





Figure 19. Chart. Temperature and ER trends at 1.02 m (3.35 ft) for site 50-1002 during
winter season 2000-2001.
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CHAPTER 6. LTPP DATA USED FOR FROST DETERMINATION

During Phase I of the project, the research team assessed the availability of the LTPP data
needed to support the enhanced algorithm for evaluation of frost penetration. This assessment
included data utilized by the existing FROST procedure and the LTPP data that will be utilized
by the enhanced FROST procedure. The results of the assessment are summarized in this section.

DATA REQUIRED FOR E-FROST ANALYSIS

The following LTPP database tables containing subsurface temperature, electrical resistivity, and
moisture data were used to determine frost penetration under bound pavement layers:

e SMP ERESIST AUTO ABF—Contains new ER measurements (VOLTAGE and
RESISTANCE) for SMP II sections.

e SMP ERESIST AUTO—Contains automated electrical contact voltage data for each
electrode number.

e SMP ERESIST MAN 4POINT—Contains manually collected four point electrical
contact resistance measurements:

o Voltage reading between voltage electrodes.
o Electrical current reading between current electrodes.
o Computed electrical resistivity.

e SMP_ERESIST MAN CONTACT—Contains manually collected two point electrical
contact resistance measurements:

o Voltage reading between electrodes.
o Electrical current reading between electrodes.
o Computed contact resistance between two electrodes.

e SMP ERESIST DEPTHS—Contains depth from the pavement surface for each
electrode.

e SMP MRCTEMP AUTO DAY STATS—Contains daily pavement subsurface
temperature for the thermistors in the MRC thermistor probe closest to the surface.

e SMP MRCTEMP_ DEPTHS—Contains the installed thermistor depth.

e SMP ERESIST ABF REF VA—Contains background information related to ER
measurements using ABF equipment for SMP II sections (this table is not be used
directly in the ER data processing).

e SMP TDR AUTO MOISTURE—Contains computed volumetric moisture content in
percentile form.

e SMP TDR MANUAL MOISTURE—Contains volumetric moisture content in
percentile form based on most probable value of apparent length interpreted from manual
TDR trace.
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e SMP TDR DEPTHS LENGTH TDR DEPTH— Contains depth from pavement surface
to TDR probe in meters.

Data from 1993 to 2001 were used to reinterpret previous frost estimates, and data from 2001 to
2004 were used to develop new frost estimates.

DATA REQUIRED FOR EICM ANALYSIS

In applying the EICM, the project team used section-specific data where they were available and
pertinent to subsurface temperature prediction. The actual climatic measurements, layer, and
material information collected at the site were used as inputs to the EICM. These measurements
are included in the following tables:

e INV_ID—Contains longitude, latitude and elevation information.
e INV_GRADATION—Contains information about particle sizes.

e TST LO5B— Contains information about number of layers, layer and material type and
layer thickness.

e TST UGO4 SS03—Contains information about plasticity index.

e TST SS11—Contains hydraulic conductivity and initial water content information.

e TST UGO09—Contains hydraulic conductivity information.

e SMP ATEMP RAIN DAY—Contains daily air temperature and rainfall statistics.

e SMP ATEMP RAIN HOUR—Contains hourly ambient air temperature and rainfall.
e SMP DRY DENSITY—Contains subgrade dry density measurements.

e SMP ELEV_AC DATA—Contains AC surface elevation measurements.

e SMP ELEV_PCC DATA—Contains PCC surface elevation measurements.

e SMP _GRAV_MOIST—Contains pavement subsurface gravimetric moisture content.

e SMP MRCTEMP AUTO DAY STATS—Contains daily pavement subsurface
temperature statistics.

e SMP WATERTAB DEPTH MAN-—Contains automated data on the depth to ground
water table.

e CLM VWS TEMP DAILY—Contains daily temperature data.
e CLM VWS WIND DAILY—Contains daily wind data.
e AWS DAILY DATA—Contains daily temperature and wind data.

Default or assumed values were used for some of the required data elements that were not
included in the LTPP database. The climatic data from the National Climatic Data Center for a
specified longitude and latitude were used where section-specific weather data were not
available. These climatic data are integrated in the EICM program. EICM inputs are provided in
appendix B.
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ANALYSIS DATABASE SUMMARY

The data from the LTPP tables discussed above were assembled in the analysis database. All
records were organized by LTPP site, date, and measurement depth. For each analysis site and
date, up to 35 records containing ER, temperature, and moisture data were prepared—one for
each analysis depth.

One of the issues in processing electrical resistivity, moisture, and soil temperature data was that
these data elements are measured at different depths. Therefore, data manipulation was required
to correlate various electrical resistivity, soil temperature, and moisture values. To preserve the
same interpretation depths as were used in the previous LTPP frost studies,” linear interpolation
was used to obtain soil temperature and moisture values at the ER interpretation depth. In the
previous LTPP frost studies, ER interpretation depth was defined as a middepth between two
neighboring electrodes, resulting in 35 analysis depths for 36 electrodes included in the
resistivity probe.

Only dates that had either ER or temperature data were included in the analysis database.
Records for the months with the minimum monthly temperature above +1 °C and with no ER
data were not included in the analysis database because no freeze conditions are possible when
temperatures are above +1 °C.

EICM-predicted temperatures were added to the database to fill in the gaps in measured
temperature data. EICM predictions were provided only for the sites that had sufficient site-
specific EICM inputs. Only gaps of less than one month were filled with EICM predicted
temperature values. Source of temperature data was specified in the analysis database to
differentiate between measured and predicted temperature data.

Table 5 summarizes the number of records that were assembled in the analysis database for each
of the 41 LTPP SMP sites included in the frost study. As can be seen, measured temperature data
were the most complete data element, corresponding to the largest number of records in the
analysis database.
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Table 5. Summary of data assembled for frost penetration analysis.

