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A Case Study of
Potential Causes of Frost Heave

KAREN S. HENRY

INTRODUCTION Hamilton (Fig. 1). Hamilton is located in the east-
ern portion of the Bitterroot River valley in a physi-

Frost action in frost-susceptible soils can signifi- ographic region known as the Bitterroot Valley
cantly degrade the performance of highway and area.
airport pavements, causing differential heaving The Bitterroot Valley area is an intermountain
and buckling of pavements during winter periods valley that is bordered by the Bitterroot Mountains
as well as softening of entire pavement sections on the west and the more gently sloping foothills of
during spring thaw. These effects can result in the Saphire Mountains on the east. The physiogra-
pavement cracking and failures such as potholes phic subdivisions of the area include 1) flood plains,
and pumping of saturated fine-grained soils 2) fan-terraces of the side creeks, 3) Pleistocene
through the cracks with the passing of traffic. Fur- fans, benches and moraines of the west side and 4)
thermore, differential frost heaving in the winter high Tertiary benches of the east side. The entire
may lead to rough pavement and hazardous travel valley floor is underlain by thick alluvial deposits.
conditions. Ravalli County Airport is in a relatively flat area

This research investigates the possible causes of (slopes of 1-3° ) of low alluvial fans and flood plains
frost heave at Ravalli County Airport in Hamilton, formed by creeks feeding the Bitterroot River. Soils
Montana, by determining the frost-susceptibilities of the region are derived from "weakly stratified
and hydraulic properties of soil at the airport. silty fine earth" of the uplands (Tertiary benches) to
Ravalli County Airport has severe differential frost the east of the area (USDA 1959).
heave problems each winter; in the winter of The airport has severe differential frost heave
1984-85, 610 m (2000 ft) of runway was closed problems each winter, especially near the southern
because of unsafe conditions caused by frost heav- end of the runway and the center portion of the
ing. This field study focused on the three necessary taxiway. Figure 2 is a site map of the airport. As
conditions for frost heave to occur-I) frost-sus- mentioned earlier, during the winter of 1984-85,
ceptible soil, 2) available water and 3) freezing the airport was forced to dose 610 m (2000 ft) of the
temperatures. runway. The problem heave areas are consistently

Several parameters were monitored during the between survey stations 41+00 and 46+00 on the
fall and winter of 1985-86. These included depth to runway and 30+00 and 38+00 on the taxiway. The
water table, soil moisture tension and soil tempera- differential heave at the airport occurs where there
ture at various depths as well as depth of frost is overall a large amount of heaving.
penetration. Additionally, elevation differences due During the fall and winter of 1985-86, several
to frost heave were measured by survey at the time parameters that pertain to the frost heaving proc-
most likely for maximum frost heave. ess were monitored at Ravalli County Airport by

airport personnel. These field data are analyzed
here and are contained in an earlier report (Henry

GENERAL SITE INFORMATION 1987).
All monitoring stations correspond to locations

Ravalli County Airport is located in southwest- where soil borings were taken, so that there is an
em Montana on the eastern edge of the city of accurate record of soil types at each station. Moni-
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Figure 1. Location map of Hamilton, Montana.

toring efforts centered on runway survey stations from boring logs. The graphs present elevation
26+00 and 43+50 (monitoring stations 3 and 6, increases as opposed to absolute elevations. The
respectively, on Fig. 2) because they are respec- accuracyof elevation measurement is plus orminus
tively located in low-heaving and high-heaving 0.6 cm (0.02 ft), and a heave difference of 2.5 cm in
areas. 15.2 m (1 in. in 50 ft) is considered unacceptable for

Depth to water table was monitored at all seven pavement surfaces.*
stations, five of which were on the runway and two The minimum heave recorded was 0.9 cm (0.4
on the taxiway (Fig. 2). Frost penetration was in.) at 30+00 on the taxiway centerline. The maxi-
measured at three stations and soil moisture ten- mum heave recorded was 16.5 cm (6.5 in.) at 30+25
sion and soil temperature at various depths were on the taxiway, 4.6 m (15 ft) to the right of the
measured at two sites. Table 1 and Figure 2 may be centerline. These two points lie very close to each
used to coordinate locations with the parameters otherand dramatize the differential heave problem
monitored. at the airport. On the runway, there was a mini-

A baseline elevation survey was conducted on 4 mum of 1.5 cm (0.6 in.) of heave at 26+25,4.6 m (15
September 1985 along both the runway and the ft) to the right of the centerline. The maximum
taxiway. Another survey was made on 16 January heave of 13.7 cm (5.4 in.) was recorded at 46+00 on
1986 at the timewhen maximum heavewas thought the centerline.
to take place. A third survey was conducted on 12
March 1986 after the ground had thawed.

Figure 3 contains graphs of frost heave on 16
January 1986 as well as cross-sections prepared *Personal communication with R. Berg, CRREL, 1986.
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Table 1. Survey stations and parameters moni- moisture holding capacity, and being poorly
tored. drained because of a high water table. They are

calcareous throughout, although they contain no
Station zones of lime accumulation.
uimdwr Survey station Paraineter. ,monitored The surface soils at the airport include four

1 17+00, 12 m (40 ft) left Depth to water, depth variants of the Corvallis silt loam-1) slightly sa-
of centerline, runway of frost. line, 2) poorly drained, 3) moderately saline and 4)

moderately shallow, slightly saline (USDA 1959).
2 20+00, 6 m (20 ft) right Depth to water. The slightly saline variant is noted as bciag slightly

of centerline, taxiway to moderately saline with mostly sodium salts.

3 26+00, 12 m (40 ft) left Depth to water, soil Moderately shallow, slightly saline refers only to

of centerline, runway moisture tension with the fact that sand and gravel occur at the relatively
depth, soil temperature shallow depths of 51 to 91 cm (20 to 36 in.). The
with depth. moderately saline Corvallis silt loam is referred to

4 30+50,6 mn (20 ft) left Depth to water, depth as being moderately to strongly saline and poorly
of centerline, taxiway of frot drained, and the poorly drained variant cannot be

cultivated unless artificially drained.
5 36+00, 12 m (40 ft) right Depth to water. It is important to note that the surfacesoils at the

of centerline, runway site probably vary from those shown on the USDA

6 43+50, 12 m (40 ft) left Depth to water, d pth (1959) survey because of the construction of the
of centerline, runway of frost, soil moisture airport. Fill may have been imported and the sur-

tension with depth, soil face soils relocated, mixed and compacted. In
temperaturewithdepth. addition, surface drainage has been constructed,

which has likely lowered the salinity through leach-
7 48+00, 12 m (40 ft) left Depth to water. ing of sodium.

of centerline, runway It is noted that the Corvallis Series surface soils

have a "frost action potential" defined as high, and
In the remainder of this report, data will be a "shrink-swell potential" defined as low by the

presented and examined that deal with the three USDA (1972). The restriction of the use of these
necessary factors for frost heave to occur-1) frost- soils for road, street and parking area construction
susceptible soil, 2) water supply and 3) freezing is classified as "severe" owing tofrostaction poten-
temperatures. Additionally, the data gathered tial (USDA 1972). The naturally occurring water
throughout the season will be presented and ana- table ranges from 31 to 61 cm (1 to 2 ft) below the
lyzed in an attempt to determine why there are surface.
differences in the amounts of frost heave among In summary, a preliminary study of the soils of
different areas at the airport. the Ravalli County Airport area provides clear

indication of potentially severe frost heaving.

