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PROBLEM STATEMENT

Freezing Thaw Weakening
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SEASONAL LOAD RESTRICTION (SLR)

Avoid additional loads
A Keep the damage minimum

A Organize heavy vehicles/ keep the
adverse effect minimum

Determining SLR:

(Image: patch.com)

dSubsurface Instrumentation
din-situ Stiffness Testing
dModeling
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INSTRUMENTATION

dInstrumented with an array of:
Q Soil Moisture
d Temperature

J Weather Station to measure climate data
d On site
A Road Weather Information Systems (RWIS)
Q Environmental Sensing Stations

Q Modern Era Retrospective Analysis for Research and
Applications (MERRA)
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Overview of Research Plan

dTask 1 — Initial Memorandum on Expected Research
Benefits and Potential Implementation Steps

(1 Task 2 — Field Data Collection

dTask 3 — Modelling Analyses

JTask 4 — Final Report
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Objective of this Study:

(1) Clean and pre-process the soil & weather data

(2) Develop a data-driven model that uses weather data as input
to:

* Predict the soil temperature and certain depths

* Predict the number of freeze thaw cycles at certain depths and
start/end time, and duration of cycles over time

(3) Create a tool to provide soil temperature and
number/duration of freeze-thaw cycles that implements the
model
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Literature review:

Few studies are done on the prediction of the soil
temperatures :

QA Different methods implemented:

Ulinear regression model, non-linear regression model, neural
networks

J Majority of studies predict the soil temperatures at lower
frequency, (e.g. monthly average)

d Few on the daily soil temperature

[ Different sets of climate variables are used (not consistent
across literature)
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Literature review:

Other studies that predicted soil temperatures:

1. Predict daily average temperature using superposition of two models:
predict monthly average temperature and daily average temperature
amplitude using air temperature, solar radiation, wind speed, relative humidity

and day of year [Xing et al., 2018]

2. Estimate daily soil surface temperature using mean, maximum and minimum
air temperature, relative humidity, sunshine hours and solar radiation [Talaee et

al., 2013]

3. Predict daily soil surface temperature using parameters like average air
temperature, total solar radiation, average relative humidity, average dew
point temperature, average wind speed and total potential evapotranspiration
[Kim et al., 2014]
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Objective of this Study:

(1) Clean and pre-process the soil & weather data

(2) Develop a data-driven model that uses weather data as input
to:

* Predict the soil temperature and certain depths

* Predict the number of freeze thaw cycles at certain depths and
start/end time, and duration of cycles over time

(3) Create a tool to provide soil temperature and
number/duration of freeze-thaw cycles that implements the
model

10
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(1) Input Data:

Dataset 1 (of 2):

Temperature and moisture data of 6 different locations are
available within 2-mile span of roadway at Monticello,
Minnesota

* Cell 185; Cell 186; Cell 188; Cell 189; Cell 127; Cell 728

Frequency: 15-minute time intervals
Time period: August 2017 to December 2019

Climate data: air temperature, relative humidity, wind speed,
net radiation, precipitation

11
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(1) Input Data (Dataset 1):

Temperature data collected at 12 different depths for all stations

Cell no. Cell185 | cCell186 | Cell188 | Cell189 [ cCell127 | Cell 728
Depth (in)
TC 1 2.8 3 3 3 3 3
TC 2 3.8 4 4 4 4 4
TC 3 9.3 9.5 9.5 9.5 6.5 6.5
TC 4 14.8 15 15 15 9 9
TC 5 15.8 16 16 16 10 10
TC_6 18.3 185 185 185 12 14
TC 7 19.3 195 195 19.5 18 185
TC_8 23.8 24 24 24 24 24
TC 9 35.8 36 36 36 36 36
TC_10 47.8 48 48 48 48 48
TC 11 59.8 60 60 60 60 60
TC 12 71.8 72 72 72 72 72
Moisture data collected at 4 depths for all locations
Cell no. Cell 185 | Cell 186 | Cell 188 | Cell 189 | Cell 127 | Cell 728
Depth (in)