Number Number Number Number
State SHRP anrs D?ys Minimum | Maximum of ER of of EICM- of .
code D with with date date data measured | modeled Volumetrlc
data data temperature | temperature | moisture
records records records records
4 (AZ) 1024 4 22 9/14/1995 | 11/19/1998 770 490 0 561
8 (CO) 1053 5 285 7/1/1993 9/26/1997 1,320 9,286 0 587
9 (CT) 1803 5 277 8/19/1993 | 10/16/1997 | 1,375 9,102 0 1,042
16 (ID) 1010 5 355 10/1/1993 | 6/26/1997 1,235 10,596 1,157 1,031
18 (IN) | 3002 4 250 9/8/1995 9/28/1998 412 8,273 0 280
20 (KS) | 4054 4 117 8/25/1995 | 11/19/1998 694 3,671 0 477
23 (ME) | 1026 5 466 9/16/1993 | 10/21/1997 | 1,324 15,801 0 888
24 (MD) | 1634 4 142 5/12/1995 4/8/1998 978 4,445 0 823
25 (MA) | 1002 2 83 9/1/1993 10/26/1994 490 2,625 0 227
27 (MN) | 1018 7 568 8/24/1993 9/8/1997 1,569 19,022 0 628
27 (MN) | 1028 5 835 9/9/1993 9/10/1997 1,352 28,844 0 691
27 (MN) | 4040 5 629 9/22/1993 9/9/1997 1,420 20,448 1,088 767
27 (MN) | 6251 10 1,486 | 9/15/1993 10/8/2003 2,110 50,401 774 1,128
30 (MT) | 0114 5 896 7/16/2000 | 9/22/2004 7,876 30,038 0 26,000
30 (MT) | 8129 6 326 8/12/1992 | 10/1/1997 1,728 10,194 0 498
31 (NE) | 0114 7 441 8/8/1995 7/11/2002 1,203 13,382 0 637
31 (NE) | 3018 9 724 8/11/1995 | 12/31/2003 1,446 22,852 1,922 825
32 (NV) | 0101 6 355 11/6/1996 | 3/19/2003 4,267 10,399 0 4,889
32 (NV) | 0204 2 67 12/1/1996 9/9/1997 239 2,234 0 196
33 (NH) | 1001 5 417 10/14/1993 | 10/22/1997 | 1,219 14,078 0 652
34 (NJ) | 0504 3 170 2/11/2002 | 3/13/2004 1,915 3,924 0 0
34 (NJ) | 0505 3 186 2/11/2002 4/7/2004 2,695 3,925 0 0
34 (NJ) | 0506 3 179 2/1/2002 4/7/2004 1,610 2,579 1,285 0
34 (NJ) | 0507 3 174 2/2/2002 4/7/2004 1,295 3,913 0 0
34 (NJ) | 0902 3 147 3/26/2002 4/7/2004 2,415 3,363 87 0
36 (NY) | 0801 10 913 8/23/1995 | 3/31/2004 | 15,408 29,258 1,713 11,141
36 (NY) | 4018 5 442 10/28/1993 | 10/14/1997 | 1,252 14,961 0 707
39 (OH) | 0204 2 45 3/18/1998 | 10/14/1999 504 1,290 0 282
39 (OH) | 0901 6 720 1/1/1998 | 10/16/2003 1,218 22,360 2,354 562
42 (PA) | 1606 8 656 8/10/1995 | 10/15/2003 1,715 21,950 0 1,410
46 (SD) | 0804 9 1,113 | 7/15/1994 | 12/16/2003 | 22,741 36,826 0 15,384
46 (SD) | 9187 4 344 7/19/1994 | 9/23/1997 827 9,759 1,928 629
49 (UT) | 1001 5 143 10/14/1993 | 9/24/1997 1,155 3,999 0 894
49 (UT) | 3011 5 281 8/3/1993 9/22/1997 1,338 9,367 0 765
50 (VT) | 1002 10 1,270 | 10/7/1993 | 11/30/2003 | 12,278 42,387 941 11,498
56 (WY) | 1007 5 393 8/11/1993 | 9/30/1997 1,285 13,147 0 989
83 (MB) | 1801 11 2,116 | 10/13/1993 | 11/10/2003 | 27,051 60,475 0 20,476
83 (MB) | 3802 6 458 10/15/1993 | 11/5/1998 1,150 13,268 0 643
87 (ON) | 1622 5 469 9/23/1993 | 10/30/1997 | 1,393 15,864 0 947
89 (QC) | 3015 9 1,605 | 9/30/1993 6/6/2001 1,635 55,570 0 1,044
90 (SK) | 6405 6 755 10/6/1993 | 5/31/1999 1,255 25,815 0 1,031
Total Records 135,162 | 680,181 13,249 111,229
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CHAPTER 7. FROST PENETRATION ANALYSIS RESULTS

DATA ANALYSIS SUMMARY

Using the E-FROST research analysis tool, all previously processed sections with ER data were
reprocessed using the enhanced analysis methodology presented in chapter 4, and new frost
depths and layer estimates were determined. In addition to the reinterpretation of the previously
processed data, all SMP II sections with ER data that had not been previously analyzed were
analyzed using E-FROST, and new frost depths and layer estimates were prepared for the LTPP
database upload. The analysis results, as well as the LTPP computed parameters developed under
this project, were reviewed thoroughly.

Frost penetration analysis was conducted for 41 LTPP sites from the SMP I and II experiments.
The schematic location of LTPP sites used in the frost penetration analysis study is shown in
figure 21. Data from 21,953 dates were analyzed, and frost penetration depths were estimated.
There were between 2 and 11 years of data analyzed for the different LTPP sites. Detailed frost
penetration results were reported in two LTPP computed parameters tables discussed later in this
chapter.

Figure 20. Picture. Locations of LTPP SMP sites analyzed in this study.
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FROST OBSERVATIONS

Observations discovered during the project are described in this section.
Severity of Frost Penetration

Using the results of the frost penetration analysis, average and maximum frost depths were
determined, along with the first and the last cold month with freeze conditions for each LTPP
site with in-situ measurement data. This information could be used to assess the severity of frost
penetration at different LTPP sites.

Maximum freeze depth corresponds to the maximum frost depth for the year with the deepest
frost penetration detected during the analysis. Maximum frost depth is used in the design to
account for the worst case scenario.

Average maximum freeze depth corresponds to the average of maximum frost depths based on
all years used in the analysis and represents average or typical frost penetration conditions.

The first and the last months with freeze conditions are based on the worst case scenario. These
months were determined by reviewing frost data for all available years and selecting the earliest
month at the beginning of the freeze period and the latest months at the end of the freeze period.
A summary of frost determinations is provided in table 6.

Frost penetration profiles generated for all Minnesota, Manitoba, and Saskatchewan sites and site
4018 in New York indicate that frost penetration goes beyond the last interpretation depth. For
Arizona site 1024 and Nevada site 0101, the first interpretation depth was lower than the
expected frost penetration depth. These cases are noted by starred comments in table 6.
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Table 6. Summary of frost determinations.

STATE | SHRP Number of Average max Maximum First freeze | Last freeze
CODE ID years analyzed | freeze depth, m | freeze depth, m month month
4(AZ) | 1024 4 * * -- --
8(CO) | 1053 5 0.336 0.374 DEC FEB
9(CT) 1803 5 0.544 0.794 JAN MAR
16 ID) | 1010 5 0.763 0.864 NOV FEB
18 (IN) | 3002 4 1.036 1.213 DEC FEB
20 (KS) | 4054 4 1.056 1.056 JAN FEB
23 (ME) | 1026 5 1.107 1.819 NOV APR
24 (MD) | 1634 4 0.436 0.436 FEB FEB
25 (MA) | 1002 2 1.017 1.017 JAN MAR
27 (MN) | 1018 5 1.791 2.181%** NOV APR
27 (MN) | 1028 5 2.275 2.386%** NOV APR
27 (MN) | 4040 5 1.900 2.317%** NOV MAY
27 (MN) | 6251 10 2.126 2.308*** NOV APR
30(MT) | 0114 5 1.165 1.256 NOV MAR
30MT) | 8129 6 0.793 1.082 NOV MAR
31(NE) | 0114 7 0.844 1.173 DEC MAR
31 (NE) | 3018 9 1.289 1.679 DEC MAR
32(NV) | 0101 6 ** * — —
32 (NV) | 0204 2 0.612 0.612 DEC JAN
33(NH) | 1001 5 0.954 1.394 DEC MAR
34 (N)) | 0504 3 0.406 0.406 JAN FEB
34 (NJ) | 0505 3 0.458 0.458 JAN FEB
34 (NJ) | 0506 3 0.608 0.608 JAN FEB
34 (NJ) | 0507 3 0.455 0.455 JAN JAN
34 (NJ) | 0902 3 0.643 0.668 JAN FEB
36 (NY) | 0801 10 0.627 0.988 DEC MAR
36 (NY) | 4018 5 1.090 2.102%** DEC APR
39 (OH) | 0204 2 0.705 0.705 JAN JAN
39 (OH) | 0901 6 0.704 0.776 DEC FEB
42 (PA) | 1606 8 0.568 0.771 DEC MAR
46 (SD) | 0804 9 1.445 1.998 NOV APR
46 (SD) | 9187 4 1.243 1.827 NOV APR
49 (UT) | 1001 5 1.557 2.019 DEC DEC
49 (UT) | 3011 5 0.553 0.692 DEC FEB
50 (VT) | 1002 10 1.020 1.498 NOV APR
56 (WY) | 1007 5 0.741 0.999 NOV MAR
83 (MB) | 1801 11 2.033 2.1 3%*x* OCT MAY
83 (MB) | 3802 6 1.798 2.424%** NOV MAY
87 (ON) | 1622 5 1.194 1.743 NOV APR
89 (QC) | 3015 9 1.316 1.587 NOV MAY
90 (SK) | 6405 6 1.999 2.058*** OCT MAY
Im=328ft

— No data available.