SOIL TYPE AND VARIABILITY Soil classification and
frost susceptibility

General soil information The runway, built in 1963, is described in a site-
As most alluvial soils are variable in composi- visit reportasconsistingof 2.5 cm (1 in.) of asphaltic

tion, reflecting ranges in parent material and en- concrete over an 46-cm (18-in.) gravel base (Vinson
ergy of depositional environment, one would expect 1985). In 1983, a taxiway was constructed with ,23-
soils at Ravalli County Airport to be variable yet cm (9-in.) aggregate base course over the natural
reflect the silty nature of the parent material. The subgrade, which was compacted to a depth of 15
soils on which the airport is located are of the cm (6 in.) (Vinson 1985). Little is known about the
Corvallis Series, which typically have a silt or loam amount of cutting and filling that was done during
layer grading from moderately thick surface soils the construction periods; however, it was probably
to weakly stratified silt loam and loam at depths minor owing to the blitness of the site. A 1981 soils
ranging from 30.5 to 51 cm (12 to 20 in.) (USDA boring log indicates that 61 cm (2 ft) of fill was
1959). The loamy soil is underlain by sands and probably brought in on the extreme northern end
gravels at depths varying from 1 to 1.5 m (3 to 5 ft.). of the runway.
The soils are further described by the USDA (1959) Three sets of boring log soil profiles are available
as being moderately permeable, having a high for the airport. One set was completed in 1981 in

6



connection with an investigation prior to the 1983 Examination of the runway -, oss section reveals
taxiway construction. Since these profiles were that the soils at the airport are indeed quite vari-
taken 23 m (74 ft) and 43 m (140 ft) off of the edge able. It appears that the entire cross section is
of the runway, they probably are the closest record composed of frost-susceptible soils (i.e., silty) to
of "natural" soil conditions at the site. A second set depths that are likely to freeze (about 1 m or 3-4 ft).
of boring logs was supplied with a 1985 report on The available information does not show any sec-
the causes of frost heaving at the airport by Braun tions of the runway as being more frost-susceptible
Engineering Testing of Montana, Inc., to the Ravalli than the rest, except, perhaps, for a general trend
County Commissioners, and was taken in March towards more fine-grained soils at the extreme
1985. The third set of logs was prepared by GMT northern end of the runway (survey station 17+00),
Consultants, Inc., in August of 1985 as reconnais- the end that has relatively low heave. Soil boring
sance work for the winter of 1985-86 data gather- logs also show that the base course material used
ing. In the GMT surivey, eight profiles were ob- throughout the entire airport, and which has been
tained along the runway and two on the taxiway. called "gravel" in previous engineering reports,
The boring logs prepared by GMT Consultants, contains enough fines to be considered frost-sus-
Inc., are contained in Appendix A. ceptible and in some locations is classified accord-

Table 2. Grain size distribution and Unified Soil Classification of soils at Ravalli
County Airport. (Analyzed by both GMT Consultants, Inc., and USACRREL.)

% Grain size passing Percent
Depth 4 40 200 finer than

(fi) (cm) (4.76 nn) (0.42 1nn) (0.074 am) 0.02 mmii Cu Unit ed Soil Classification

Station 3

01-2.0 6-61 53.1 32.5 19.6 12.3 601.9 GM, Brown Gravel Sand
(CRREL)

2.2-3.8 67-116 100 95 75 50 35 MH, Dark Gray Organic Silt
(GMT)

2.6-4.8 79-146 89.8 84.4 07.3 43.1 23.3 ML, Black Gravel Silt
(CRREL)

3.8-5.5 79-146 NR NR 39.4 NR - GC, Medium Greenish Tan
(GMT)

4.8-5.1 146-174 58.2 36.8 17.0 8.5 - GM, Red Gravel Sand
(CRREL)

Station 6

0.17-0.5 5-15 69.4 21.7 9.7 5.7 41 SM, Tan Gravel Sand
(CRREL)

0.5-1.0 15-25 56.1 30.2 7.1 4.1 53 SM, Brown Gravel Sand
(CRREL)

1.0-1.8 25-55 100 93 71.8 38 37 ML, Dark Grayish Brown Silt
(GMT)

1.6-2.0 49-61 99.2 95.3 69.3 35.7 20 ML, Gray Gravel Silt
(CRREL)

1.8-3.0 55-91 96 91 64.1 64 33 ML, Light Greenish Tan
(GMT)

2.7 82 99.2 96.6 61.5 21.8 10 ML, Tan Silt
(CRREL)

7



Table 3. Frost-susceptibility determinations of soils from Ra alli County
Airport by various criteria.

Standard USACRREL frost
USACE heave test lab determination

Depth Casagrande (Berg and Conparison Actual tests
(ft) (cm) (% finer than 0.02 rmn) (Johnson 1983) zwith other soils (Heave rate, ramilday)

Station 3

0.2-2.0 6-61 FS F2 VL
M-H (0.48)

2.2-3.8 67-116 FS 4 H-VH

2.6-4.8 79-146 FS F4 VH M-H

(3.84)

4.8-5.1 146-174 FS F1 T

Station 6

0.17-0.5 15-25 FS S2 M VL
(0.56)

0.5-1.0 15-25 FS S2 L L
(1.63)

1.0-1.8 25-55 FS F4 VH

1.6-2.0 49-61 FS F4 VH M-H
(3.60)

2.7 82 PS 4 LL-M H
(4.12)

1.8-30 5591 FS 4 VH

Standard CRREL frost heave test frost susceptibility classification abbreviations:
H = High L = low M = medium T = trace VH = very high VL = very low

ing to the Unified Classification System as silty gives information on the Casagrande and USACE
sand. frost-susceptibility classification systems.

Soil samples were collected at survey stations All soils at stations 3 and 6 are classified as frost-
26+00 and 43+50 (monitoring stations 3 and 6 re- susceptible according to the Casagrande criterion.
spectively) and sent to CRREL to have soil grain If the quantity of soil finer than 0.02 mm is consid-
size distribution and laboratory frost-susceptibil- eredasanindicationof relative frost-susceptibility,
ity determined. GMT, Inc., also determined grain station 3 soils appear to be more frost-susceptible
size distribution curves for soils collected at these than soils collected from station 6. However, the
stations. Table 2 shows the results of both CRREL's U.S. Army Corps of Engineers classification indi-
and GMT's grain size analysis, and the resulting cates no significant differences in susceptibility to
classifications according to the Unified Soil Classi- frost action between stations 3 and 6.
fication System. Appendix A contains the grain In an attempt to more closely define the frost-
size distribution curves, susceptibility of soils, short of the actual laboratory

Table 3 presents frost-susceptibility determina- determination, soil type (Unified Soil Classifica-
tions of thesoilsat stations 3 and 6 according to four tion System) and grain size distribution of the soils
systems--I) Casagrande's criterion, 2) U.S. Army collected at stations 3 and 6 were compared to soils
Corps of Engineers system, 3) comparison with tested previously in CRREL standard frost heave
laboratory frost-susceptibility tests on similar soils tests. Berg and Johnson (1983) present results of
and 4) actual laboratory frost-susceptibility deter- laboratory frost-susceptibility determinations on
minations. A companion report (Henry, in press) many soils; frost-susceptibility classifications for

8



the closest matches were assigned to the samples Table 4. Estimates of required flow
from Ravalli County Airport. Matches were based rates to sustain frost heave for two sec-
on Unified Soil Classification, percent finer than tions at Ravalli County Airport.
0.02 mm and the coefficient of uniformity (Cu).
This comparison shows no significant differences Required water
in the frost-susceptibility of soils between stations Average heave flow rate
3 and 6. Runwaysection (ft) (cm) (cm/s)

Finally, Table 3 also presents actual laboratory Survey stations
frost-susceptibility determinations for soils col- 0.2244 6.84 1.12 x 10-6
lected at Ravalli County Airport, based on the 41+00 to 48+00
standard CRREL frost heave test (see Henry [in
press] for test details). The heave rates for a con- Survey stations
stant rate of frost penetration of 12.7 mm/day (0.5 24+00 to 28+00
in./day), on which the frost-susceptibility classifi-
cation is based, are also listed.