EC 1 5 5 5 5 6.5 8.5

EC 2 14 14 14 14 29 195

EC 3 17 17 17 17 36 24 12

EC 4 205 20.5 20.5 20.5 36



G MICHIGAN STATE UNIVERSITY

(1) Input Data:

Dataset 2 (of 2):

Temperature and moisture data for 2 different counties in are
Minnesota: Olmsted and Koochiching

Frequency: 1-hour time intervals

Time period: 2005-2012, 2012-2019 (Koochiching); 2000-
2007, 2010-2017 (Olmsted)

Climate data (same as other dataset): air temperature,
relative humidity, wind speed, net radiation, precipitation

13
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(1) Input Data (Dataset 2):

Temperature/moisture sensor locations for the two-time spans

Dataset location Time span Depth of temperature sensors
2005 to 2010 10; 40; 70; 90; 120; 180; 240; 300; 360; 420; 480; 540; 600; 720; 840; 960
Koochiching 10; 30; 50; 80; 120; 150; 180; 210; 240; 300; 360; 420; 480; 540; 600; 640;
2012 to 2019 :
780; 910
2000 to 2007 25; 60; 90; 120; 180; 240; 300; 360; 420; 480; 600; 720; 840; 960; 1080
Olmsted
2010to 2017 10; 25; 50; 70; 130; 190; 250; 310; 370; 430; 490; 550; 610; 730; 850; 970
Dataset location Time span Depth of moisture sensors
2005 to 2010 N/A
Koochiching
2012 to 2019 80, 120, 150, 180, 210, 240, 300, 360, 420, 480, 540, 600, 780, 910
2000 to 2007 60, 90, 120, 180, 240, 300, 360, 420, 480, 600, 720, 840, 960, 1080
Olmsted
2010 to 2017 70, 130, 190, 250, 310, 370, 430, 490, 550, 610, 730, 850, 970

14
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(1) Input Data: preprocessing

Dataset 1: Percent (%) missing temperature data

TC1

TC2

TC3

TC4

TC5

TC6

TC7

TC8

TC9

TC10

TC11

TC12

Cell 185

2

2

2

2

2

2

2

2

12

87

Cell 186

<1

<1

<1

<1

<1

<1

<1

<1

11

<1

<1

<1

Cell 188

<1

<1

0

Cell 189

<1

<1

NA

Cell 127

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Cell 728

<1

<1

<1

0

Outliers: identified and removed from the dataset

Missing Data:

- Number of missing elements were very small (other than
TC9 and TC11 in Dataset 1)

- Data imputation was used to fill in missing elements as

appropriate
Dataset 2 had very little missing data

15
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(1) Input data: Freeze-thaw cycle calculations

Justification: Number of freeze-thaw cycles significantly impacts
the soil properties

Number of freeze thaw cycles depends on:
= Freezing temperature
= Thaw temperature (can be different from freezing temperature)
= Time the soil temperature is lower than the freezing and higher than the
thaw temperature

16
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(1) Input data: Freeze-thaw cycle calculation

To undergo a complete freeze-thaw cycle, soil temperature
needs to be higher than thaw temperature and then it needs to
be lower than freezing temperature.

Freeze Phase change Melt

y | .

Freezing T haw
temperature temperature (0°C)

Thaw temperature is 0°C

9 different freezing temperatures are considered:
Ranging from -0.001 °C, to -1 °C

17
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(1) Input data: Freeze-thaw cycle calculation

The variation in number of cycles at different depth are shown
below (Cell 185, Dataset 1, for 2018 (1 year, Jan-Dec), similar
data in other locations)

600

504
500

IS
o
S

Number of freeze-thaw cycles
8
o

200 182
61
146 149 139 143 137
102 00 106 g7
100 78 78 74
6351 Bis8 9
39 9 91 5 7 39
. 12 4 -42 1622 210 6 1 0 13311 16100000
2.8 inch 3.8inch 9.3inch 14.8 inch 15.8 inch 18.3inch 19.3inch 23.8inch 47.8 inch 71.8 inch