* First interpreted depth at 0.38 m.
** First interpreted depth at 0.51 m.

*** Possibility of frost beyond the last interpreted depth.
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Frost Penetration Profile Characteristics

Using frost estimates computed based on in-situ data, frost penetration profiles were analyzed for
each of the 41 LTPP sites for all available years of data. The changes in frost profiles over the
cold seasons (fall, winter, and spring) were examined for each available year. The review
indicated that even for similar frost depths, the observed profiles varied from site to site and year
to year. Hence, knowledge of the maximum frost depth without an understanding of seasonal
changes in frost penetration profile would not be enough for accurate characterization of
seasonal changes in pavement structural characteristics.

Some of the commonly observed frost penetration profile characteristics were multiple freeze
thaw cycles, shallow fall freeze with thaw followed by solid deep freeze with a spring thaw, and
solid freeze with spring thaw and refreeze. Figure 21 through figure 23 show examples of each
of these commonly observed frost penetration profiles.
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Figure 21. Chart. Frost penetration profile showing multiple freeze-thaw cycles.
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Figure 22. Chart. Frost penetration profile showing shallow freeze cycles in the fall
followed by solid deep freeze with spring thaw.
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Figure 23. Chart. Frost penetration profile showing solid freeze with partial spring thaw
and refreeze.

Table 7 summarizes typical frost penetration characteristics observed for each SMP site. To
describe frost penetration profile characteristics, frost depth was characterized as shallow,
medium, or deep. A shallow frost depth was defined between 0 m and 0.6 m (0 ft and 1.97 ft); a
medium frost depth was defined between 0.6 m and 0.9 m (1.97 ft and 2.95 ft); and a deep frost
depth was defined for frost that penetrated 0.9 m (2.95 ft) or more. Since these definitions are
subjective, the seasonal maximum frost depth is also reported in the table for each site.
Furthermore, the depth of the top of the first unbound layer was different for each SMP site,
which occasionally limited frost determination at shallow and medium depths where the first
unbound layer was placed below the expected freeze depth. The information in table 7 could be
used to infer the typical frost penetration characteristics for LTPP SMP sites.
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State

or province | code

SHRP
ID

#of
years w/

Fall
data

Table 7. Typical frost penetration profile characteristics for LTPP SMP sites.
State

Arizona

Colorado

4 | 1024

(Sept 21-Dec 21)
3

Frost profile description

Winter

No Freeze*

8 | 1053

(Dec 22—Mar 20)
No Freeze*

Spring
(Mar 21-June 21)

No Freeze

Multiple Shallow Freeze-

No Freeze*

Connecticut 1803

No Freeze

0.37 m)
Shallow or Medium

Thaw Cycles (up to

No Freeze

Idaho

16 | 1010

Freeze-Thaw

Possible Medium

freeze-thaw (up to
0.79 m)

No Freeze

Indiana

18 | 3002

Re-freeze
(up to 0.66 m)

Medium Freeze-
Thaw

Multiple Shallow or
Medium Freeze-Thaw
Cycles (up to 0.86 m)

Multiple Medium to Deep

No Freeze

Kansas

20 | 4054

No Freeze

Freeze-Thaw Cycles (up
to 1.21 m)

Multiple Medium to Deep

No Freeze

Maine

23 | 1026

Shallow freeze-thaw
re-freeze (up to

to 1.06 m)

Freeze-Thaw Cycles (up

No Freeze

Manitoba

83 | 1801 9

0.55 m)

Deep Freeze,

possibly preceded by

(up to 1.82 m)

Continuous Deep Freeze

Prolonged Deep Thaw
(up to 1.77 m)

Manitoba

83 | 3802 4

Deep Freeze

Shallow Freeze w/
Thaw (up to 1.72 m)

(up to 2.13 m)***

Continuous Deep Freeze

Deep Freeze, Shallow
Thaw followed by Re-
freeze, Prolonged Deep

Maryland

24 | 1634 4

(up to 1.31m)

No Freeze

Continuous Deep Freeze

(up to 2.42 m)***

Shallow freeze-thaw

Thaw (up to 2.13 m)***
Deep Freeze, Shallow
Thaw followed by Re-

freeze, Prolonged Deep

Massachusetts

25 | 1002 2

No Freeze

(up to 0.44 m)
Deep Freeze w/ Thaw,

Thaw (up to 2.42 m)***

No Freeze

Minnesota

27 | 1018

Medium to Deep

Freeze

followed by Medium
Freeze w/ Thaw
(up to 1.02 m)

No Freeze

Minnesota

27 | 1028

(up to 1.83 m)

Deep Freeze,
possibly proceeded
3

Deep Freeze, Shallow
Thaw followed by Re-
freeze (up to 2.18 m)

Prolonged Deep Thaw

(up to 2.13 m)

Minnesota

27 | 4040

by Medium Freeze
w/ Thaw. (up to
1.83 m)

Deep Freeze

Continuous Deep Freeze

Deep Freeze, Possible

(up to 2.39 m)***

Deep Freeze, Possible
Shallow Thaw followed
by Re-freeze, Prolonged

(up to 2.39 m)***

Deep Thaw

(up to 1.20 m)

Shallow Thaw followed

by Re-freeze

(up to 2.32 m)***

Prolonged Deep Thaw

(up to 2.3 2m)***
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Table 7. T

pical frost

penetration profile characteristics for LTPP SMP sites—continued.

State State | SHRP #of / Frost proﬁle description .
or province |code | ID years w Fall Winter Spring
data (Sept 21-Dec 21) (Dec 22—Mar 20) (Mar 21-June 21)
Deep Freeze, Possible
Minnesota | 27 | 6251 | 8 (Defp N S5 | Shallow Thaw followed by Prg"‘?;ﬂ?ﬁ‘;ﬂ?‘”
up ot Re-freeze (up to 2.31 m)*** Upto =
Multiple Multiple Medium/Deep
Shallow/Medium Freeze-Thaw Cycles or Possible Deep Freeze
Montana 30 | 0114 4 Freeze-Thaw Cycles | Deep Freeze with Shallow and Thaw
or Deep Freeze Thaw and Re-freeze (up to (up to 0.95 m)
(up to 1.05 m) 1.26 m)
. Multiple Medium/Deep
Montana 30 | 8129 3 1\(/[5(1}[1;13 lggere;z)e Freeze-Thaw Cycles No Freeze
p 1o . (up to 1.08 m)
Medium Freeze w/ Multiple Medium/Deep
Nebraska 31 | 0114 6 Thaw Freeze-Thaw Cycles No Freeze
(up to 0.67 m) (upto 1.17 m)
Possible Deep Freeze Deep Freeze
Nebraska 31 | 3018 8 (up o 1.2 2m) (up o 1.68 m) No Freeze
Nevada 32 | 0101 5 No Freeze** No Freeze** No Freeze**
Multiple Shallow Freeze-
Nevada 32 | 0204 1 No Freeze Thaw Cycles (up to 0.61 m) No Freeze
Possible Shallow | Multiple Medium/Deep .
New Freeze-Thaw Cycles or Possible Thaw
. 33 1001 4 Freeze w/ Thaw .
Hampshire (up to 0.33 m) Single Deep Freeze (up to 1.19 m)
pro® (up to 1.39 m)
Multiple Shallow Freeze-
New Jersey | 34 | 0504 3 No Freeze Thaw Cycles No Freeze
(up to 0.41 m)
Multiple Shallow Freeze-
New Jersey | 34 | 0505 3 No Freeze Thaw Cycles No Freeze
(up to 0.46 m)
New Jersey | 34 | 0506 2 No Freeze Medium Freeze-Thaw No Freeze
(up to 0.61m)
New Jersey | 34 | 0507 3 No Freeze Shallow Freeze-Thaw (up No Freeze
to 0.46 m)
Multiple Shallow/Medium
New Jersey | 34 | 0902 3 No Freeze Freeze-Thaw Cycles (up to No Freeze
0.67 m)
Multiple Shallow h’;‘;ﬁgf%ﬁ‘:g"g ©0DeP | Ppossible Multiple
New York | 36 | 0801 7 Freeze-Thaw Cycles . Y Shallow Freeze-Thaw
(up to 0.48 m) Single Deep Freeze 1 o i1oc (up t0 0.28 m)
) (up t0 0.99 m) )
Multiple Shallow to Deep Possible Shallow
New York | 36 | 4018 4 No Freeze Freeze-Thaw Cycles or Freeze-thaw or