A comparison of the last two columns in Table 3 were freezing temperatures. Heave rate was di-
shows that the results of laboratory determinations vided by 1.09 (the expansion of water when frozen)
of frost-susceptibility are sometimes significantly to get an estimate of the water flow rate required to
different from those of laboratory frost-susceptibil- sustain the heave. Estimates of required flow rates
ity determination on "similar" soils. This empha- were made for two sections at the airport having
sizes theempiricism of our currentworking knowl- relatively high and low heave. The results of these
edge of the frost-susceptibility of soils. It is also estimates are presented in Table 4.
clear that for all practical purposes there are no The water flow rates shown in Table 4 indicate
differences in frost-susceptibility classifications the possibility that the hydraulic conductivities of
between soils at stations 3 and 6. subgrade materials may be a limiting factor in the

actual amount of heave. Saturated hydraulic con-
Frost heave and soil type ductivities of 10-6 cm/s and less are typical of

Study of Figure 3a reveals that the high heaving "impervious" soils such as clays, whereas values of
area near the southern end of the runway (repre- 10 to 1076 cm/s are characteristic of very fine
sented by station 6) has a shallower layer of sandy sand, silts, loams and glacial till (Terzaghi and Peck
gravel than the rest. The relatively high heaving 1967). Considering the subgrade soil types at the
area begins where this layer of gravel starts to airport, and considering that a large portion of
become shallow. The depth to the silt/gravelinter- them probably exist in a less than saturated state
face ranges between 76 and 168 cm (2.5 and 5.5 ft) during most of the winter (i.e., unsaturated hy-
beneath the heaving area--gradually increasing in draulic conductivities are lower than saturated
depth towards the north end of the runway. The hydraulic conductivities), it seems probable that
gravel layer also contains higher amounts of clay hydraulic conductivity limits the heave rate, at
towards the north, except for the extreme northern least during part of the time that heave is occurring.
end. At Ravalli County Airport, soil horizons with

For the taxiway soil profile, in consideration of high clay and silt content may not have sufficient
the frost heave information, the silt-sand/gravel capability of transporting water at a rate required
interface occurs at 116 cm (3.8 ft) under station 4, a to produce significant heave. The hydraulic con-
high heaving area. A low heaving area, repre- ductivity of any soil layer depends on water con-
sented by station 2, is underlain by clayey gravel at tent, and if hydraulic conductivity were limiting
a depth of 122 cm (4.0 ft). the frost heave rate, this would necessitate rela-

To determine whether the hydraulic conductiv- tively high water contents so that gravel would
ity of the subgrade soils might be a limiting factor remain more permeable than silt, which would be
in ice segregation at Ravalli County Airport, I esti- more permeable than clay. This appears to be a
mated the rate of water transport required to sus- reasonable assumption, as the water table does
tain the observed frost heave. Therate of heave was occur in the "gravel" layer along the whole length
calculated by taking the heave of an area and of the airport, and soil boring logs indicate that this
dividing by the time elapsed between 12 Novem- layer contains enough fines to have a relatively
ber and 16January (65 days). This time interval was high capillarity of 1.5 m (5 ft) or greater. Therefore,
chosen because 12 November was the latest date it seems likely that the relatively high hydraulic
that no frost penetration was measured, yet there conductivity of gravel could be responsible for

9



(cm) (f t) any overburden) is not capable of returning the soil
0- 0 1 Ito the same density as the original compactive

- effort (Sayles et al. 1974).
Sto 6 Pavement cracking and pumping of fine par-

5 ticles into the base course during the spring thaw
2 "season may be a cause of both decreased soil den-S-, o 3 sity and increased frost-susceptibility. This is at-

oo-- tributable not only to loss of soil strength and
overburden pressure, but also to fine particles being

4 distributed in the base course.

Although less dense soil occurs in the high-
50 heaving area, it is not certain whether it contributes

to, is an effect of, or is some combination of cause
6 _and effect of, frost heave. It should also be kept in

200- mind that there are only two soil density profiles
and the soil type is variable, so that the apparent
association of low density soil with high frost heave
is somewhat dubious without further testing.

80 100 120 140 (b/ ft 3 ) In conclusion, it appears that two soil-related
I I I I I parameters correspond torelativeamountsoffrost
40 I 60 I 80 200 2 20(g/cmi) heave-hydraulic conductivity of soils between

Dry Density the water table and the surface and soil density.
However, soil density may be an effect or a cause of

Figure 4. In-situ soil density determinations versus depth ice segregation.
at monitoring stations 3 and 6 (6 August 1986).

WATER AVAILABILITY
increased frost heave in the vicinity of station 6, as
the gravel layer here appears to be shallower and As water must be present for frost heave to take
thicker. place, water availability is considered. Berg and

The soils at the low-heaving site (station 3) are Johnson (1983) provide the guidance thatice segre-
denser than those at the high-heaving site (station gation can be a problem when the highest ground-
6) at depths up to 1 m (3 ft) by about 13% (see Fig. water table or perched water table is, at any time of
4). However, when soils in the laboratory frost the year, within 152 cm (5 ft) of the subgrade
heave tests were compacted to densities approxi- surface or the top of any frost-susceptible subbase
mating those in the field, no significant difference materials.
in heave rates was observed. The highest water tables for the 1985-86 season

Reed et al. (1979) state that for a given soil (silt occurred on 4 September 1985. On this date none of
and clay mixture), samples, compacted so that a the runway stations recorded a water table within
relatively large number of large pores remained, 152 cm (5 ft) of the surface of the subbase material;
heaved at a higher rate than soils compacted to the deepest water table recorded was 265 cm (8.7 ft)
have smaller pore sizes. It is likely that less dense at station 7. Taxiway station 2 recorded a water
soil in the field would have a greater number of depth of 149 cm (4.9 ft) and station 4 recorded the
large pores and therefore have higher heave rates. highest water table at 137 cm (4.5 ft).
Dense soil would also be likely to have greater Berg and Johnson (1983) say thatif the shallow-
effective stress, all other things being equal, and est water table throughout the year is more than
thus would be more resistant to frost heave. 305 cm (10 ft) from the surface of frost-susceptible

Theprocessof freezingand thawingcould cause material, "ice segregation and frost heave may be
soil to become less dense. For example, consider a reduced." Since the water table never dropped
silty subgrade that is compacted to specifications below 305 cm (10 ft) throughout the year at any
such as to within 90% of optimum density. During monitored station, with the possible exception of
the winter, ice lenses form and cause heaving and station 7, it is reasonable to assume that the entire
separation of some of the soil particles. After thaw- runway and taxiway have ample water to sustain
ingin thespring, thewater may drain away, but the at least some ice segregation. Please note that this
weight of the surcharge (asphalt, base course and criterion is empirical, and water table depth as an

