-15, and A-16. Subsurface moisture and temperature data
were missing during both winter periods (1996-1997 and 1997-1998). The air freezing index for
this site was 1346°C degree-days (2442°F degree-days).

1996—-1997 Data Analysis

The non-frost moisture content in the base course was 21% (Figure A-6). During the winter, the
mean air temperature reached a minimum of —32°C. The minimum average daily temperature during
the winter in the base layer was at least —17°C. At this temperature, the unfrozen moisture content
was around 5%. There was a rapid increase in the moisture content on March 20™ when the base
temperature was —1.5°C. The critical moisture content of 25% was reached 2 days later. Recovery of
the base course started on March 22™ and was completed by March 29". The base had a thaw-
weakening period of approximately 9 days.

The subgrade at all depths, with the exception of 965 mm, recovered to its non-frost moisture
content at the end of freezing (Figures A-6 and A-7). At 965 mm, there was some thaw weakening of

the layer. The critical period was for about a day. Full recovery took place by 5 days. The thaw-
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weakening period lasted about 6 days. A summary of the freezing, thawing and moisture content at

various depths are presented in Table 8.

Table 8. Summary of freezing, thaw-weakening periods and moisture contents at Scobey/Redstone.

a. 1996-1997 winter.

Start of Thaw-
o &
|(_;3::)r Depth | AASHTO |- (0, f?;rztugf ffer;izf critical f:'flﬁ: \ r:::v:f weakening
9 9 period y vy period
Base 305 A-1-b 15 12-Nov 22-Mar 20-Mar | 22-Mar 24-Mar 20-Mar to
24-Mar
445 A-6 65 12-Nov 26-Mar — — — —
673 A-6 65 20-Nov 15-Apr — — — —
813 A-6 65 — 18-Apr — — — —
Subgrade| 965 | A-6 65 — 21-Apr | 19-Apr | 20-Apr | 25-Apr 19'A2rptr° 25-
1168 A-6 65 10-Dec 28-Apr — — — —
1473 A-6 65 26-Dec 5-May — — — —
1867 A-6 65 — 14-May — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Length of Average volumetric moisture content
Layer Drc:‘;r)rt‘h (days) (%)C o
(mm) Freezing| Critical | Recovery we:E:‘rllving Non-frost| Freezing p:elr::j Recovered
Base 305 130 2 2 4 21 6 25 21
445 134 —* — — 33 10 — 34
673 146 — — — 33 14 — 33
813 — — — 33 17 — 33
Subgrade| 965 — 1 5 6 32 20 39 32
1168 139 — — — 33 18 — 32
1473 100 — — — 29 18 — 28
1867 — — — — 27 23 — 27

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.
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b. 1997-1998 winter.

Layer | DePth |asiiro| %finer than | Startof | End of iffl’t':::lf Start of | End of weTa':(ae"r‘I’i'ng

(mm) 0.075 mm | freezing | freezing . recovery |recovery .
period period

Base 305 A-1-b 15 14-Nov —* — — — —
445 A-6 65 15-Nov | 26-Mar — — — —
673 A-6 65 13-Dec 1-Apr — — — —
813 A-6 65 — 3-Apr — — — —
Subgrade| 965 A-6 65 7-Jan 6-Apr — — — —
1168 A-6 65 12-Jan 10-Apr — — — —
1473 A-6 65 19-Jan 10-Apr — — — —
1867 A-6 65 — — — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Length of Period

Average volumetric moisture content

0,
Layer | Depth (days) (%)
(mm) . o Thaw Non- .| Critical
Freezing| Critical |Recovery . Freezing . Recovered
weakening| frost period
Base 305 — —* — — 18 12 — 20
445 131 — — — 33 4 — 33
673 109 — — — 31 9.5 — 31
813 — — — — 31 8.5 — 30
Subgrade| 965 89 — — — 31 255 — 31
1168 88 — — — 34 27.5 — 32
1473 81 — — — 27 30 — 275
1867 — — — — — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

1997-1998 Data Analysis

The non-frost moisture content in the base course was 20% (Figure A-6). During the winter, the

mean air temperature reached a minimum of —32°C. There was a rapid increase in the moisture con-

tent on February 20™ when the base temperature was —0.6°C. A data gap hides whether there was a

critical moisture content or not.

The subgrade at all depths recovered to its non-frost moisture content at the end of freezing

(Figures A-6 and A-7). A data gap prevents any conclusions about whether there was or was not a

thaw-weakening period for this spring season.

A summary of freezing, thawing, and moisture content at various depths is presented in Table 8.

There was some thaw weakening of the base and subgrade at Scobey/Resdstone, under some condi-

tions of temperatures, but others did not produce thaw weakening. The thaw-weakening period,
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when it occurs, is for about a week. At this site, we found that the rapid increase in moisture content

started when the ground warmed up to around —1.5 to —1°C.

East Glacier

Figure 14 indicates that the base course is an A-4 soil. The amount of fine material is about
84%. The subgrade (Figure 15) classifies as an A-6 material, with the percentage of fines in the area
of 65%. Additional detail on the gradation and Atterberg limits can be found in Table C-5.

The mean daily moisture contents and temperatures as a function of depth are presented in Fig-
ures A-7, A-8, A-16, and A-17. The critical period for 19961997, based on moisture content,
started on April 2" and remained critical until April 22™. Recovery started on April 23™ and was
fully completed after April 26", The thaw-weakening period for the base layer was approximately 3
weeks. The moisture content during the critical period was 10% more than its non-frost value of
28%. The rapid increase in moisture content occurs when the base temperature was around —1.0°C.
No air temperature was available for this site for determining the air freezing index.

There are no data for the fall, winter, and spring of 1997—1998.
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Figure 14. Base course grain size distribution at East Glacier.
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Figure 15. Subgrade grain size distribution at East Glacier.