20.001 w01 m0.2 #0.25 w03 w04 m05 m0.75 m1
" increase freezing temperature, number of cycles reduces significantly

= |f assume larger freezing temperatures, # of cycles reduces with depth
(makes sense); if assume smaller at deeper depths it increases

significantly (doesn’t make sense) 18
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(1) Input data: Freeze-thaw cycle calculations

“Time delay” is defined as a minimum period of time
required for a half of a freeze-thaw cycle to be
completed in order for it to count as a F-T cycle

3
2
[«b]
[0
2 A /\\
e \J
3 .
z -1
(0p]
-2
-3
S8 S 388 38 8
e ERERE

Temperature below freezing point for
less than time delay span; which is not
considered as total freezing

Temperature below freezing point for
more than time delay span (1 hour

here); considered as complete freezing Lo
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(1) Input Data: Freeze-thaw cycle calculations

4 different time delays considered: 1-hour, 4-hour, 12-hour and
24-hour

The variation in number of cycles at different depth are shown
below (Cell 185, Dataset 1, for 2018 (1 year, Jan-Dec))

b

2.8inch 3.8inch 9.3inch 14.8 inch 15.8 inch 18.3 inch 19.3 inch 23.8 inch 47.8 inch 71.8 inch
mNotimedelay m1hour m4hour =12hour m24 hour

(o]
o

~
o Ol

o1 O

Number of freeze-thaw cycles
| w g‘l (@]

o

Increasing the time delay reduces the number of cycles calculated
at shallower depths 20
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(1) Input Data: Freeze-thaw cycle calculations

Final Method chosen:

Based on the updated MnDot method, the following is
used to evaluate the number of freeze-thaw cycles

= Freezing temperature is -1°C

= Thaw temperature is 0°C

= Time delay to ensure freezing is 24 hours

= Time delay to ensure thaw is 5 hours

21
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(1) Input Data: Summary

2 input datasets of weather/soil data used as input

= (Quality controlled and pre-processed

Freeze-thaw calculation method chosen
= Based on the updated MnDot method:
Freezing temperature is -1°C

Thaw temperature is 0°C

Time delay to ensure freezing is 24 hours

Time delay to ensure thaw is 5 hours

22
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Objective of this Study:

(1) Clean and pre-process the soil & weather data

(2) Develop a data-driven model that uses weather data as
input to:
* Predict the soil temperature and certain depths

* Predict the number of freeze thaw cycles at certain depths and
start/end time, and duration of cycles over time

(3) Create a tool to provide soil temperature and
number/duration of freeze-thaw cycles that implements the
model

23
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(2) Model Development

1. Stepwise regression is used to choose variables
 Independent (low correlation)
* Most influential

2. Datais divided in training and testing datasets

3. Different models considered to predict soil
temperatures

4. Performance of models are compared with measured
data

24
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(2) Data Processing: Model input variables

The variables are analyzed, and 2 types of variables are created:

1. Time variables (this slide)
2. Climate variables (next slide)

Four time variables were considered

1. Month number (1 to 12)

2. Week number (1 to 52)

3. Day of year (1 to 365)

4. Timestep (1 to 4*24 for 15-minute timestep data)

25
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(2) Data Processing: Model input variables

Air temperature (AirTemp)

Relative humidity (RH)

Rain or precipitation (Rain)

Windspeed (Wind)

Radiation (rad)

Daily average:
air temperature (avgTemp)
relative humidity (avgRH)
precipitation (avgRain)
wind speed (avgWind)
solar radiation (avgrad)

Variationin __ WRT daily average:
air temperature (varTemp)
relative humidity (varRH)
precipitation (varRain)
windspeed (varWind)

solar radiation (varRad) 26
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(2) Model Development: Stepwise regression
model (influential & independent variables)

Q
— Wjek Month| Day of g § v
Year 0 o S

Month 1 1 iz g- £ S
DayofYear| 1 1 1 = R ‘g :q':: g _5 § S o
Timestep | 0O 0 0 1 '3; S E R & E E § §

AirTemp | 022 021 | 022 | 011 1 E = §|5| 2|8 S

; 5 s S S S c

Rain | 002|002| 002 | 001 | 004 | 1 s T | 8| 8| & S 5 | 2 .