10
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Figure 5. In-situ water content determinations at stations 3 and 6
(6 August 1986).

indicator of frost heave problems will obviously test hole was silted in on 11 December and no
vary with soil type. further readings were taken.) Station 2 on the

In-situ water content determinations made on 6 taxiway, reporting the second highest water tables,
August 1985 are shown in Figure 5; the average also heaves considerably-8.5 cm (0.28 ft). Thus, it
water content by weight for the first 1 m (3 ft) of soil appears that in these cases the vicinity of the water
was 8.1% for station 3 and 17.8% for station 6. Silt table is associated with severity of frost heave;
samples taken from stations 3 and 6 in August of however, such a generalization cannot be made for
1985 were saturated, even though the water table the rest of the airport. For example, severe heave
was deeper than the horizons from which they occurred at station 6 (10.7 cm [0.35 ft]), and the
were taken. This is indicative of infiltration as a water tableat thislocation ranged between 223 and
source of water, and possibly high water retention 532 cm (7.3 and 8.8 ft) during the year.
by the soils. Capillarity may contribute to this An important aspect of water supply is that of
phenomenon as well. Weather records for the water distribution above the water table. If the
summer of 1985 show that during May through soil's "water holding capability" is the same for
July, total rainfall was less than average at 5.28 cm stations 3 and 6, higher amounts of water present in
(2.08 in.), while in August alone there was 6.81 cm the subgrade above the water table would proba-
(2.68 in.) of rainfall, 4.45 cm (1.75 in.) above the bly result in greater frost heave.
monthly average. Furthermore, Hanson*said that High water content during the summer at sta-
extensive flood irrigation occurs to the east of the tion 6, compared to that at station 3, may reflect
airport and he believes that this may increase the initial conditions at the beginning of the freezing
water content of the soils at the airport. season. The higher water content at station 6 could

The location of highest recorded heave at the result fromanumberof factors, including 1) greater
airport (16.5 cm [0.54 ft]), survey station 4 on the porosity (i.e., related to lower density), 2) different
taxiway, is in the vicinity of the highest water table soil types with different water holding capacities,
recorded at all stations on the dates of 4 September, 3) greater infiltration rates and 4) greater capillar-
1 November and 11 December. (Unfortunately, the ity. Greater capillarity is not likely to be an impor-

tant factor in this case since the soils under consid-
eration are so close to the water table surface.

Personal communication with T. Hanson, Professional Unfortunately, water retention characteristics are
Consultants, Inc., Missoula, Montana, 1986. unquantifiable with the present information. The
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greater porosity at station 6 compared to station 3 The average monthly temperatures based on a
seems likely ascribable to the density differences 29-year record, and the average monthly tempera-
already discussed. Higher infiltration in this area is tures for the 1985-86 winter are presented in Table
also possible. 5 (NOAA 1984, U.S. Weather Service 1985, 1986).

Water supply to growing ice lenses from water Data are also presented for 1978-79, the coldest
sources below the freezing front is likely to be winter in the past 15 years. Inspection of this table
limited by the hydraulic conductivity of interven- reveals that in 1985-86, the months of November
ing material, as mentioned previously. Thus, al- and December were cooler than average, while
though the entire airport has adequate water sup- Januaryand Februarywere relatively warm. Colder
ply to sustain some frost heave, an argumentcanbe years are expected as evidenced by the tempera-
made that the rate of water transport to a growing tures recorded in 1978-79.
ice lense strongly depends on hydraulic properties The air-freezing index is a quantity used during
and initial water contents in the vicinity of freezing design to predict frost penetration. It is defined as
temperatures. the number of degree-days between the highest

To summarize, the water table level varies with and lowest points on a curve of cumulative degree-
location throughout the airport. This may affect days versus time for one freezing season, and it
heave rates-especially in the locations of the high- measures the combined duration and magnitude
est water table, near station 4 on the taxiway, and of below-freezing temperatures during any freez-
the lowest water table, near station 7 on the extreme ing season. The design freezing index is defined as
southern end of the runway. Water supply to the either the air-freezing index for the coldest winter
freezing front may also be assisted by water distri- in 15 years, or the average of the two coldest win-
bution in the soil above the water table as well as ters in 30 years (Berg and Johnson 1983).
the hydraulic properties (i.e., hydraulic conductiv- The air-freezing index for 1985--86 was calcu-
ityand waterholdingcapacity) of soils between the lated to be 483°C (869°F) based on mean daily
freezing front and the water table. temperatures as published by NOAA (1985,1986).

This appears to be near "average" as shown by an
isoline map of mean air-freezing indices in North

CLIMATE America provided by Berg and Johnson (1983). The
design air-freezing index (calculated for the coldest

The Bitterroot Valley experiences cool summers winter in 15 years) was calculated to be 830°C
and mild winters. The USDA (1959) reports that (1494°F). This is 1.7 times the freezing index of
Hamilton has an average annual temperature of 1985-86.
7.8*C (46.1°F), an average January temperature of In design practice, the air-freezing index is used
-3.7°C (25.4 0F) and an average July temperature of to predict maximum depths of frost penetration.
19.90C (67.80F). Temperatures below -180C (00F) Berg and Johnson (1983) give estimates of frost
normally occur on fewer than 10 days each winter penetration depths for air-freezing indices, dry
(USDA 1959). Snowfall and rainfall are relatively unit weight and water content of soil. By use of
light-with precipitation normally ranging from theirprocedurefor 985-86,andbytakingweighted
30.5 to 25.6 cm (12 to 14 in.) annually. Thus, this averages of unit weight and water content for the
region may be classified as arid. first 1 m (3 ft) of soil, a frost penetration of 120 cm

Table 5. Monthly climatological data for Hamilton, Montana.

Average Average Average Average
mean temperature mean temperature mean temperature snowfall

1951-1980 1985-1986 1978-1979 (design year) 1951-1980
Month (OF) (CC) (F) (CC) (OF) (CC) (in.) (cm)

November 34.1 1.17 23.7 -4.58 2 2.8 4.3 10.9

December 28.3 -2.06 18.11 -7.72 18.90 -7.28 9.5 24.1

January 25.0 -3.89 31.5 -0.27 6.6 -14.11 12.5 31.8

February 31.8 -0.11 32.8 0.83 30.41 -0.89 6.2 15.7

March 36.3 2.39 39.7 4.25 8.1 20.6
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Figure 6. Mean daily surface temperatures, winter 1985-86, Hamilton, Montana.
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Figure 7. Cumulative degree-days and air-freezing index, winter 1985-86,
Hamilton, Montana.

(47 in.) is predicted for station 3 and a frost penetra- Figure 6 is a plot of the mean daily surface
tion of 97 cm (38 in.) is predicted for station 6. temperaturesforHamiltonforthewinterof1985-86
Actual frost penetration measured at the airport (1 November through 28 February) obtained from
was less than theseestimates, butnotsignificantly- NOAA (1985,1986). Figure 7 presents cumulative
the maximum frost depth measured at the airport degree-days for thesame period of time, and shows
in January 1986 was 86.4 cm (34 in.) at station 6 the air-freezing index for the season.
(readings were not taken at station 3). Frost pene- Figures 6 and 7 show the relatively steady freez-
tration predicted with the use of the design freez- ing period from 9 November (day 8) through 8
ing index s 142 cm (56 in.), about 30% greater than January (day 69), after which a warming trend
that predicted with the 1985-86 air-freezing index. (above 00C [32F1F) of 4 days is followed by 4 days of
Obviously, greater frost penetration and more frost below freezing temperatures. The day that heave
heave can be expected during a more severe win- was measured by survey, 16 January (day 77), falls
ter. at the end of this second freezing period.
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PRESENTATION OF in the laboratory when tensiometers can be care-
MONITORING DATA fully monitored and attended each day.