Based on the moisture measurements, the critical period for the top part of the subgrade (z
<1260 mm) started between April 16™ and 18™. However, the moisture content did not recover to its
non-frost value at the end of May. The non-frost moisture content varied between 34 and 37%. The
critical moisture content varied between 41 and 47%. The unfrozen moisture content during the
winter varied between 14 and 22%. Starting at 1461 mm and below, there was no increase in mois-
ture content during thaw and this area recovered rapidly to its non-frost value. Table 9 gives these
results.

In summary, moisture and temperature data from five sites were used to evaluate the potential
for thaw weakening. These sites were limited to the northern half of Montana, as data were unavail-
able from the southern sites either owing to malfunction of instrumentation or because they were not

collected during the period of analysis.
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Table 9. Summary of freezing, thaw-weakening periods and moisture contents
at East Glacier, 1996—1997 winter.

Layer Depth | AASHTO | % finer | Start of | End of | Start of | Start of End of Thaw-
(mm) 200 | freezing | freezing | critical |recovery | recovery |weaken-
period ing
period
Base 457 A-4 84 20-Nov 23-Apr 2-Apr 23-Apr 26-Apr | 2-Apr to
26-Apr
737 A-6 85 21-Nov | 26-Apr 16-Apr | > 30-May —* —
1110 A-6 85 26-Nov | 29-Apr 17-Apr | > 30-May — —
1260 A-6 85 27-Nov 3-May 18-Apr |> 30-May — —
Subgrade | —7 2 A-6 85 | 7-Dec | 5-May — — — —
1760 A-6 85 22-Dec 7-May — — — —
2161 A-6 85 — — — — — —

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Length of period Average volumetric moisture content
Layer ?:1?1:;1 el Thaw (%)Critical
Freezing| Critical | Recovery - Non-frost| Freezing . Recovered
weakening period
Base 457 154 21 3 24 28 11 38 29
737 156 —* — > 44 37 22 41 —
1110 154 — — >43 34 14 47 —
Subgrade 1260 157 — — >42 35 20 42 —
1461 149 — — — 38 25 — 38
1760 136 — — — 39 26 — 39
2161 None — — — 40 — — 40

* Dashes indicates that there was no weakening at these depths, therefore, no critical period.

Out of the five sites, the base courses mostly graded between an A-1-a and A-1-b. Although
classified as granular material, the percentage of fines in the base varied between 8 and 15%. The
exception to this was at East Glacier, where it graded out as an A-4. The subgrades at these sites
were variable, ranging among A-1-b, A-2-4, A-4, and A-6. Water table locations were not available
from these sites and we surmised that the water table was either deep or nonexistent at Wolf Point,
Sweetgrass, and Scobey/Redstone.

Based on the moisture content, the base course layers at Dickey Lake, Wolf Point,

Scobey/Redstone, and East Glacier are prone to thaw weakening. The length of thaw weakening

33



varied from 4 days (Scobey/Redstone) to 3 weeks (East Glacier). The top of the subgrade at Dickey

Lake and East Glacier are also prone to thaw weakening.

BACK-CALCULATION OF LAYER MODULI

The current pavement design procedure in the AASHTO Guide for the Design of Pavement
Structures (AASHTO, 1993) requires the effective resilient modulus of the subgrade. This effective
resilient modulus is a weighted mean of the monthly resilient moduli and is a function of the
expected damage to the pavement structure. This effective resilient modulus is a single value that
produces the same amount of damage to the pavement structure when compared with the damage
obtained from the use of seasonal subgrade moduli.

The elastic moduli of the asphalt concrete pavement surface, base, and subgrade were computed
using the back-calculation routine WESDEF. This program was developed by the U.S. Army Wa-
terways Experiment Station (WES). Briefly, WESDEF is a five-layer system that uses all the meas-
ured surface deflections, initial layer moduli, and an iterative procedure to determine the moduli of
the surface, base, and subgrade layers. The bottom layer is automatically set as a rigid layer of infi-
nite depth. In early work, WES found that they were able to obtain closer agreement between meas-
ured and calculated deflections when an artificial rigid layer was placed at 6 m. The location of this
rigid layer can be manually overridden, and any depth to bedrock can be used. Our experience has
been that the best results are obtained when the number of unknown moduli layers is limited to three.
A solution is obtained when the program matches the calculated to the measured deflection. The
error between the calculated and measured deflections is indicated by an absolute arithmetic (AA)
sum of the difference between the two. A zero error will indicate a perfect match. An acceptable AA
sum error for this study was defined to be less than 20%.

Prior to the back-calculation process, a simple error check was conducted on the deflection data.
The data were checked to see if the six deflections starting under the center plate to the last sensor
located at 1.2 m (4 ft) followed a smooth, decreasing trend as the sensor spacing increased. This is
based on the theory that the further sensors are more influenced by the deeper layers and the com-
bined deflections decrease with distance from the point of loading. Points that did not follow the de-

creasing trend, as determined by visual observation, were not used in the analysis.
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As mentioned earlier, deflection tests and measurements in 1996-1997 were obtained from the
Road Rater. Surface deflections were generated by applying steady-state dynamic loads ranging
from 9 to 22 kN. Deflections were measured at distances of 0, 203, 305, 610, 914 and 1219 mm from
the center of the plate. In several cases, deflections were reported at four or five of the sensor spac-
ings. Each load was applied one time at each of the 21 locations in the majority of tests, except when
some re-tests were done. For the Road Rater testing in 1996-1997, only the deflections obtained
from the 18-kN load were used in the back-calculation, as it was the only load common to all tests.