Single Deep Freeze (up to
2.10 m)***

Prolonged Deep Thaw
(up to 2.10 m)***
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Table 7. Typical frost penetration profile characteristics for LTPP SMP sites—continued.
State State | SHRP #of / Frost pro.ﬁle description .
or province |code | ID yegrs W Fall Winter Spring
ata (Sept 21-Dec 21) (Dec 22—Mar 20) (Mar 21-June 21)
Ohio 39 | 0204 | 2 No Freeze Medium Freeze-Thaw No Freeze
(up to 0.71 m)
Possible Medium | Multiple (B) Shallow to
Ohio 39 | 0901 6 Freeze Medium Freeze-Thaw No Freeze
(up to 0.57 m) Cycles (up to 0.78 m)
Mtipe Satow| Sl D Fers o Pl Sl o
Ontario 87 | 1622 4 Freeze-Thaw Cycles P P ’ & p
(up to 0.42 m) Thaw Cycles Thaw
) (up to 1.74 m) (up to 1.69 m)
Multiple Shallow Multiple Shallow to
Pennsylvania| 42 | 1606 8 Freeze-Thaw Cycles | Medium Freeze-Thaw No Freeze
(up to 0.42 m) Cycles (up to 0.77 m)
Shallow to Medium | Deep Freeze, Shallow Prolonged Deep Thaw,
Freeze-Thaw Thaw followed by Re- .
Quebec 89 | 3015 6 Possible Deep Freeze
followed by Deep freeze (up to 1.59 m)
Freeze (up to 1.03 m) (up to 1.54 m) P )
Shallow Freeze- Deep Freeze, Multiple
. Shallow Thaw & deep
Thaw, followed by | Continuous Deep Freeze .
Saskatchewan| 90 | 6405 3 Re-freeze periods,
Deep Freeze (up to 2.06m)***
(up to 1.80 m) Prolonged Deep Thaw
p 1ot (up to 2.06 m)***
Medium Freeze- . Deep Freeze, Possible
Deep Freeze, Possible
Thaw, followed by Shallow Thaw followed Shallow Thaw followed
South Dakota| 46 | 0804 7 Medium to Deep by Re-freeze, Prolonged
by Re-freeze
Freeze (up o 2.00 m) Deep Thaw
(up to 1.24 m) p o~ (up to 1.95 m)
Multiple shallow Deep Freeze, Multiple Medium to Deep Freeze,
Freeze-Thaw Cycles Shallow Thaw &
. Shallow Thaw followed .
South Dakota| 46 | 9187 2 followed by Medium Re-freeze periods,
by Re-freeze Cycles
to Deep Freeze up to 1.83 m) Prolonged Thaw
(up to 1.02 m) P ' (up to 1.63 m)
Mid Depth to Deep
Utah 49 | 1001 3 Freeze (up to 2.02 m) No Freeze No Freeze
Multiple Shallow to
Utah 49 | 3011 3 No Freeze Period Medium Freeze-Thaw No Freeze
Cycles (up to 0.69 m)
Multiple Shallow to Multiple Shallow to Deep
Medium Freeze- freeze-thaw cycles, Possible Deep Thaw
Vermont 50 | 1002 8 Possible Continuous
Thaw Cycles (up to 1.40 m)
(up 0 0.64 m) Deep Freeze (up to
) 1.50 m)
Multiple Shallow |Multiple Shallow to Deep
Wyoming 56 | 1007 3 Freeze-Thaw Cycles | Freeze-Thaw Cycles (up No Freeze
(up to 0.49 m) to 1.00 m)
Im=328ft

* First interpreted depth at 0.38 m.
** First interpreted depth at 0.51 m.
**% Possibility of frost beyond the last interpreted depth.
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Comparison with Historical Non-LTPP Frost Data

The computed maximum frost penetration depths were compared to the historical frost
penetration values, as published in the climatic maps developed by NOAA'" and Environment
Canada.® Data from the historical maps were interpolated to the LTPP site locations. The results
of the comparison are shown in figure 24.

3.00 : > 7
¢ US Sites e g
. . e D z7
& Canadian Sites - A N s~
250 Line of Equality pad <2
—-——"AD-2*Standard Deviation s
- —-— AD+2*Standard Deviation 7 -

N
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!

---- Average Difference (AD)
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1.00 A

Historical Frost Depth, m

0.50

0.00 # T T T T T

0.00 0.50 1.00 1.50 2.00 2.50 3.00
LTPP Predicted Frost Depth, m

Im=3.28ft
Figure 24. Graph. Comparison of frost penetration depths.

The graph in figure 24 shows a good overall agreement between LTPP and historical maximum
frost depth predictions. Some of the differences can be attributed to the fact that, while
comparisons are provided for the same region, the historical values are not site-specific and that
local variations are possible due to factors such as soil type, moisture content, altitude, and land
development. In addition, for Canadian sites, some inaccuracies could result from estimation of
frost depth from the freezing index data provided on the climatic map. For the three Canadian
sites shown in the upper-right corner on the graph, LTPP frost penetration profiles indicate the
possibility of frost beyond the last interpreted depth; however, the full frost depth cannot be
established as no LTPP measurements are available at these lower depths.

The extreme frost predictions for U.S. sites provided on the NOAA map are based on longer

monitoring period than the LTPP frost predictions; hence, covering more seasons where extreme
conditions could occur. Table 8 contains data used in the analysis.
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Table 8. Comparison of average frost depth for LTPP SMP sites.