RH | 022]022| 022 | 025 | -024 |009]| 1 kS > | 8| 8 S = Tl & |8
Wind |-0.09]|-009| -009 | 004 | -011 |o001]-023] 1 3 S | B < S| 9 % S

rad 0| o 0 0.04 | 046 |-003|-05018| 1 3 § 3 g S %
varTemp | 0 | 0 0 04 | 027 |-001|-055]/026] 05| 1 g < g S
varRain | 0 | 0 0 0.01 0 |096]003|002]-002] 001 | 1 < ~ g
varRH | 0 | o 0 036 | 021 |004]|071]-027|-051] 078 | 004 | 1 a
varWind | 0 | o 0 005 | 01 |002|-027[071]035| 037 | 002 |-038] 1

varRad | 0 | 0 0 0.04 | 015 |-002|-04|028|091| 055 | -002 |-056] 039 | 1
avgTemp | 0.22 | 022 | 022 0 0.96 |0.04|-009|-0.18]034| o o | o 0 0 1

avgRain | 0.09 | 0.09 | 0.09 0 015 |026]024| 0 |-004] o o | o 0 o | 016 | 1

avgRH | 031|031 031 o | -013 |009]071]-006] 02| o o | o 0 0o | -013 | 03] 1
avgWind |-0.12|-0.12 | -0.12 o | 025 | o |-006|071]-011] o o | o 0 o | -026 | o |-008| 1
avgrad |-0.01]-001| -0.01 0 077 |-002|-033|-018|042| o o | o 0 o | 08 | 009 |-046] -025 | 1

No color: | correlation coefficient| < 0.3
0.3 < |correlation coefficient| < 0.7;
correlation coefficient| >0.7  (High correlations)

27
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(2) Model Development: Stepwise regression model
(influential & independent variables)

High correlation ( > 0.7)

Time variables:
(Week - Month);
(Week - Day of Year);
Climate variables:
(Rain — variation Rain); (RH — variation RH); (Wind — variation Wind);
(Radiation — variation Radiation); (variation RH — variation Temp);
(Air Temperature — Average Air Temperature);
(Air Temperature — average Radiation);
(average Air Temperature — average Radiation)

Remaining variables used for this study:
1. Day of Year; 2. Time step;
3. Air temperature, 4. Radiation, 5.Variation in air temperature,

6. Variation in rain, 7. Variation in RH, 8. Variation in wind
28
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(2) Model Development: Data Division

Dataset 1:

Dates available: January 2018 to April 2019

Data division:
Training data: all of 2018, which (~75% of data)
Testing data: 2019, January to April

Dataset 2:

Dates available: January 2000 to February 2007

Data division:
Training data: 2005 to Feb 2005, which (~79% of data)
Testing data: Sept 2005 to Feb 2007

29
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Various models were considered to predict soil

temperature (time series data)

= Vector Auto Regression

= \ector Auto Regression Moving Average

= \/ector Error Correction Models

Temperature (°C)
"
O 00 A NONRB OO

'
= [ 1 U

Measured data —— Predicted temperature

Upper confidence level = Lower confidence level

However, these models
were unable to predict the
soil temperature trends at
this data frequency

30
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(2) Model Selection

" Thus, non-linear regression model is used in this study
= 4% order polynomial model is utilized
= Two different methods were considered:

Model 1: Individual depths

Predict the soil temperatures at each depth using
climate parameters

Model 2: Individual depths: Daily average + variation WRT daily

predict daily average soil temperature at each dept +
timestep-based variation with respect to the daily
average temperature

31
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(2) Model Selection: Temperature prediction

Temperature (°C)
-

= Actual data Model 1 = Model 2

Example soil temperature

= Both the models can generally predict the temperature
= Models have a few spikes in predictions

32
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(2) Model Selection: Improvements

To reduce the spikes in temperature prediction, two
different filters are developed.