The 1997-1998 deflection tests and measurements were obtained using the JILS FWD. The de-
flections were generated by applying falling weight loads ranging from 27 to 62 kN (6000 to 16,000
Ib). The deflections were measured at 0, 203, 305, 457, 610, 914, and 1219 mm (0, 8, 12, 18, 24, 36,
and 48 in.) from the center of the plate. In several cases, deflections were reported for only four or
five of the sensors. Each load was applied one time at each of the 21 locations in the majority of
tests, except when some re-tests were done.

There are many ways to use a back-calculation tool. The process is sensitive to layer thicknesses
and in some programs it can be sensitive to the initial layer moduli used to start the process. Our ex-
perience with WESDEF is that it is not sensitive to the initial seed moduli. For thin asphalt layers,
less than 75 mm, the back-calculated surface modulus can be in error. The usual practice is either
determining the modulus using other techniques, such as the spectral analysis of surface waves
(SASW), or estimating the modulus from laboratory tests. Either of these values can then be used as
a constant in the back-calculation process.

In this study all the layer moduli were back-calculated. The pavement structure was idealized as
a three-layer system. A rigid layer was placed at a depth of 6 m, with the exception of Dickey Lake
where bedrock existed at 1.5 m. The moduli and Poisson’s ratio used in the process are given in

Table 10.

Table 10. Initial and range of layer moduli used in WESDEF.

Material Tvbe Estimated initial Minimum modulus Maximum modulus Poisson’s
yp modulus (MPa) (MPa) (MPa) ratio
Asphalt concrete 5516 1379 27579 0.35
Base or subbase 414 14 1379 0.35
Subgrade 140 14 1379 0.40
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Other attempts were made to see if we could further reduce the error. For example, we tried as-
signing a surface elastic modulus and having WESDEF back-calculate only the base and subgrade
moduli. The asphalt concrete modulus was estimated from the Asphalt Institute model (Asphalt
Institute, 1982). This did not reduce the error; instead, it increased the error. Another attempt was to
divide the subgrade into more than one layer based on changes in moisture content or between
frozen and unfrozen layers. This attempt also did not reduce the AA error. The results presented in
the following tables are from the first attempt at back-calculating all layers. Based on our
experience, we found that the subgrade modulus is not significantly affected by any of the methods
and thus can tolerate significantly higher error. The impact is usually on the base and the asphalt
concrete layers.

The back-calculated base course and asphalt concrete moduli are presented in Tables 11 through
20. With respect to the base course, it is difficult to conclude the thaw weakening potential of the
base course from the FWD deflections. Back-calculated base course moduli should be used with
caution, as the error in the predicted modulus increases as one gets closer to the surface. The current
results are limited and show some scatter, therefore a trend is difficult to formulate. However, the
moisture measurements in the base course presented earlier suggests the possibility of thaw weak-
ening. The authors suggest that an in-depth laboratory study on the resilient behavior of base
courses be conducted and the results from the field FWD tests be correlated to the lab results before
any relations are presumed from the back-calculated base course moduli presented in this report.

The results for the subgrade, base, and asphalt concrete layers from Dickey Lake, East Glacier,
Bull Mountain, Livingston, Swan Lake, Alzada, Wolf Point, Scobey/Redstone, Loma, and Sweet-
grass are presented in Tables 11 through 20 and in Figures B-1 through B-20.

It is apparent from reviewing the results that, in many cases, testing during the critical period
was missed. This is illustrated in Figures 16 and 17 for the subgrade at Dickey Lake and in the base
at East Glacier, respectively. However, based on the existing results, it is possible to surmise that at
Alzada, Livingston, Loma, and Sweetgrass there is no thaw weakening of the base and subgrade.
Thaw weakening may be a problem at Bull Mountain, Wolf Point (base), Swan Lake, and
Scobey/Redstone (base). It is difficult to conclude whether thaw weakening is a critical problem
based on the deflection data at Dickey Lake and East Glacier. Moisture data indicate that these two

areas may be prone to thaw weakening.
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In Tables 11 through 15, the headings include the temperature measured by the Vitel probes in
the base course and the top of the subgrade. In Tables 16 through 20 there is only the back-

calculated moduli, since the temperature and moisture measurement systems failed early in the test

program.
40 160
SUBGRADE (A-2-4)-584 mm
35 4 1 140
30 + 120
©
o
< H]
g 25 ° + 100 @
= e © E
£ £
S*1 e ° T 3
= K
& 3
2 15 4 T ¢
x
o
©
4 o
10 £ 40
5 7 : 4 20
—A—moisture
@® modulus
0 ‘ W7 ORGP, et ‘ ‘ 0
10/2 11/21 1/10 31 4/20 6/9
TIME

Figure 16. Back-calculated subgrade modulus and moisture content as a function
of time at Dickey Lake.
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Figure 17. Back-calculated base modulus and moisture content as a function of time
at East Glacier.
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Table 16. Back-calculated layer moduli at Alzada.