. Historic
STATE_CODE | SHRp [p | _ Numberof LTPP maximum maximum freeze
years analyzed freeze depth, m
depth, m
4 (AZ) 1024 4 * 0.250
8 (CO) 1053 5 0.374 0.875
9 (CT) 1803 5 0.794 1.167
16 (ID) 1010 5 0.864 1.125
18 (IN) 3002 4 1.213 0.875
20 (KS) 4054 4 1.056 0.750
23 (ME) 1026 5 1.819 1.792
24 (MD) 1634 4 0.436 0.390
25 (MA) 1002 2 1.017 1.240
27 (MN) 1018 5 2.181*** 1.917
27 (MN) 1028 5 2.386*** 2.042
27 (MN) 4040 5 2.317*** 2.245
27 (MN) 6251 10 2.308*** 2.250
30 (MT) 0114 5 1.256 1.500
30 (MT) 8129 6 1.082 1.500
31 (NE) 0114 7 1.173 1.000
31 (NE) 3018 9 1.679 1.031
32 (NV) 0101 6 o 0.600
32 (NV) 0204 2 0.612 0.500
33 (NH) 1001 5 1.394 1.531
34 (N)) 0504 3 0.406 0.750
34 (N)) 0505 3 0.458 0.750
34 (N)) 0506 3 0.608 0.750
34 (N)) 0507 3 0.455 0.750
34 (NJ) 0902 3 0.668 0.750
36 (NY) 0801 10 0.988 1.208
36 (NY) 4018 5 2.102%** 1.208
39 (OH) 0204 2 0.705 0.875
39 (OH) 0901 6 0.776 0.875
42 (PA) 1606 8 0.771 0.938
46 (SD) 0804 9 1.998 1.667
46 (SD) 9187 4 1.827 1.688
49 (UT) 1001 5 2.019 0.625
49 (UT) 3011 5 0.692 0.833
50 (VT) 1002 10 1.498 1.625
56 (WY) 1007 5 0.999 1.475
83 (MB) 1801 11 2. 13 2.670
83 (MB) 3802 6 2.424%** 2.670
87 (ON) 1622 5 1.743 1.710
89 (Q0O) 3015 9 1.587 2.130
90 (SK) 6405 6 2.058*** 2.790
Im=328ft

* First interpreted depth at 0.38 m.
** First interpreted depth at 0.51 m.

**% Possibility of frost beyond the last interpreted depth.
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Comparison with Previous LTPP Frost Estimates

When comparing the results of the current frost penetration data analysis to the previous results,
the following improvements can be noted:

The new methodology resulted in the development of the complete frost penetration time
histories for LTPP SMP I and II sites instead of previously reported freeze depth
snapshots based on ER measurement dates. Frost penetration information for the
previously analyzed periods increased over 8 times by the addition of results for the
14,903 dates that previously were not included in the analyses.

Analysis of frost penetration histories led to the discovery of multiple freeze-thaw periods
or of freeze-thaw periods during late fall or early spring characteristic for several LTPP
sites, as discussed in this chapter. This information was not previously available. This
new information is important for understanding and tracking of seasonal changes in
pavement structural responses.

Analysis based on cross-referenced ER, moisture, and temperature data provided means
far more informed and less subjective determinations of frost penetration for the LTPP
sites compared to the previous estimates. ER and moisture data used in freeze state
analysis are provided in the LTPP SMP_FREEZE STATE table. Additionally, moisture
data used in the analysis can be found in the LTPP SMP_TDR MOISTURE table.

Major differences with the previous LTPP frost information are the availability of frost
predictions for longer freeze seasons, the availability of data on fall and spring partial
thaw and refreeze and multiple freeze-thaw cycles for some sites, and deeper frost
estimates for some sites.

LTPP FROST DATA TABLE DESCRIPTIONS

As a result of this data analysis effort, two tables were created for inclusion in the LTPP
database. The proposed computed parameter tables (CPT) are based on the existing LTPP frost
CPT tables with changes and additions made as a result of the current frost penetration analysis

study.

These tables have the same names as in the previous LTPP database releases and are defined as
follows:

SMP_FREEZE_ STATE—Contains the interpreted soil freeze state (F-frozen, N-no-
frozen, and T-transitional or partially frozen) based on the soil temperature and electrical
resistivity data and supplemented by the soil moisture data trend analysis. Caution: Only
a limited number of transitional states were determined based on the methodology used in
LTPP Frost study.

SMP_FROST PENETRATION—Contains the interpreted frozen layers and frost
depth information, based on the interpreted freeze states (F-frozen and T-transitional or
partially frozen) in table SMP_FREEZE STATE. Caution: No frozen depths or layers
were reported for depths and dates without sensor measurements. Use the
SMP_FREEZE STATE table to identify dates and depths that have no data.

60



These new tables contain freeze state interpretations for all the available temperature and ER
data collected during the SMP I and II experiments. As such, the intent of these tables is to
replace the existing SMP_FREEZE STATE and SMP_FROST PENETRATION tables.

Summaries of the information included in the CPT frost tables are provided in table 9 and table 10.

Table 9. Summary of information included in the revised table SMP_FREEZE STATE.

Data element or parameter DESCRIPTION
STATE code State code
SHRP ID SHRP identification code
SMP date Date corresponding to SMP data collection

Interpretation depth number | Depth number where freeze state is interpreted, increasing from top downward.

Middepth between electrodes used in the freeze state interpretation, measured for
pavement surface; two consecutive electrodes are used in voltage and contact

Interpretation depth resistance measurements and four in resistivity.
Interpreted freeze state at the interpret depth: F-Freeze, N-No-freeze, T-Transitional
Interpreted freeze state (or partial freeze).

Code indicating the basis for freeze state interpretation:

1. Freeze state based on temperature data using 0 °C freezing isotherm, not forced.
2. Freeze state determined by the analyst after reviewing the temperature, electrical
resistivity, and moisture data trends.

3. Temperature data is not available. Freeze state determined by the analyst from

Interpretation basis ER and moisture.
Electrical resistivity of the soil at the measurement depth, relative to the extreme
Normalized resistivity values measured at that depth.
Electrical resistance of the soil at the measurement depth, relative to the extreme
Normalized resistance values measured at that depth.
Voltage drop of the soil at the measurement depth, relative to the extreme values
Normalized voltage measured at that depth.
Average soil temperature of the day, calculated at the interpretation depth. This
Soil temperature could either be based on interpolation of measured values, or derived using EICM.
Source of the temperature data used in freeze state interpretation: (1) based on
Temperature source measured, (2) derived using EICM.

Table 10. Summary of information included in the revised table
SMP_FROST_PENETRATION.

Filed name DESCRIPTION
STATE code State code
SHRP ID SHRP identification code
SMP date Date corresponding to SMP data collection
Frozen layer Code for interpreted frozen layer number. A value of zero indicates no frozen layers.

Serial number for the starting depth (top) of a frozen layer, increasing from pavement
Top depth number surface downward.

Serial number for the ending depth (bottom) of a frozen layer, increasing from pavement
Bottom depth number | surface downward.

Freeze from Starting (top) depth (meter) of a frozen layer, measured from the pavement surface.

Freeze to Ending (bottom) depth (meter) of a frozen layer, measured from the pavement surface.
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CHAPTER 8. SUMMARY AND RECOMMENDATIONS

SUMMARY

A comprehensive review of the previous LTPP frost penetration analysis methodology and an
assessment of frost depth estimates provided in the LTPP database were conducted, followed by
recommendations for improvements. As a result of these recommendations, an enhanced
methodology and the accompanying E-FROST research analysis tool were developed for
determination of frost penetration in unbound pavement layers and subgrade soil for LTPP SMP
sections.

The enhanced methodology uses electrical resistivity, moisture, and soil temperature data
collected for instrumented SMP sections to predict frost depth in unbound pavement layers. In
addition, the EICM model was used to fill in the gaps in the measured soil temperature data.

Using the enhanced analysis methodology and E-FROST, in-situ data were analyzed to
determine freeze conditions and frost depths in the unbound pavement layers. The results of the
frost penetration analysis for LTPP SMP sections were assembled in the LTPP computed
parameter tables described in this report.