Description of equipment Field data
Frostdepth measurements weremadewith "frost Figure 8 shows depth the to frost front as meas-

tubes" developed at CRREL by Carbee (undated). ured with frost tubes as well as depth to the water
The tubes consist of an outer cylinder of PVC, an table for stations 1, 4 and 6 throughout the winter
end cap and a clear plastic inner cylinder contain- of 1985-86. Unfortunately, the groundwater moni-
ing a mixture of water and methyl blue. As the toring tube for station 4 was silted in on11 Decem-
water freezes, methyl blue is expelled and the ice ber 1985 and no further readings were taken.
formed is clear. The depth to the clear/blue inter- The water table fluctuated within 60 cm (2 ft) for
face is taken to be the frost depth. The end cap is both stations I and 6 throughout the winter. For
used to prevent heat loss by surface convection days 1 and 64 the water table and frost penetration
from the frost tube. depths increased for both stations.

Soil moisture tension measurements were made On day 64, at station 1, the frost penetration was
with tensiometers produced for use in the field. 69 cm (2.25 ft), while the water table had dropped
Tensiometers are generally very reliable in unfro- by 49 cm (1.6 ft). At station 6, the frost penetration
zen soil, but unreliable in frozen ground.* Two on day 64 was 81 cm (2.67 ft) while the water table
types of tensiometer behavior in frozen soil have had dropped only 15 cm (0.5 ft). Heave of the
been noted. First, as the freezing front passes, the closest survey station was compared with water
soil moisture tension measured remains high- table depression. There was no evidence of a gen-
approximately the same value recorded when the eral trend towards heave being associated with
freezing front was present. Second, the soil mois- water table depression. Any trends, however, may
ture tension falls once the freezing front passes. It is have been obscured by, first, the fact that heave
thought that the readings that remain high are the measurements were not taken at exact locations of
"more correct" of the two, as this is what happens monitoring points and, second, a general lack of

data points.
The increase in the water table for stations 3 (Fig.

9) and 6 at the time of measured maximum frost
* Personal communication with J. Ingersoll, CRREL, penetration (day 71) is possibly explained by the
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Figure8. Depth tofrostfront (frost tube measurements) and depth to water table

for stations 1, 4 and 6, winter 1985-86.
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Figure 9. Depth to water table for stations 2, 3, 5 and 7, winter 1985-86.

brief warm period for the 2 days prior to and the longer than the thermocouple data indicate. This
day of the measurement. This warm period may may be ascribable to the difference in absorbed
have caused melting that released water to the radiation noted above. It is possible that freezing
water table. No significant increase in water table temperatures exist "between" thermocouple points,
height is noted on day 78, which is preceded by as indicated by the dashed lines in Figure 10.
only 1 day of warm weather. The actual 00C isotherm in the ground does not

Water table depths for stations 2,3,5 and 7 (Fig. coincide with the freezing front and probably is
9) are similar to the curves for stations I and 6- somewhat ahead of it. This is because the soil
tending to decrease from days 1 through 64 and water, containing impurities, has a depressed freez-
generally increasing thereafter. ing point (Hallet 1978). Additionally, any adsorbed

Thermocouple data for stations 3 and 6 are pre- water has a lower freezing point than free water. It
sented in Figure 10. The data are presented in the is noted, however, that the freezing points of soil
form of a three-dimensional plot of temperature, waterin the laboratory frost-susceptibility tests are
time and depth. Frost penetration measured with within 0.07 of 00C (0.130 of 32°F); this does not
frost tubesforstation6indicatesasomewhatideeper necessarily reflect field conditions, only the aver-
freezing line than that of the 00C isotherm. This age freezing points of soil water in the laboratory
may be partially caused by relative movement of tests.
the thermocouples with respect to the frost tube. The thermocouple data give a measurement of
Another possibility is that greater heat transfer the thermal gradient in the ground and thus allow
took place at the surface of the frost tube, causing the estimation of the rate of energy loss from a
the water to freeze noticeably deeper than where given volume of soil. It is possible that the rate of
the 00C isotherm was located in the ground. A third energy loss from the soil is a factor limiting the rate
possibility is that, since the thermocouples were of frost heave. Frost penetration will result if heat
placed directly beneath the pavement, while the loss from the soil is greater than heat brought into
frost tubes were not, the pavement surface may be the soil by water flowing to the freezing front and
warmer than the adjacent area (because of ab- then freezing (Gold 1985).
sorbed short-waveradiation), thusshowingashal- Estimates of heat loss rate and the rate of heat
lower VC isotherm. input to 1 m 3 (35 ft3) of soil were made and the two

The thermocoupledatashow moresensitivityto quantities were compared. The results are pre-
fluctuations in surface temperatures than do the sented in Table 6. Many assumptions had to be
frost tubes. Frost remains in the ground much made to do these calculations, and they are listed in
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Figure 10. Soil temperature variation with depth and time, winter 1985-86.

Appendix B along with all the data used, adescrip- on 16 January, assuming that heave began on 12
lion of the procedure followed and a sample calcu- November.
lation. The most important assumption was that Table 6 reveals that, in the beginning of the
the rate of water flow to the freezing front was freezing season, theratiosofheatlossratetorateof
constant throughout the winter and equal to the heat input for stations 3 and 6 are relatively high
rate required to sustain the frost heave measured and approximately the same. As the freezing sea-
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Table 6. Estimated rates of heat loss to rate of Soil moisture tension data are presented in the

heat input for soil near freezing front at moni- same manner as soil temperature information (Fig.
toning stations 3 and 6, Ravalli County Airport. 11).

On Figure 11 a, the tensiometer readings at the
Estimated depth of 112 cm (3.67 ft) are 0.0 for the entire season

depth of after day 41. These values are suspect because of
frost penetration their constancy with time and because they indi-

Date (ft) (cm) Station 3 Station 6 cate saturated (or near saturated) conditions. The
12 November 0 0 7.7 7.2 groundwater table is measured at depths ranging

from 244 to 274 cm (8.0 to 9.0 ft) for the entire
24 November 1.0 30.5 6.1 8.3 freezing season and earlier readings indicate sig-

nificant tension at 112 cm (3.67 ft). Therefore, it is
7 December 2.1 64 5.7 2.9 likely that the reading of 0.0 is incorrect. A reading

of 0.0 at a depth of 44 cm (1.45 ft) is also unlikely to
10 January 2.8 85 4.6 1.4 be accurate for thesame reasons. Hanson* recorded

these values and recalls having difficulty with the
son progressed, however, the ratio of heat loss rate tensiometers beginning in mid-January. The ten-
to rate of heat input at station 6 became signifi- siometers may have been broken by freezing or
cantlysmallerthanthatforstation3.Thisindicates frost heaving; thus, the contours were omitted
better ice lens growth conditions at station 6. from the appropriate regions in Figure I1b.