Thickness (mm) 235.0 603.3 5588.0 AA
AC Base Subgrade

Date (MPa) (psi) (MPa) (psi) (MPa) (psi) (%)
30-Apr-96 4,156.4 602,816 174.0 25,229 100.4 14,556 9.3
23-Jul-96 1,908.8 276,840 118.0 17,113 106.4 15,436 15.8
12-Aug-96 1,379.0 200,000 129.8 18,818 123.1 17,859 14.3
17-Sep-96 5,034.1 730,114 142.3 20,641 116.4 16,888 9.6
1-Oct-96 6,637.5 962,650 89.6 13,002 131.2 19,030 9.8
29-Oct-96 1,379.0 200,000 650.4 94,331 67.7 9,825 8.6
8-Jan-97 3,053.1 442,799 3,629.7 526,419 378.5 54,901 9.4
14-Mar-97 5,348.3 775,685 13,790.0 2,000,001 238.4 34,574 8.8
2-Apr-97 1,439.6 208,785 301.7 43,751 90.7 13,161 20.9
23-Apr-97 1,379.0 200,000 278.8 40,439 87.6 12,698 18.9
7-May-97 2,982.3 432,531 269.5 39,089 90.3 13,096 10.5
28-May-97 3,858.3 559,573 187.1 27,136 101.5 14,723 7.5
13-Jun-97 1,798.8 260,882 255.3 37,022 103.1 14,958 11.0
21-Jul-97 1,554.6 225,473 210.6 30,550 88.5 12,841 12.7
18-Aug-97 3,948.0 572,590 187.8 27,231 88.6 12,847 4.6
16-Sep-97 2,828.9 410,287 264.4 38,343 108.0 15,659 1.3
21-Oct-97 4,266.2 618,744 162.3 23,544 114.0 16,531 1.9
13-Nov-97 8,760.9 1,270,611 234.8 34,047 96.7 14,030 1.7
5-Jan-98 18,321.1 2,657,153 2,115.4 306,803 116.1 16,836 3.1
23-Feb-98 8,137.8 1,180,244 133.7 19,390 107.7 15,615 3.9
25-Mar-98 3,823.4 554,516 214.6 31,130 83.8 12,151 4.8
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Table 17. Back-calculated layer moduli at Bull Mountain.

Thickness (mm) 254.0 431.8 5588.0 AA
Date AC Base Subgrade
(MPa) (psi) (MPa) (psi) (MPa) (psi) (%)
23-Oct-96 1,905.3 276,324 2,049.9 297,306 142.3 20,632 10
13-Nov-96 1,379.0 200,000 5,813.6 843,169 322.2 46,736 50.4
13-Mar-97 2,625.6 380,793 1,282.3 185,975 152.6 22,129 5.2
1-Apr-97 1,671.5 242,415 872.0 126,472 162.8 23,608 18.8
22-Apr-97 1,379.0 200,000 400.3 58,051 186.1 26,991 16.2
6-May-97 3,830.2 555,498 356.0 51,625 200.5 29,083 5.7
23-May-97 2,576.4 373,666 332.4 48,204 204.5 29,655 17.4
16-Jun-97 11,518.8 1,670,599 715.6 103,783 196.3 28,466 6.8
21-Jul-97 3,666.1 531,706 157.6 22,850 216.2 31,350 11.6
18-Aug-97 2,491.1 361,290 372.3 53,993 2114 30,657 1.3
15-Sep-97 3,748.6 543,666 320.4 46,464 268.0 38,869 26
27-Nov-97 15,771.6 2,287,397 75.3 10,925 256.4 37,187 1.8
5-Jan-98 16,176.0 2,346,041 959.5 139,153 167.9 24,349 1.2
2-Feb-98 4,873.7 706,844 263.5 38,221 148.6 21,559 29
23-Feb-98 7,619.3 1,105,044 195.2 28,317 148.5 21,535 8.1
30-Mar-98 7,357.3 1,067,042 112.7 16,345 159.8 23,169 5.7
16-Apr-98 12,576.3 1,823,978 266.5 38,656 151.2 21,923 5.6
27-Apr-98 2,815.9 408,393 148.0 21,461 194.3 28,179 25
28-Apr-98 1,971.4 285,921 248.0 35,974 123.9 17,966 2.6
30-Apr-98 10,129.8 1,469,148 33.7 4,891 487.7 70,736 3.0
21-May-98 4,455.1 646,136 206.4 29,937 175.8 25,502 5.2
26-May-98 1,919.6 278,409 1441 20,902 243.6 35,332 17.1
17-Jun-98 12,154 .1 1,762,740 55.5 8,055 374.4 54,303 5.5
27-Jul-98 2,008.1 291,246 2121 30,755 187.0 27,125 4.1
27-Aug-98 4,744.2 688,058 167.0 24,217 173.7 25,191 3.3
22-Oct-98 9,662.9 1,401,441 562.9 81,635 134.5 19,506 23
25-Nov-98 10,031.8 1,454,942 533.4 77,364 161.6 23,440 5.0
25-Jan-99 19,280.2 2,796,263 2,801.7 406,343 165.9 24,058 1.0
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Table 18. Back-calculated layer moduli at Livingston.