The results presented in this report demonstrate how frost penetration beneath the pavement
structure was predicted for LTPP SMP sites using a combined empirical and mechanistic
technique. This technique utilizes data from LTPP in-situ measurements and thermodynamic
modeling.

Study findings stress the importance of using all three different types of in-situ measurements for
accurate frost penetrations prediction: temperature, electrical resistivity, and moisture content.
The EICM has proven useful for filling in the gaps of measured subsurface temperatures and for
understanding the thermodynamic processes that occur in pavement layers. This information
could help practitioners and researchers design seasonal monitoring field experiments and
analyze field data to determine frost penetration under pavement layers.

RECOMMENDATIONS FOR FUTURE RESEARCH

Future E-FROST Development to Support M-E PDG Implementation

The E-FROST research tool developed during this study could be very useful for analysis of
seasonal changes in unbound pavement layers. In the future, this tool could become particularly
useful for implementation of the M-E PDG, which emphasizes estimating seasonal changes in
pavement layer moduli.

We recommend that LTPP consider further development of this tool into an LTPP software
product similar to the LTPP profile viewer software so that the pavement research and practicing
community at large can have easy access to ER, temperature, and moisture data, as well as frost
penetration profiles for LTPP SMP sites. In addition, data from FWD tests can be added to this
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software to relate changes in mechanistic properties of pavement layers and in pavement
responses and to cross reference this information with frost penetration data.

Future LTPP Data Analysis Study of Pavement Responses under FWD Loading during
Freeze-Thaw Conditions

During spring thaw, sunshine and warm air temperatures result in a top-down thawing of the
pavement system. The water released by the melting ice can be trapped by deeper, still-frozen
material, creating saturated or supersaturated conditions that weaken the pavement structure. The
change in pavement strength could be observed by FWD measurements.

The database tables developed under this study provide detailed information about the periods
and the depth of freeze-thaw based on continuous temperature, ER, and moisture data analyzed.
This information could be utilized to cross reference with and analyze FWD data collected
during the thaw periods to capture the conditions of the supporting layers during the weakest
period and to correlate these conditions with pavement responses. This task can be accomplished
through mechanistic modeling of pavement responses under FWD loading based on the
inventory, climatic, testing, and FWD data from the LTPP database.

The result of the proposed study could contribute to understanding pavement deterioration, as
triggered by seasonal changes in pavement layer moduli and could be utilized in the development
of spring load restrictions.

Future Development of In-Situ Frost Measurement Devices

One of the challenges in LTPP frost penetration analysis was the interpretation of the data from
ER measurement devices, as the following describes:

e ER measurements were expected to be high during cold winter months when
temperatures plunge below ground water freezing point. However, a number of ER
readings during warm summer months (with temperatures high above 0 °C) were found
to be as high as readings during cold winter months. These were unexpected trends.

e LTPP collected in-situ data to evaluate three types of ER parameters: voltage, resistance,
and resistivity. All three parameters are expected to follow a similar trend when soil goes
through freeze and thaw cycles. However, it was not uncommon that the data showed
opposite trends, or one of the trends would be nearly flat (indicating no changes in the
soil freeze state). This inconsistency was unexpected.

We highly recommend that LTPP promote the need for future research and development of
in-situ frost measurement devices. Perhaps the next generation of such devices would have
multifunctional sensors capable of monitoring temperature and moisture changes in the soil, in
addition to electrical resistivity measurements, and use output of all three types of measurements
to determining frost penetration.

64



APPENDIX A. E-FROST USER’S GUIDE

INTRODUCTION

This guide is designed to familiarize new users with the E-FROST user interface and analysis
options. The guide includes screen captures to help the user navigate through the software
screens.

E-FROST was designed to view time-series data from the in-situ measurements (ER,
temperature, and moisture) used in frost penetration analysis, to generate and view frost
penetration profiles, and to create frost penetration table documenting frost penetration depths
for different dates for which in-situ measurements were taken.

E-FROST INSTALLATION AND REMOVAL

Complete the following steps to install E-FROST:

1.

Make sure that all other applications are closed and that the E-FROST installation
CD-ROM has been inserted into the CD-ROM drive.

From the Windows Start menu, select Run.

In the Run dialog box, type “(CD drive):setup.exe,” where (CD drive) is the letter
assigned to your CD-ROM drive.

Follow the simple instructions in the installation program. When installation is completed,
E-FROST program will be available from the Start menu.

Complete the following steps to remove E-FROST:

AN

Click the Start button and choose the Settings option.

Select Control Panel.

From the Control Panel, double-click the Add/Remove Programs icon.

Once within that dialog box, click the Install/Uninstall tab.

Select E-FROST from the list of programs; then click the Add/Remove button.

A final warning will ask if the user want to delete E-FROST from your computer. If this
is the case, click Yes to remove all E-FROST files.
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STARTING E-FROST
To start the program, click on E-FROST program name available from the Windows Start menu.

Main Form

When the E-FROST program is opened, a blank form with file menu and inactive tool buttons in
the top left corner of the interface appears as shown figure 25.

Figure 25. Screen capture. Opening screen in E-FROST.

There are four tool buttons in E-FROST that help navigate between screens and provide different
program functions. These tool buttons are located on the left side of the screen and are shown in
figure 26. Each button’s function is described below the figure.

W |2 | 9|

Frost Graph Auto Frosk Exit

v

Select Sections

Figure 26. Screen capture. Tool buttons.
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Select Sections

The Select Sections tool button allows the user to choose a site for analysis from a list that is
linked to the database.

Frost Graph

The Frost Graph tool button shows the frost graph after all missing temperature data and all
temperature data between -1 °C and 0 °C have been reviewed. The Frost Graph button will be
inactive until all review has taken place and the frost graph has been finalized.

Auto Frost

The Auto Frost tool button displays the frost graph with the original data set from the database
before any review has taken place.

Exit

The Exit tool button safely closes the E-FROST program.

Load Database

To run E-FROST analyses, the analysis database needs to be loaded first. The analysis database
contains preprocessed temperature, ER, and moisture data for the SMP sites. To load a database,
click File > Open Database, as shown in figure 27. A dialog box appears, prompting the user to

open the database, as shown in figure 28. After locating and selecting the database, click the
Open button located in the bottom right portion of the dialog box.

File
Open Database i)
Create Frost Penetration Table o it

Exit:

Figure 27. Screen capture. Open database.
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Open Database Containing ER and Temperature Da 2
Look in: [ &5 Install_E-Frost ~| = @& e E

IC7) Support
12| Frost_Analysis_Database.mdb

File name: I LI Open
Files of type: IACCESS database File {"mdb) LI Cancel
[~ Open as read-only

o

Figure 28. Screen capture. Locate the database containing SMP data.

Select Analysis Table

Once the analysis database is uploaded, the E-FROST analysis table selection window will
appear as shown in figure 29.

)ﬁ E-Frost {Database Table Selection Window) ﬂ

Data Table IEFru:ustAII_E!I:

| EFrozt 1D - |
ERStates Winters

EXPERIMEMT_SECTION

FroztPen

ILEST1ARal_Sum

iLFR=

ICPT1_IDdates_wF

iiFR=_Orgy

i0CT_IDyrs

iECT_IDwrs_bwlD

iECT_[Dwrs_old

001 T IDyrs_wCN hd|

Figure 29. Screen capture. Select data table for analysis.

Select the table with the SMP site data, which is EFrostAll_QC and click OK to complete the
database linking process. Once the database is connected to the program, the Select Sections and
Exit user buttons will become active (figure 30).
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E-Frost

Figure 30. Screen capture. Frost linked to database with some tool buttons activated.