The difference in heat loss/heat input ratios Figure 1lb shows high tensions (30-40 kPa)
between the two stations are related primarily to existing near the freezing front, especially from
the differences in thermal gradients and the flow days 38 through 71 when the frost penetration rate
rate of water to the freezing front assumed; the had leveled off compared to the beginning of the
differences in thermal conductivities assumed are freezing season. This behavior is as expected since
not large. Since station 3 had a significantly lower relatively high freezing rates in the beginning of
assumed rate of water flow to the frost front, this theseason would probably not permit the develop-
would tend to result in higher ratios of heat loss ment of hightension. The actual tension was proba-
rate to heatinput rate. However, the thermalgradi- bly higher than the measurements indicated be-
ents at station 3 were lower than those at station 6 cause of the length of time between readings. Past
in the early season, but higher later in the season. work has shown that very steep moisture tension
For both stations the thermal gradients were rela- gradients exist near the freezing front; the actual
tively high early in the season when most of the value of moisture tensions at the freezing front can
frost penetration occurred. It is therefore reason- be 70 kPa or higher.t
able to assume that most of the frost heave occurred Based on the results shown in Figure 12, hydrau-
after early December, when the rate of heat loss lic conductivities of soils near the freezing front
from station 3 was notably higher than the rate of (experiencing soil moisture tensions of 40-70 kPa)
heat loss from station 6. are on the order of magnitude 10 cm/s. When this

The differences in frost heave observed at sta- flow rate is compared with estimated flow rates
tions3and 6at RavalliCounty Airport appear tobe required for frost heave (see Table 4), it becomes
influenced by the rate of heat loss from the ground apparent that they possibly limit the rate of heave.
as well as the hydraulic conductivity of the mate- (In the Frost Heave and Soil Type section, it was
rial between the water table and the freezing front, determined that the hydraulic conductivities of a
as previously discussed. Heat loss rate versus rate larger portion of the soil, below the freezing front,
ofheatinputcanbelimitedbytherateofwaterflow may also be limiting frost heave rates.) Note that
(Gold 1985). There is no obvious explanation why the estimate of heave rate was based on only one
the rate of heat loss from station 3 is greater than frost heave measurement, so these conclusions
that at station 6 late in the freezing season, except should still be considered tentative. More frequent
forthepossibilityoflimitedwaterflow.Theairport measurements of both heave and soil moisture
is flat and very open, so conditions at the surface
would be nearly the same. The water content of
soils near the freezing front would be important, as * Personal communication with T. Hanson, Professional
water has a very high capacity to store and trans- Consultants, Inc., Missoula, Montana, 1986.
port heat; I don't have enough information regard- t Personal communication with E. Chamberlain, CRREL,
ing the field conditions to comment further. 1986.
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Figure 11. Soil moisture tension variation with depth and time, winter 1985-86.

tension would have allowed for a more accurate estimation of rates of heat loss and these were
determination of thecontribution of limitsonwater compared with heat input rates. The comparison
flow rate to frost heave rate. revealed a much higher heat-loss-rate-to-rate-of-

Figure 1 la shows that during the frost penetra- heat-input ratio for a low heaving site than a high
tion period, soil moisture tension gradually falls off heaving site during the part of the freezing season
above the freezing front, while Figure Ilb shows when most of the frost heave occurred. This was
soil moisture tension rapidly falling off, then in- primarily a function of both the thermal gradients
creasing towards the surface. The trend shown in and water flow rates. The tensiometers show in-
Figure 1 lb could be caused if only one tensiometer creasing soil moisture tension in the vicinity of the
(placed at the 40-cm [1 3-ft] depth) gave incorrect freezing front, as expected; however, readings in
readings after the passing of the freezing front As frozen soil are unreliable. Furthermore, the maxi-
mentioned earlier, tensiometer readings in frozen mum tensions reached were likely to be higher
soil are not well understood, and readings above than those recorded, and the unsaturated hydrau-
the freezing front were therefore not considered. lic conductivity of soils near the freezing front at

In summary, thermocouple data allowed an station 6 may possibly limit water flow to ice lenses.
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it is a cause, effect or both cause and effect of frost
0 I I heave is uncertain.

There is a strong possibility that saturated hy-
draulic conductivities of subgrade materials near
the water table at Ravalli County Airport limit frost

164 _heave. Specifically, it is likely that the relatively
large hydraulic conductivity of a shallow gravel
layer near the southern end of the airport allows the
water flow required to sustain large amounts of
frost heave.E

10- __ Water availability probably affected rates of
7 - heave at the airport. In addition to the hydraulic

conductivity differences already noted, station 6
- had significantly higher in-situ water content than

2 7 ft (82 cm) station 3 in the depth of soil likely to be penetrated
p - by freezing temperatures. Minimum depths to the

water table (less than 1.52 m [5 ft]) occurred in areas
of very high heave and maximum depth of water

16-2c - table (greater than 3.05 m [10 ft]) in areas of low(49-61cm)

heave. Between these extremes no consistent trends
16-' 7of heave versus depth of the water table were

noted. According to empirical criteria prescribed
0.5-I.Oft(15-30 cm) by Berg and Johnson (1983), it is likely that the

entire airport has adequate water supply to sustain
considerable heave, with the possible exception of

-o survey station 48+00 on the runway.
0 20 40 60 The winter of 1985-86 was not exceptionally

Tension (kPo) cold and frost penetration during a severe winter

Figure 12. Unsaturated hydraulic may be expected to be about 30% greater, with an

conductivity curves at station 6. unknown increase in frost heave.
Soil temperature data at stations 3 and 6 allowed

the determination of thermal gradients in the vicin-
ity of the freezing zone at various times throughout
the season. This led to the estimation of heat loss

CONCLUSIONS rate by the use of Fourier's Law. The rate of incom-
ing heat was approximated based on estimates of

In this report information gathered at Ravalli water flow to the freezing front. Comparisons of
County Airport was presented and analyzed in estimated rates of heat loss to incoming heat re-
termsof the three factors necessary forfrostheave- vealed that this ratio was significantly lower for
frost-susceptible soil, water availability and freez- station 6 than station 3 during the period that most
ing temperatures. The study focused on two areas of the heave was likely to be happening. This is a
on the runway--survey stations 26+00 (station 3) result of differencesin the assumed water flow rate
and 43+50 (station 6), low-heaving and high-heav- and the thermal gradients in the soil at that time.
ing sites respectively. Tensiometer data, which revealed high moisture

With regard to soil frost-susceptibility, prelimi- tensions near the freezing front, indicate that un-
nary study revealed that all soil at the airport at saturatedhydraulicconductivitiesin thevicinityof
depths of 1 m (3 ft) or less should be considered the freezing zone may sometimes limit frost heave
highly frost-susceptible. Testing also revealed the by limiting water flow.
tendency of base course "gravels" (classified ac- Based on the results of the field analysis sununa-
cording to the Unified Classification System as silty rized in this report, and the laboratory study re-
sand) to be somewhat frost-susceptible. Further- ported elsewhere (Henry, in press), the following
more, there is no clear tendency for either base design alternatives are suggested to improve the
course or subgrade soils to differ in frost-suscepti- frost heave behavior at Ravalli County Airport.
bility between stations 3 and 6. Low density soil 1. Results of the laboratory tests suggested that
was noted in the vicinity of station 6, but whether a polypropylene fiber geotextile may considerably
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reducefrostheaveif properly selected to minimize Henry, K.S. (1987) Frost heave monitoring data
fabric contamination and placed in the silty sub- from Ravali County Airport, Hamilton, Montana,
grade. Since this has not yet been tested in the field, 1985-1986. USA Cold Regions Research and Engi-
a test section could be built under a noncritical neering Laboratory, Internal Report.
pavement section at Ravalli County Airport with a National Oceanic and Atmospheric Administra-
polypropylene geotextile in the subgrade instead tion (NOAA) (1984) Clirnatography of the United
of at the subgrade/base course interface. Another States No. 20. Period: 1951-1980. Asheville, N.C.:
test section could be constructed where geotextiles Dept. of Commerce, NOAA, National Environ-
are placed both in the subgrade and between the mental Satellite, Data, and Information Service,
subgradeand base course. Thegeotextileshould be National Climatic Data Center.
placed above the water table and at a depth greater National Oceanic and Atmospheric Administra-
than at least 50% of maximum probable frost pene- tion (NOAA) (1985) Local climatological data.
tration. AtRavalli CountyAirport, this would be at Monthly summaries.
about 91-122 cm (3-4 ft). National Oceanic and Atmospheric Administra-