Thickness

(mm) 152.4 518.16 5588 AA
Date AC Base Subgrade
(MPa) (psi) (MPa) (psi) (MPa) (psi) (%)
26-Nov-96 6,188.9 897,597 241.8 35,072 121.4 17,600 12.6
12-Mar-97 1,844 .1 267,452 171.3 24,843 110.6 16,047 18.4
1-Apr-97 5,280.1 765,792 131.9 19,130 129.2 18,738 3.9
22-Apr-97 5,538.2 803,216 122.2 17,726 130.1 18,873 1.4
6-May-97 1,379.0 200,000 158.1 22,923 123.4 17,894 9.9
23-May-97 2,463.1 357,228 157.1 22,785 133.8 19,406 9.1
16-Jun-97 2,295.6 332,943 136.6 19,807 164.9 23,920 10.1
24-Jul-97 1,624.4 235,586 148.7 21,570 121.4 17,600 44
18-Aug-97 3,564.7 517,001 130.1 18,870 124.0 17,986 6.9
8-Feb-97 21,364.6 3,098,570 3,657.3 515,923 288.4 41,834 26.3
23-Feb-98 7,896.9 1,145,307 115.6 16,769 92.1 13,357 5.5
Table 19. Back-calculated layer moduli at Loma.
Thickness (mm) 152.4 685.8 5588.0 AA
Date AC Base Subgrade
(MPa) (psi) (MPa) (psi) (MPa) (psi) (%)
4-Apr-96 10,994.0 1,594,487 490.5 71,134 177.0 25,672 17.0
29-Apr-96 2,147.7 311,488 710.4 103,038 86.2 12,496 18.1
13-May-96 3,930.8 570,095 589.7 85,525 126.4 18,335 74
30-May-96 1,379.0 200,000 329.6 47,804 120.3 17,449 20.2
20-Jun-96 6,393.2 927,217 880.7 127,733 146.2 21,206 11.4
20-Aug-96 3,906.2 566,525 437.3 63,416 138.4 20,067 6.3
19-Sep-96 6,056.6 878,410 472.0 68,460 132.0 19,145 15.2
2-Oct-96 4,095.6 594,001 4441 64,409 127.0 18,421 10.1
21-Oct-96 2,020.7 293,072 973.3 141,163 104.1 15,105 9.6
6-Dec-96 1,379.0 200,000 4,336.7 628,959 246.9 35,805 79.0
7-Jan-97 1,379.0 200,000 6,404.9 928,914 451.7 65,517 53.0
18-Mar-97 13,261.1 1,923,286 1,379.0 200,000 198.2 28,739 9.7
25-Apr-97 27,580.0 3,999,998 2,001.1 290,226 140.9 20,441 5.2
8-May-97 1,379.0 200,000 657.7 95,384 126.5 18,349 9.8
22-May-97 5,228.7 758,332 795.9 115,436 134.0 19,432 2.8
20-Jun-97 1,734.8 251,599 671.1 97,332 136.5 19,795 9.8
17-Jul-97 4,149.7 601,836 775.0 112,406 141.9 20,580 8.6
25-Jul-97 4,122.4 597,878 762.2 110,547 167.8 24,340 2.1
11-Aug-97 6,360.9 922,533 599.5 86,946 156.3 22,664 8.1
16-Oct-97 15,680.6 2,274,195 529.8 76,843 135.3 19,619 5.2
14-Nov-97 16,702.5 2,422,411 611.0 88,611 103.6 15,019 1.6
2-Feb-98 7,511.1 1,089,355 667.4 96,795 153.5 22,265 1.5
24-Feb-98 24,396.0 3,538,211 430.0 62,366 186.0 26,980 3.1
31-Mar-98 13,414.2 1,945,490 523.1 75,872 108.4 15,718 2.8
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Table 20. Back-calculated layer moduli at Swan Lake.

Thickness (mm) 121.9 370.8 5588.0 AA
Date AC Base Subgrade
(MPa) (psi) (MPa) (psi) (MPa) (psi) (%)
30-Apr-96 6,282.2 911,127 104.1 15,096 146.3 21,220 9.8
16-May-96 8,081.7 1,172,112 169.9 24,643 188.6 27,346 9.0
28-May-96 5,035.0 730,235 142.3 20,631 175.3 25,426 12.0
17-Jun-96 2,614.7 379,222 282.7 41,001 231.8 33,620 8.4
23-Jul-97 12,939.3 1,876,627 165.5 24,006 464.8 67,416 6.2
19-Aug-96 9,737.8 1,412,304 285.5 41,414 246.3 35,725 8.3
19-Sep-97 8,990.9 1,303,969 279.7 40,563 228.9 33,205 17.7
17-Mar-97 2,066.9 299,762 405.7 58,846 384.1 55,705 19.9
5-Apr-97 7,884.0 1,143,441 175.6 25,474 171.4 24,853 6.9
11-May-97 5,414.5 785,283 253.8 36,807 198.7 28,823 1.3
18-May-97 2,549.3 369,737 280.8 40,727 204.7 29,692 3.3
23-Jun-97 2,282.3 331,011 313.5 45,468 193.5 28,060 17.1
15-Jul-97 2,269.0 329,083 329.8 47,830 194.2 28,160 8.6
11-Aug-97 1,656.6 240,265 341.2 49,482 2171 31,483 11.8
26-Nov-97 17,832.6 2,586,307 304.9 44,224 188.8 27,379 3.5
17-Feb-98 6,494.9 941,967 368.6 53,452 2129 30,874 28
9-Mar-98 8,200.0 1,189,267 190.8 27,678 144.5 20,958 4.1
1-Apr-98 6,454.6 936,129 187.5 27,189 1771 25,685 4.4

Using all the back-calculated data, we determined monthly subgrade and base course moduli.
When more than one monthly back-calculated modulus was available, and if the data looked reason-
able, average values were used for the month. These results are presented in Tables 21, 22, 23, and

24.
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Discussion of weather data

The resilient modulus of a material is influenced by its moisture content. Precipitation, as well
as thaw weakening, contributes moisture to the structure. Estimates of the M, for materials deter-
mined from FWD measurements are also dependent on the timing of those measurements relative to
weather phenomena. The National Climatic Data Center (NCDC) weather data that were used for the
sites were from the nearest stations with sufficiently complete records to be useful. In no case were
stations used that were more than 22 miles from the test sections.

Table 25 gives the weather data and compares the 9697 season with the 97-98 season. At only
two sites, Sweetgrass and Loma, was the 96-97 season drier than the 97-98 season.

Table 26 presents the M, information. There are instances where the minimum M; is lower dur-
ing a drier season than the minimum M, from a wetter season. In nine out of the ten sites studied, the
minimum M; was determined during the 97-98 season. The 97-98 season measurements were taken
by the FWD. Only Wolf Point had a lower M; value during the first, wetter season.

At five sites, the minimum M; value occurred during the drier season. At two sites, the differ-
ences in M; data are statistically insignificant; and at three sites the M, data follow the precipitation
pattern (i.e., the lower Mr was measured during the wetter season).