Select SMP Site

To select an SMP site for analysis, click the Select Sections tool button. A Section Selection
window will appear containing a list of available SMP sections for analysis, as shown in
figure 31. Click an SMP section name and then click OK. In the following example SMP site
46-0804-1 was selected for analysis. The last digit in section ID represents LTPP construction
number.
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% Section Selection

Available SMP Sections

Click to select

34-0508-2 - I

2405062
24-0507-2
34-0902-2
36-0801-1
36-40718-4
23902041
39-09011
4216061
AE-(E04-1
46-9187-3
43.1001-1
49.1001-2
45-30111
A0-1002-1
AE-1007-1

Selected Sections

Double click to clear

=10l x|

46-0304-1

Mote: Select only one Section at a time

_I Clzar Section |

o |

Figure 31. Screen capture. SMP Section window.

E-FROST ANALYSIS OPTIONS

Frost Penetration Analysis Form

A blank Frost Penetration Analysis form becomes visible once an SMP site is selected for
analysis, as shown in figure 32. If more than 2 years of data (730 days) are available for the site,
a warning message will appear to prompt the user to select a shorter time period. The MinDate
and MaxDate fields on the form indicate the range of the available data. Above the minimum and
maximum dates are the text boxes where the user can enter date ranges for review. The user can
move between different years of frost data by using the buttons to the right (to progress forward)
or the left (to move backward) of the default user date range. The user can also manually enter
the beginning and ending dates of interest by typing over the values in User Date boxes and

clicking the Plot New button.
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Figure 32. Screen capture. Blank Frost Penetration Analysis screen.

Review Auto Generated Frost Profile

Clicking on the Auto Frost tool button results in a generation of temperature-based frost
penetration profile, as shown in figure 33. In this example, the automated frost penetration
profile was generated for SMP Site 46-0804 for the winter season of 1999-2000. The profile
consists of a grid with the horizontal axis displaying different SMP dates on a daily scale and the
vertical axis displaying different analysis depth based on ER probe depths. Each cell is color-
coded to provide information about freeze state at a given date and at a given depth, as indicated
in table 11. In addition, black “X”s are used to indicate data points missing temperature data.
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Figure 33. Chart. Automatically generated frost penetration profile at SMP site 46-0804 for
the winter of 1999.
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Table 11. Freeze state and frost depth chart color coding.

Color Assigned Subsurface , .
code Shape freeze state temperature Analyst’s action
Assigned automatically; however, the analyst
Blue Rectangle Freeze T<-1°C has an option to change the state to transitional
(pink) or no-freeze (white) upon data review
Assigned automatically; however, the analyst
White Rectangle [ No freeze T>0°C has an option to change the state to transitional
(pink) or freeze (blue) upon data review
Assigned automatically; however, the action is
Light Trianele Review T<0°C and required from analyst to manually review the
blue g T>-1°C data and change the state to freeze, no-freeze, or
transitional
This color is assigned upon analyst review of all
Pink Diamond | Transitional Near FR supporting data when it is not clear whether or
not soil is frozen (partially frozen case)

The AutoFrost algorithm automatically assigns the state of subsurface freeze condition at each

electrode location using the following rules:

e The 0 °C freezing isotherm is used as the low boundary to define the no-freeze state. No-
freeze is automatically assigned to all points with a temperature above 0 °C (white cells).

e A value of -1 °C is used as an upper boundary to define the freeze state. Freeze is
automatically assigned to all points with a temperature below -1 °C (blue cells).

e All data that fall between two boundaries are flagged for manual review to determine the
appropriate freeze state based on ER, temperature, and moisture trend analysis (light blue
triangles).

Review Time Series Data

The light blue triangles on the AutoFrost profile graph indicate that the analyst must review the
data and change the freeze state in the analysis table as appropriate. To aid in this analysis,
E-FROST creates a time-series plot of ER, temperature, and moisture content changes. The plot
is brought up to the screen once the analyst clicks on the light blue triangle cell. Similar plots can
be brought up for review by clicking on any other cell on the frost penetration profile chart.

To review temperature, ER, and moisture time-series trends for a selected measurement depth,
(1) identify measurement depth on left vertical axis in the frost penetration profile plot, then

(2) click on any cell in the automated frost penetration graph for a selected depth value depth to
bring up the time series graph (see the example shown in figure 34). Use the “<” and “>” buttons
next to the No. label on the form to review the time series at different depths, or select the
desired depth from the dropdown menu.
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Figure 34. Chart. Time series plot for SMP site 46-0804 for the winter of 1999 at analysis
depth = 0.55 m (1.8 ft).

Review Revised Frost Penetration Profile

Upon completion of the trend analysis and assignment of freezing conditions, an updated frost
penetration plot can be reviewed by clicking on the Frost Graph tool button, as shown in
figure 35.
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Figure 35. Chart. Final frost penetration profile for SMP site 46-0804 for the winter of
1999.

View Previously Processed Data

After the analysis of all sites is complete and all frost penetration profiles are finalized, the user
can select any previously analyzed SMP site and view the frost penetration profiles at that site.
To view previously processed data, click the Select Sections tool button and select an SMP site.
Next, click the Frost Graph tool button to see the final frost penetration profile of the selected
site. From the Frost Graph screen, the user can click on any cell to view the time series graph at
selected depth. To view automatically generated frost penetration profile, click the Auto Frost
tool button. To exit the program, click Exit on the tool bar.

GENERATE FROST PENETRATION TABLE

To generate the frost penetration table FrostPen, click File > Create Frost Penetration Table, as
shown in figure 36.
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Create Frost Penetration Table

Figure 36. Screen capture. Create Frost Penetration Table option.
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APPENDIX B. EICM MODELING INPUTS

Table 12. EICM inputs.

LL

Site_ID 16 1010 | 23 1026 | 27-4040 | 27 6251 | 31 3018 | 34 0506 | 34 0902 | 36 0801 | 39 0901 | 46 0804 | 46 9187 | 50_1002 | 56_1007
Start Year 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996 1996
Start Month Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept. Sept.
Length Analysis | 55 3287 3287 3287 3287 3287 3287 3287 3287 3287 3287 3287 3287
Period (day)

Time Increment

Output (hour) 1 1 1 1 1 1 1 1 1 1 1 1 1

Time Increment

Calculation 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
(hour)

Latitude

(degrees. 43 .4 4434 | 4718 | 4727 40.4 40.17 | 4043 | 4321 | 4038 | 4556 | 4446 | 44.07 443
minutes )

Longitude

(degrees. -112.07 | -70.17 | -9343 | 9454 | -992 | -7451 | -741 | -77.55 | -83.07 | -100.25 | -102.03 | -73.1 | -108.55
minutes)

Short-wave 0.8 0.75 0.8 0.9 0.8 0.8 0.8 0.95 0.8 0.8 0.8 0.8 0.9
absorptivity

Upper limit 32 32 32 32 32 32 32 32 32 32 32 32 32

freezing (°F)

Lower limit 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2 30.2
freezing (°F)

Pavement Layer 1

Material Asphalt | Asphalt PCC Asphalt PCC Asphalt | Asphalt | Asphalt | Asphalt | Asphalt | Asphalt | Asphalt | Asphalt
Thickness 52 9.8 8.1 9 1.9 9.7 12.4 4.9 19.7 7.2 5.9 8.5 2.8
(inches)

Number of 5 10 8 9 12 10 12 5 20 7 6 9 3

elements

Thermal

Conductivity 0.67 0.67 1 0.67 1 0.67 0.67 1.5 1.5 0.67 0.67 0.67 0.67
(BTU/hr-ft-°F)

Heat capacity

(BTU/b-F) 0.22 0.22 0.2 0.22 0.2 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
gcnft)welght 148 148 150 148 150 148 148 148 148 148 148 148 148




8L

Table 12. EICM inputs—continued.