2. The base course "gravel" should be removed tion (NOAA) (1986) Local climatological data.
and replaced with a clean gravel containing less Monthly summaries.
than 3% of particles finer than 0.02 mm. Reed, M.A., C.W. Lowell, A.G. Altschaeffl and

3. The subgrade soil should be removed to a LE. Wood (1979) Frost-heaving rate predicted from
depth of 145 cm (4.75 ft), the depth of maximum pore-sizedistribution. Canadian GeotechnicaIJoumal,
probable frost penetration, remixed and compacted 16: 463-472.
into place to achieve more uniform frost heave. Sayles, F., D. Carbee and D. Van Pelt (1974) Data
Compaction should be as close to optimum as is report: Cyclic freeze-thaw frost susceptibility and
practical. thermal conductivity testing on a gravelly silty

4. A properly designed filter fabric should be sand core material for earth dams. USA Cold Re-
placed between the subgrade and the base course gions Research and Engineering Laboratory. Con-
gravel to act as a separator. If a nonwoven polypro- tract report for Bay Energy Corporation, Montreal,
pylene geotextile (or a geotextile composed of fi- Quebec.
bers that have similar surface properties to pol- Taber, S. (1930) The mechanics of frost heaving.
ypropylene regardingaffinity for water) is chosen, Journal of Geology, 38: 303-317.
it will probably help reduce frost heave, too. Terzaghi, K. and RLB. Peck (1967) Soil Mechanics in

Engineering Practice (Second edition). New York:
John Wiley and Sons.
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APPENDIX A: BORING LOGS AND GRAIN SIZE DISTRIBUTION CURVES
OF RAVALLI COUNTY AIRPORT SOILS

DATE: 8-6-85 No I Runway
PROJECT LOCATION: Hamilton, MT TyPCBackhOe LOCATION 43+50-42'Lt.

Z II

... 2 ATE'.,AL DESCRIPTION 0..

SAND, gravelly w/cobbles to 6"
12 slightly moist, med. grayish brown

SILT, organic, moist, dark grayish
brown 1A

2
1. SILT, sandy, moist, light greenish

tan 1B

GRAVEL, sandy w/cobbles to 10",
moist to wet, med. grayish brown. iC

4

5

6 4" GW monitoring pipe

installed to 9.5

1 1/2" FT frost tube installed
to 7.5'

7

@ 9.0 feet

Figure Al. Soil boring logs from Ravalli County Airport.
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DATE: 8-6-85 No 2 Runway
PROJECT LOCATION: Hamilton, MT Type:Backhoe LOCATION 46+00-42'Lt.w -

SAND, gravelly w/cobbles to 6",. asli. moist, med. grayish tan

SILT, slightly organic, moist, med.
13 grayish brown 2

2 6 SILT, sandy, moist, tan 2B

GA L, sandy w/cobbles to 0", 2C

3 moist to wet, med. grayish brown

4

5

6

7

Groundwater_

9

Figure Al (cont'd). Soil boring logs from Ravalli County Airport.
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DATE: 8-6-85 NO 3 Runway
PROJECT LOCATION: Hamilton, MT TTPE;Backhoe LOCATION 48+00-42'Lt.

MATERIAL OLSCRIPTION CL z

SILT, sli. gravelly, sli. moist,
9 med. grayish brown

SILT, organic, sli. moist, dark
grayish brown 3A

2 1 SILT, sandy, sli. moist, tan 3B

GRAVEL, sandy w/cobbles to 10"

moist to wet, med. grayish bnown 3C

4

5

4" GW monitoring pipe installed to
9.5 feet

6
3" BM Benchmark installed to
9.5 feet

7

V Groundwater
@ 7.5 feet

8

9

Figure Al (cont'd).

23



DATE: 8-6-85 NO 4-Taxiway
PROJECT LOCATIOHW Hamilton, MT TYPE:Backhoe LOCATION. 30+50-20 Lt.

_ 4

0MATERIAL DESCRIPTION 0. 0

1cc 7. a

6 TOPSOIL, sandy w/gravel, dry, tan

GRAVEL, silty to sandy, sli. moist
1 r med. reddish brown

2 3 TOPSOIL, organic, silty, moist, dk.gray

SAND, silty, moist, dark grayish
i brown 4A

SAND, silty, moist to wet,
3 6 dark grayish brown 4B

GRAVEL, silty to sandy, wet, iron
stained, dark reddish brown 4C

5

V Groundwater _
@ 5.5 feet

6 4" GW monitoring pipe installed to
9.5 feet

3" BM Benchmark installed to 8.5 feet

7 1 1/2" FT Frost tube installed to
6.0 feet.

9

Figure Al (cont'd). Soil boring logs from Ravalli County Airport.
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DATE: 8-6-85 No 5-Runway
PROJCCT LOCATION: Hamilton, MT TYPE

:
BackhOe LOCATION. 30+50-42'Lt.

w i MATERIAL DESCRITO 0.*

SILT, organic, w/some gravel and
sand, sli. moist, dark gray

20

SILT, sli. organic, moist, dark gray
5A

3

4 GRAVEL, clayey, wet, med. brown
5

9 SILT, clayey, wet, yellowish brown 5B

GRAVEL, sandy w/cobbles, wet to
saturated, med. brown

34 Groundwater _
7 @ 6.8 feet

Figure Al (cont'd).
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O*TE: 8-6-85 NO 6-Runway

PROJECT LOCATION: Hamilton, MT TrE
:
Backhoe LOCATI$ON 40+00--42'Lt.

MATERIAL DESCRIPTION 0.

SILT, gravelly, sli. organic, sli.S moist, dark gray

SILT, sli. organic, sli. moist,
2 dark gray

26

3

4 SILT, sandy, moist, yellowish tan.

2

GRAVEL, sandy, with cobbles, wet,
6 med. brown

6 Groundwater

@ 6.5 feet

Figure Al (cont'd). Soil boring logs from Ravalli County Airport.
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DATE: 8-6-85 No 7-Runway
PROJECT LOCATION: Hamilton, MT TYPECBackhO

e  
LOCATION 36+00-42'Lt.

0 .

MATERIAL DESCRIPTION .xmso

GRAVEL, silty to sandy, dry, med.
grayish brown

SILT, organic, sli. moist, dark gray

2 2

3 ..