To determine whether a site’s minimum resilient modulus is a function of spring thaw, or just
excess precipitation, it is necessary to know whether the specific measurements were taken during
periods of greater than average precipitation, average precipitation, or less than average precipita-
tion, as well as whether the measurements were taken during the critical period or not. These rela-
tionships determine whether the back-calculated resilient modulus for a material is appropriate or
needs adjustment. We have chosen to make no adjustments when the resilient modulus was taken
during a “normal” or “drier” season. However, if the season was wetter than normal, then adjust-
ments should be considered.

Critical periods could only be determined for five sites owing to data problems. Two of the five
sites analyzed had M, measurements taken during the critical period in both 19961997 and 1997—
1998. A third site had measurements taken when only the subgrade was in the critical period, during
the first winter/spring season, but the critical period could not be determined for the second win-
ter/spring season. A fourth site had no critical periods, and data gaps prevented determination of the

critical periods for the fifth site.
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Estimating Resilient Modulus Data

The missing monthly subgrade moduli could be estimated from trying to fit a model to the field
data. Examples of this procedure are shown in Figures 18 and 19. The model attempted to account
for the effect of temperature and moisture content on the resilient modulus of the subgrade at Dickey

Lake and East Glacier. The model of the following form was used:

Mr = kl (T'ref - T')k2 (a)v()l )k3

where M, = resilient modulus (MPa).

T,r = reference temperature (20°C).

T = temperature (°C).

W,,; = volumetric moisture content at top of subgrade (%)

k;, k>, k3 = constants.
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Figure 18. Results of prediction of subgrade modulus at Dickey Lake.
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Figure 19. Results of prediction of subgrade modulus at East Glacier.

For Dickey Lake (A-2-4 soil), a good fit was found when the following constants were used: k;
=105, k; =0.2, and k3 = —0.4. Note that this model indicates a reduction in the subgrade modulus as
the moisture content increases during the spring thaw period. The model predicts a subgrade
modulus of approximately 47 MPa. The non-frost and recovered moduli are around 90 MPa. During
the winter, the model predicts the subgrade modulus to average around 350 MPa. For East Glacier,
the model also predicts a reduction in the subgrade modulus, as indicated by the field measurements
(Figure 19). The reduction is approximately 50% of its non-frost value. For East Glacier (an A-6
soil), k; =200, k, = 1.3, and k; =—0.7.

Similar models for other soils could be developed if sufficient data becomes available in the
future.

The monthly subgrade modulus and relative damage for the test sites are presented in Tables 27,
28, 29, and 30. For the months where a back-calculated subgrade modulus is unavailable, a best
guess is used, based on existing data and values from the models. We found that when the winter

resilient modulus was increased by a factor of 5, the effect on the relative damage was insignificant.
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Subsequently, the effective resilient modulus is only increased by approximately 10%. However,
these results should be validated with additional FWD testing.

Based on our experience, we have adjusted the subgrade modulus downwards for sites where
the precipitation data suggests that the subgrade was experiencing a drier than normal season. For
design, the following effective subgrade resilient modulus can be used (see Table 31). These values
are the seasonal average values, slightly rounded; and the recommended modulus is the average of
the two seasonal values, except when only one season is available. The effective resilient modulus
table is based on available data. The values look high, but the available data cannot support lower

values. These values should be used with caution, and they should be validated with additional FWD

testing.
Table 27. Effective subgrade resilient modulus.
Location 1996-1997 M, 1997-1998 M, Recommended M,

(MPa) (psi) (MPa) (psi) (MPa) (psi)
Dickey Lake 2400 16500 1750 11900 2100 14300
Wolfpoint 1945 13300 2150 14600 2100 14300
Sweetgrass 2275 15700 2350 16200 2300 15900
Scobey/ 1650 11400 1600 11000 1650 11200
Redstone
East Glacier 5750 39600 5800 40000 5800 39800
Alzada 2550 17600 2300 15600 2400 16500
Bull Mountain 4375 30200 3150 21700 3800 26000
Loma 3250 22400 2750 18800 3000 21000
Livingston 2925 20200 Insuficient Data 2950 20200
Swan Lake 5050 34800 3850 26500 4450 30700
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SUMMARY AND RECOMMENDATIONS

Road Rater and FWD deflection, moisture, and temperature data were collected from several
sites in Montana and were used to evaluate the potential for thaw weakening. The pavement
structure consisted of variable thicknesses of asphalt concrete and base over different kinds of
subgrade. The base courses mostly graded between an A-1-a and A-1-b. The exception was East
Glacier, where the base course was classified as an A-4 soil. The percentage of fines in the base
(except for East Glacier) varied between 8 and 15%. The subgrades at these sites were variable,
ranging among A-1-b, A-2-4, A-4, and A-6. Water table locations were not available from these
sites.

Because of instrumentation malfunction or problems with data collection, moisture and tem-
perature data were limited to the northern half of the state. The deflection data taken were poor
and appeared to miss the critical spring thaw period during both spring seasons. These poor data
are a result of the limitations of the system’s load application. The highest deflections in most
cases were in the 6 to 8 mil range. The highest load used was 18 kN (4 kips).

Based on the moisture data, the base course layers at Dickey Lake, Wolf Point,
Scobey/Redstone, and East Glacier are prone to thaw weakening. Deflection data indicate that
the base at Bull Mountain, Swan Lake, and Scobey/Redstone may be prone to thaw weakening.
The subgrade at Dickey Lake, East Glacier, Bull Mountain, Swan Lake, and Scobey/Redstone
may also be prone to thaw weakening. The length of thaw weakening varied from 4 days
(Scobey/Redstone) to 3 weeks (East Glacier).