Site_ID | 16_1010 | 23_1026 | 27-4040 | 27_6251 | 31_3018 | 34_0506 | 34_0902 | 36_0801 | 39_0901 | 46_0804 | 46_9187 | 50_1002 | 56_1007

Pavement Layer 2

Material Asphalt

Thickness
(inches) 37

Number of

elements 6

Thermal
Conductivity
(BTU/hr-ft-
OF)

0.67

Heat
Capacity 0.22
(BTU/Ib-°F)

Unit Weight

(pcf) 148

Soil Layer 1

Material A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a A-1-a

Thickness

. 12 17.6 6 10.2 5.6 10 5 8.4 6 12 11 25.8 6.8
(inches)

Number of 12 17 6 10 5 10 5 9 6 12 1 26 6
Elements

Porosity 0.25 0.25 0.25 0.3 0.25 0.25 0.25 0.25 0.25 0.25 0.1 0.25 0.24

Saturated
permeability 0.0583 0.0583 0.0583 0.0583 0.0583 0.0583 0.0583 0.0583 0.0583 0.0472 0.0416 0.138 0.074
(ft/hr)

Dry unit

4 127 127 127 127 127 127 127 127 127 127 127 127.2 127.1
weight (pcf)

Dry thermal
conductivity
(BTU/hr-ft-

OF)

0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 1.6 0.8 0.8

Dry heat
capacity 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
(BTU/ft’-°F)
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Table 12. EICM inputs—continued.

Site_ID 16_1010 | 23 1026 | 27-4040 | 27 6251 | 31 _3018 | 34 0506 | 34 0902 | 36_0801 | 39 0901 | 46 0804 | 46 9187 | 50 1002 | 56_1007
if,‘/lt)‘al VMC | 4506 | 1526 | 1526 2 1526 | 1526 | 1526 | 1526 | 1526 | 1526 8 1508 | 15.07
Fredlund—af | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.2555 | 7.05034 | 6.94777 | 7.33241 | 7.29231
Fredlund—bf | 1234 1.234 1.234 1.234 1.234 1.234 1.234 1.234 1234 | 1.28391 | 1.29552 | 1.69057 | 1.41089
Fredlund—f | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83152 | 0.83784 | 0.83536 | 0.81675 | 0.82058
Fredlund—hr | 117.4 117.4 117.4 117.4 117.4 117.4 117.4 117.4 117.4 152.2 169.6 108 113.6
Plasticity

Tndex (B1) 1 1 1 1 1 1 1 1 | 1522 4 1 1
D60 (mm) 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82 10.82
?,Zs)smg 4 447 447 44.7 447 447 447 447 44.7 447 447 447 447 | 44768
?,Zs)smg #2001 ¢4 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 8.7 4

Soil Layer 2

Material A2-4 | A24 | A27 | A24 | A24 | A24 | Ala | A24 | A75 | A-75 A-6 A2-4 | A2-4
Thickness 300 300 300 300 300 300 5 300 12 300 300 300 300
(inches)

Number of 150 150 150 150 150 150 5 150 12 150 150 150 150
Elements

Porosity 027 0.29 0.14 0.29 0.26 027 0.25 027 0.39 0.38 036 027 027
Saturated

permeability | 0.000439 | 0000792 | 1.55E-06 1 000364 | 0000439 | 004 | 0000439 | 428E-06 | 329E06 | 195E-05 | 0000439 | 0.00326
(ft/hr)

Dry unit 123.4 120.2 120.8 119.8 124 123.4 127 123.4 102 104.8 107.9 123.4 123.1
weight (pcf)

Dry thermal

conductivity

e 0.8 0.8 0.8 3 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
OF)

Dry heat

capacity 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22 0.22
(BTU/ft’-°F)

%f,zt)‘al VMC | 1¢39 19.65 12 19.77 17.88 18.39 15.26 18.39 32.69 31.24 39.57 18.39 18.54
Fredlund—af | 9.28522 | 10.2125 | 76.5824 | 5.74545 | 5.85556 | 9.28522 | 7.2555 | 9.28522 | 125312 | 117.641 | 108.409 | 9.28522 | 13.4953
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Table 12. EICM inputs—continued.

Site ID 16_1010 | 23 1026 | 27-4040 | 27 6251 | 31 3018 | 34 0506 | 34 0902 | 36 0801 | 39 0901 | 46 0804 | 46 9187 | 50 1002 | 56_1007
Fredlund-bf | 0.643865 0.3 0.926038 | 1.95497 1.8823 | 0.643865 1.234 0.643865 | 0.57723 | 0.621817 | 0.68007 | 0.643865 | 0.567768
Fredlund—cf | 3.09113 | 3.72724 | 0.42491 | 0.71916 | 1.08956 | 3.09113 | 0.83152 | 3.09113 | 0.10524 | 0.15556 | 0.21612 | 3.09113 | 3.18708
Fredlund-hr 189.6 100 500 100 110 189.6 117.4 189.6 500 500 500 189.6 160
Plasticity

Index (PI) 2 0 14 0 1 2 1 2 24 19 16 2 1
D60 (mm) 0.3216 0.3216 5.73 2 0.3477 0.3216 10.82 0.3216 | 0.02798 | 0.02798 | 0.05364 | 0.3216 0.3038
g,zs)smg it 87.2 87.2 55.4 87.2 87.2 87.2 44.7 87.2 94 94 93.5 87.2 87.2
g,zs)smg #200 | o4 2.4 274 10 5 2.4 8.7 2.4 70.5 70.5 63.2 2.4 30
Soil Layer 3

Material A-2-4 A-7-5

Thickness

(inches) 300 300

Number of

Elements 150 150

Porosity 0.27 0.39

Saturated

permeability 0.000439 4.28E-06

(ft/hr)

Dry unit

weight (pcf) 123.4 102

Dry thermal

conductivity 08 08

(BTU/hr-ft- ‘ '

OF)

Dry heat

capacity 0.22 0.22

(BTU/ft*-°F)

Initial VMC

%) 18.39 32.69

Fredlund—af 9.28522 125.312

Fredlund-bf 0.643865 0.57723

Fredlund—cf 3.09113 0.105242




I8

Table 12. EICM inputs—continued.

Site_ID 16_1010 | 23 1026 | 27-4040 | 27 6251 | 31 3018 | 34 0506 | 34 0902 | 36_0801 | 39 0901 | 46 0804 | 46 9187 | 50 1002 | 56_1007
Fredlund—hr 189.6 500

Plasticity

Index (PI) 2 24

D60 (mm) 0.3216 0.02798

Passing #4

) 87.2 94

Passing #200

) 224 70.5

Deep

ground 51 48.1 40.88 40.55 51.43 53.74 55.25 47.85 54 44.87 48.13 46.4 46.03
temperature

(°F)

1 inch =25.4 mm
32 °F =0 °C (Deduct 32, then multiply by 5, then divide by 9).
Note: For soil layers, The Fredlund Soil Water Characteristic Curve model is used to relate soil suction to water content. Fredlund parameters a¢ and h, have units

of psi. Parameters of by and c¢ are unitless. Parameter a¢ is a measure of air entry, the soil suction at which the soil becomes less than 100-percent saturated.

Parameters by and c; determine the rate of change of moisture content versus suction as it transitions from saturated to unsaturated (no free water). h; defines the
slope of the curve after free water is removed.
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