SILT, clayey, moist, med. grayish tan
14

4

6 GRAVEL, clayey, dark grayish brown

5 GRAVEL, sandy to silty w/cobbles to
10", wet, med. grayish brown

6
V Groundwater _

@ 6J3 feet

7

41 GW Monitoring pipe installed to
9.5 feet

9

Figure Al (cont'd).
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DATE: 8-7-85 NO. 8-Runway
PROJECT LOCATION: Hamilton, MT TPE

: B a c
khO

e  
LOCATION: 26+00-42 Lt.

a _
x 0 14

MATERIAL DESCRIPTION a.

TOPSOIL, gravelly to silty, dry, med.
grayish brown

GRAVEL, w/some cobbles to 6", sandy
to sli. silty, dry, med. grayish
brown

SILT, gravelly.to sandy, dry, med. gray

2 5 SILT, gravelly,dry, med. grayish green

SILT, organic, moist, dark gray

0 8A

4 GRAVEL, clayey, gravelly, moist,
medium greenish tan

8B
0

5

6 GRAVEL, sandy, wet, medium brownish
gray.

4* GW Monitoring pipe installed to
9.5 feet

3" BM Benchmark installed to 9.5
feet

B

9 V Groundwater
@ 9.0 feet

Figure Al (cont'd). Soil boring logs from Ravalli County Airport.
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DATE: 8-7-85 NO 9-runway
PROJECT LOCATION: Hamilton, MT TYPc: Backho e  

LOCATION 17+00-42 Lt.

° 0
* U~~ATERIAL DESCRIPTION 0 - *

U) -

TOPSOIL, silty to gravelly, dry, med.
grayish brown

o GRAVEL, silty to sandy w/cobbles to
6", dry, light grayish tan

2
SAND w/gravel, silty, moist, dark

8 grayish brown 9A

3

4 .
SAND, silty, "brackish" odor, moist
to wet, dark brownish gray.

6 9B

6

7
SILT, sandy, wet, med. grayish

0 green 9C

GRAVEL, sandy, saturated, med. brown

y Groundwater
@ 8.3 feet

4" GW Monitoring pipe installed to
9 9.5 feet

1 1/2" FT Frost tube installed to 6.5
feet

Figure Al (cont'd).
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OATE: 8-7-85 wo 10-TaxiwayPROJECT LOCATION: Hamilton, MT TYPE
: B a c k h

o
e  

LOCATiON: 20+00-20 Rt.

z J
0 4

MATERIAL DESCRIPTION L.Eo
coz

TOPSOIL, silty to gravelly, dry,

91 med. brownish gray.

GRAVEL, silty to sandy, sli. moist,
med. grayish brown

SAND, silty, moist dark brownish

2 8 gray
10A

3 SAND, silty, wet, dark grayish brown loB

SAND, silty, wet, medium greenish oc
gray

4

GRAVEL, clayey w/some cobbles, wet,
medium orange to greenish tan

3

6 Groundwater -
@ 6.0 feet

GRAVEL, sandy w/cobbles, med. grayish
tan

7
4" GW Monitoring pipe installed to
9.5 feet

9

Figure Al (cont'd). Soil boring logs from Ravalli County Airport.
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APPENDIX B: SOLUTION TO SOIL HEAT TRANSFER PROBLEM

Objective
The objective here is to determine whether heat loss rate was more likely to limit

rate of frost heave at station 3, a low heaving site, than station 6, a high heaving site.

Approach
An energy balance was conducted on a 1-M3 (35-ft) volume of soil near the

freezing front at several dates throughout the winter. Heat loss from the soil volume
was compared to heat added by incoming water and the freezing of that water.

Assumptio.-s
1. There was no water flowing through the system.
2. There was no convective heat transfer.
3. Heat transfer was one-dimensional in the vertical direction.
4. Rate of mass flow of water to the soil volumes was constant throughout the

winter and estimated by average heave measured on 16 January 1986 divided by 65
days (time between 12 November, assumed onset of soil freezing, and 16 January).
The average flow rate used for station 6 (located at 53+50) considered heave at
survey stations 41+00 through 48+00, and the average flow rate used for station 3
(located at 26+00) considered heave for stations 24+00 through 28+00.

5. Thermal conductivity of soil, k, is accurately estimated by empirically based
curves presented in TM-5-852-6 (U.S.Army 1966). An average thermal conductivity
for unfrozen and frozen soil is adequate. Furthermore, the estimates based on in-situ
dry densities and water contents measured on 6 August 1985 are sufficient. Thermal
conductivity of the soil located at the freezing front is preferable to averaging it with
the thermal conductivity of soil above the freezing front.

6. The thermal gradient in the vicinity of the freezing front was assumed adequate
for these calculations.

7. Frost penetration was the same at both stations and equal to that shown by frost
tube measurements made at station 6.

8. All water added to the soil volume is frozen.

Data used
1. cp, specific heat of water at 273.15 K = 4217 J/kg K (see Table B1 for English

conversions).
2. 1, latent heat of fusion of water = 3.33 x 10 J/kg.
3. Thermal conductivities of soils (from TM-5-852-6 [U.S. Army 19661)

Depth k
(cm) (ft) (W/m K)

station 3 6.1 0.2 2.6
30.5 1.0 3.0
64.0 2.1 1.7
85.0 2.8 1.6

station 6 6.1 0.2 1.7
30.5 1.0 1.7
64.0 2.1 1.6
85.0 2.8 1.6
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4. Mass flow rate of water to 1 m3 of soil at station 3

0.632 x 10- 5 kg/s

Mass flow rate of water to 1 m3 of soil at station 6

1.12 x 10-5 kg/s

5. Average thermal gradients (obtained from Fig. 10)

Depth of Thermal gradient,
frost penetration AT/Ay(C/rn)

Date (ft) (cm) station 3 station 6

12 November 0.0 0.0 10.1 11.9
24 November 1.0 30.5 7.7 11.9
7 December 2.1 64 8.2 6.6
10 January 2.8 85 5.7 3.4

Calculations

Heat loss rate from the soil was calculated by Fourier's Law

qo=kAA 77Ay

whereqo = heat loss rate (W)
k = thermal conductivity (W/m K)
A = cross-sectional area perpendicular to heat flow (m)

A17Ay = thermal gradient (K/m)

Heat added to the soil was calculated by the following equation:

qi = nc Cp (AT/Ay) + ?h (1)

where qj = rate of heat added to the soil (W)
nh = mass flow rate of water to the soil volume (kg/s)
c = specific heat of water (0/kg K)
I = latent heat of fusion U/kg).

Sample calculation

On November 24 the frost penetration was approximately 30.5 cm (1 ft). At this
depth on this day at station 3, AT/Ay 8.2 K/m and k a 1.6 W/m K. Therefore

% = 1.6 W/m K (1 m2) (8.2 K/m) = 13.12 W

qi= 6.32 x 1O- kg/s (4217 J/kg K) (1.6W/m K)

+ 6.21 x 1O-6 kg/s [3.33 x 10-3 (/kg)] = 2.15 W.

qo/qi = 13.12/2.15 = 6.1.
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Table B1. Conversion factors.

Specific heat- 1 J/kg K = 2.3886 x 10- 4 Btu/lbm OF
Latent heat: 1 J/kg = 4.2995 x 10- 4 Btu/lbm
Thermal conductivity: 1 W/m K = 0.57782 Btu/hr ft °F
Mass flow rate: I kg/s = 7936.6 ibm/hr
Thermal gradient: 1°C/m = 0.16934°F/ft
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