Based on the limited deflection data, a tentative recommendation for effective subgrade
modulus is provided. These values should be validated with additional Falling Weight Deflection
(FDW) testing. These tests should be conducted using the Strategic Highway Research Highway
(SHRP) protocol. In addition, prior to any testing, the Falling Weight Deflectometer should be
calibrated. The numbers of sites could be reduced and more testing should be conducted during
the spring thaw period. The authors suggest that an in-depth laboratory study on the resilient
behavior of base courses be conducted and that the results from the field FWD tests be correlated
to the laboratory results before any relations are presumed from the back-calculated base course

moduli presented in this report.
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In Appendix C, we have graphed the pertinent design data for all 10 sites as requested by
MDT. Two sites have no plots for ground moisture content and soil temperatures, as the sensors
for those sites failed early in the test period. The order of the graphs is: subgrade modulii, sub-
grade moisture contents, precipitation, and temperature. Each is presented as a function of the
time of year; beginning in October and running through September to allow clear definition of
the transition from frozen to thawing to thawed states. For each site, a table of the base and sub-

grade soil gradations and plasticity index follow the graphs.
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APPENDIX A: TEMPERATURE-MOISTURE DATA
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Figure A-1. Moisture plots for Dickey Lake.
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Figure A-2. Moisture plots for Wolf Point.
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Figure A-3. Moisture plots for Wolf point.
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Figure A-4. Moisture plots for Sweetgrass.
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Figure A-6. Moisture plots for Redstone.
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Figure A-7. Moisture plots for Redstone.
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Figure A-8. Moisture plots for East Glacier.
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Figure A-9. Moisture plots for East Glacier.
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Figure A-10. Temperature plots for Dickey Lake.
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Figure A-11. Temperature plots for Wolf Point.
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Figure A-12. Temperature plots for Wolf Point.
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Figure A-13. Temperature plots for Sweetgrass.
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Figure A-14. Temperature plots for Sweetgrass.
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Figure A-15. Temperature plots for Redstone.
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Figure A-16. Temperature plots for Redstone.
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Figure A-17. Temperature plots for East Glacier.
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Figure A-18. Temperature plots for East Glacier.
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APPENDIX B: BACK-CALCULATED MODULUS

82



Alzada

4000

3500

3000

2500 +

2000

1500 -

1000 -

500 -

Back-calculated Base Modulus, (MPa)

LR
et 2 0% Lo o ®

* ¢ o
0 _*% %

5-Feb-96 15-May-96 23-Aug-96 1-Dec-96 11-Mar-97 19-Jun-97 27-Sep-97 5-Jan-98 15-Apr-98

Time

Figure B-1. Back-calculated base modulus as a function of time for Alzada.
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Figure B-2. Back-calculated subgrade modulus as a function of time for Alzada.
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Bull Mountain
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Figure B-3. Back-calculated base modulus as a function of time for Bull Mountain.
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Figure B-4. Back-calculated subgrade modulus as a function of time for Bull Mountain.
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Livingston
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Figure B-5. Back-calculated base modulus as a function of time for Livingston.
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Figure B-6. Back-calculated subgrade modulus as a function of time for Livingston.
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Figure B-7. Back-calculated base modulus as a function of time for Wolf Point.
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Figure B-8. Back-calculated subgrade modulus as a function of time for Wolf Point.
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Swan Lake
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Figure B-9. Back-calculated base modulus as a function of time for Swan Lake.
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Figure B-10. Back-calculated subgrade modulus as a function of time for Swan Lake.
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Figure B-11. Back-calculated base modulus as a function of time for Loma.
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Figure B-12. Back-calculated subgrade modulus as a function of time for Loma.
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East Glacier
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Figure B-13. Back-calculated base modulus as a function of time for East Glacier.
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Figure B-14. Back-calculated subgrade modulus as a function of time for East Glacier.
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Figure B-15. Back-calculated base modulus as a function of time for Sweetgrass.

400

350 -

300 -

250

200 +

150

100

50

Back-calculated Subgrade Modulus (MPa)

0

28-Oct-95

Figure B-16. Back-calculated subgrade modulus as a function of time for Sweetgrass.
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Scobey/Redstone
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Figure B-17. Back-calculated base modulus as a function of time for Scobey/Redstone.
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Figure B-18. Back-calculated subgrade modulus as a function of time for Scobey/Redstone.
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Dickey Lake
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Figure B-19. Back-calculated base modulus as a function of time for Dickey Lake.
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Figure B-20. Back-calculated subgrade modulus as a function of time for Dickey Lake.
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APPENDIX C: DESIGN INFORMATION

The volumetric moisture content on the following graphs can be converted to gravimetric
moisture content by dividing the volumetric moisture content by the specific gravity of the

material. Typical specific gravities are on the order of 2.70, plus or minus not more than 0.10.
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Figure C-1. Design data for Dickey Lake.
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Figure C-2. Design data for Wolf Point.
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Sweetgrass
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Figure C-3. Design data for Sweetgrass.
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Scobey / Redstone
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Figure C-4. Design data for Scobey/Redstone.
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Table C-4. Gradation characteristics for base and subgrade at Scobey/Redstone.

. 6in. 152 mm AC
Structure: 55in. | 140 mm | crushed BC
Grain size Subgrade Base
Depth (in.) 60 12 to 36 6to12
Depth (mm) 610 813 152 to 305
US sieve designation mm Percent finer
4.00 101.6
3.50 88.9
3.00 76.2
2.50 63.5
2.00 50.8 100
1.50 38.1 100 100 97
1.25 31.75 100 99 95
1.00 25.40 99 98 92
0.75 19.05 99 98 87
0.50 12.70 97 97 75
0.38 9.53 97 96 65
#4 4.75 95 95 47
#10 2.00 93 92 39
#40 0.425 89 87 32
#80 0.190 78 78 22
# 200 0.075 65.2 64.8 15.4
Liquid limit 49 32 20
Plastic limit 28 22 NP*
Plasticity index 21 10 NP
AASHTO class | A-6 (10) | A-6 (10) | A-1-b (0)
* Non-plastic.
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East Glacier
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Figure C-5. Design data for East Glacier.
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Table C-5. Gradation characteristics for base and subgrade at East Glacier.

3in. 76 mm AC
Structure: 8in. 203 mm CTB
15in. 381 mm crushed BC
Grain size Subgrade Base
Depth (in. 26 to 60 26 to 60 26 to 60 11 to 26
Depth (mm) 660 to 1524 | 660 to 1524 | 660 to 1524 |279 to 660
US sieve designation mm Percent finer
4.00 101.6
3.50 88.9
3.00 76.2
2.50 63.5
2.00 50.8 100
1.50 38.1 99
1.25 31.75 98
1.00 25.40 97
0.75 19.05 96 100
0.50 12.70 95 100
0.38 9.525 94 100 100
#4 4.750 93 100 99 99
#10 2.000 89 94 98 93
#40 0.425 84 89 97 88
#80 0.190 80 87 96 87
# 200 0.075 73.6 82.2 88.4 84.2
Liquid limit 49 32 30 29
Plastic limit 28 22 20 21
Plasticity index 21 10 10 8
AASHTO class | A76(16) | A4(8) | A4(10) | A4(6)
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Alzada
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Figure C-6. Design data for Alzada.
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Table C-6. Gradation characteristics for base and subgrade at Alzada.

s . 9.25in. 235 mm "PMS"
tructure: = o sin. 603mm | granular base
sum| 33in. 838 mm
Grain Size
Depth (in.) ui?'zg;?"‘cjeed unrggzited
Depth (mm)
US sieve .
designation mm Percent finer
4.00 101.6
3.50 88.9
3.00 76.2
2.50 63.5 100
2.00 50.8 99
1.50 38.1 99
1.25 31.75 100 97
1.00 25.40 99 96
0.75 19.05 99 93
0.50 12.70 97 89
0.38 9.525 96 86
#4 4.750 93 78
#10 2.000 88 64
#40 0.425 78 27
#80 0.190 69 18
# 200 0.075 57.7 12.6
Liquid limit 37 19
Plastic limit 18 18
Plasticity index 19 1
AASHTO class A6(8) | A1b(0)
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Bull Mountain
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Figure C-7. Design data for Bull Mountain.
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Table C-7. Gradation characteristics for base and subgrade at Bull Mountain.

Structure: 7.4 |n 188 mm AC
13.8in| 351 mm granular BC
sum 21.2in| 538 mm
Grain size Subgrade
- Base
Depth (in.) 22 to 58 58 to 94 Unreported
Depth (mm) 559 to 1473 | 1473 to 2388
US sieve designation mm Percent finer
4 101.600
3.5 88.900
3 76.200
2.5 63.500 100
2 50.800 100 99
1.50 38.100 100 97 100
1.25 31.750 99 95 100
1.00 25.400 98 92 99
0.75 19.050 94 87 97
0.50 12.700 90 83 95
0.38 9.525 88 81 90
4 4.750 86 79 67
10 2.000 82 69 53
40 0.425| 77 57 41
80 0.190 71 39 28
200 0.075 48.2 13.9 18.3
Liquid limit NP* NP NP
Plastic limit NP NP NP
Plasticity index NP NP NP
IAASHTO class | A4 | A240) | A1b(0)
* Non-plastic.
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Figure C-8. Design data for Livingston.
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Table C-8. Gradation characteristics for base and subgrade at Livingston.

1.8 in.| 46 mm
AC
Structure: 4.2in/107 mm
20.4in./518 mm Granular BC
sum 26.4in./671 mm
Grain size Subgrade Base
Depth (in.) 26to 62| 62 to 98 0to 6
Depth (mm) Oooe [1575 to 2489 0 to 152
US sieve designationl mm Percent finer
4 101.600
3.5 88.900, 100
3 76.2000 96
2.5 63.5000 96 100
2 50.800, 91 95 100
1.50 38.100, 82 90 92
1.25 31.750, 80 87 88
1.00 25.400 77 81 79
0.75 19.0500 71 72 69
0.50 12.7000 62 59 59
0.38 9.525 58 52 53
4 4.7500 51 43 41
10 2.0000 45 38 35
40 0.425 37 30 18
80 0.190, 29 22 9
200 0.075 20.3 16 5.5
Liquid limit 31 34 NP
Plastic limit 22 22 NP
Plasticity index 9 12 NP
AASHTO class | IA-2-4 (0) A-26 (0) | A-1-a (0)
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Loma
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Figure C-9. Design data for Loma.
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Table C-9. Gradation characteristics for base and subgrade at Loma.

6.0 in. 152 mm AC
Structure: 27.0in. 686 mm _ granular BC
Sum 33.0in. 838 mm
Grain size Subgrade Base
Depth (in.) 30 to 60 0 to 30
Unreported Unreported
762 to 1524 0 to 762
Depth (mm)
US sieve designation mm
4 101.600
3.5 88.900
3 76.200
2.5 63.500
2 50.800
1.50 38.100 100 100 100
1.25 31.750 99 100 96 97
1.00 25.400 98 100 88 90
0.75 19.050 96 100 76 77
0.50 12.700 94 99 62 64
0.38 9.525 93 99 55 58
4 4.750 91 99 44 47
10 2.000 90 99 40 42
40 0.425 85 98 23 23
80 0.190 79 92 13 11
200 0.075 51.7 22.7 9.4 7.3
Liquid limit 24 NP* NP NP
Plastic limit 21 NP NP NP
Plasticity index 3 NP NP NP
IAASHTO class | A40) | A240) | At1a@ | A1-a(0)

* Non-plastic.
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Swan Lake
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Figure C-10. Design data for Swan Lake.
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