Filter 1: Limit the variation in each timestep to a
reasonable value

Filter 2: Remove the predicted temperatures which were
significantly higher or lower than the temperature
bound

33
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(2) Model Selection : Filter 1

Based on the values obtained from all locations, following ranges
are selected considering 99% of data selection:

Depth Acceptable Variation Range
3inch to9inch From-1to 1l

9-inch From -0.5to0 0.5

More than 9-inch depth From -0.25 to 0.25

= |f the change is out bound, then maximum effective range is

selected as the c

hange in temperature from the previous
Predicted temperature

___________________ difference compared
--------------- / to previous time step

>

| .
oo | | et
_______________ \ By filtration, selected

-Range 0C +Range - temperature difference

w.r.t. previous timeste|5’4
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(2) Model Selection : Filter 2

Remove the outliers in predicted value if the temperature is
outside the bounds of the max/min soil temperatures at each

depth

If the predicted value is out of bounds, then previous predicted
value is used

Temperature (°C) | 9inch | 15inch | 16inch | 19.5inch | 24 inch | 48 inch | 72 inch
Maximum value 42 40 38 34 32 28 26
Minimum value -24 -22 -22 -14 -10 -4 0
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(2) Model Selection : Model comparison

. |I || || II II II Model 2 has

(6]

I

Temperature (deg C)
N w

[

Cell185  Cell186  Cell188  Cell189  Cell127  Cell 728 slightly better
) . erformance in
RMSE values for testing dataset at 18.5-inch depth Bredi S
B Model 1 = Model 1 with filter Model 2 Model 2 with filter temperature; filters

help improve

model performance
3
0

Cell 185 Cell 186 Cell 188 Cell 189 Cell 127 Cell 728

RMSE values for testing dataset at 24-inch depth 36

N

Temperature (deg C)
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(2) Model Results : Freeze-thaw cycle count

Cell 728
10
8
8
o
> 6
S
3 4
£
>
zZ
Ol IR R

28inch 3.8inch 9.3inch 14.8inch 15.8 inch 18.3inch 19.3inch 23.8 inch 47.8 inch 71.8 inch
m Actual values mModell wmModel 1 with filters Model 2 Model 2 with filters

Model 1 (with filters) has better accuracy in prediction
of # of freeze-thaw cycles compared to Model 2

37



(2) Model Results: Freeze-thaw duration

G MICHIGAN STATE UNIVERSITY

Cell 185
Number of | Frozen start | Frozen end Frozen Total Frozen
Depths Method . :
cycles day day duration duration
Actual value 1 Jan-02 Mar-08 65 65
9.5 inch Jan-02 Jan-07 5
) Method 1 3 Jan-09 Feb-23 45 60
Feb-26 Mar-08 10
) Actual value 1 Jan-02 Mar-15 72 72
14.8 inch
Method 1 1 Jan-02 Mar-09 66 66
i Actual value 1 Jan-03 Mar-16 72 72
15.8 inch
Method 1 1 Jan-02 Mar-09 66 66
) Actual value 1 Jan-19 Mar-18 58 58
18.3 inch
Method 1 1 Jan-02 Mar-03 60 60
Actual value 1 Jan-20 Mar-18 57 57
19.3 inch Jan-02 Jan-07 5
MIEEer 2 Jan-10 Mar-03 52 >7
Actual value 1 Jan-22 Mar-20 57 57
23.8 inch Jan-02 Jan-07 5
ML 2 Jan-10 Mar-03 52 >7
) Actual value 0 - - - -
47.8 inch Method 1 0 - - - -
) Actual value 0 - - - -
71.8 inch Method 1 0 - - - )

Method 1 best predicts the freezing start/end day and duration

38
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(2) Model Results: Freeze-thaw duration

Cell Freezing period Thawing period

location Actual value Predicted Actual value Predicted

Cell 185 Jan 2 — Mar 8 Jan 2 — Mar 3 Mar 8 — Mar 20 Mar 3- Mar 9
Cell 186 Jan 2 — Mar 9 Jan 2 — Mar 8 Mar 9 — Mar 25 Mar 8- Mar 9
Cell 188 Jan 2 — Mar 8 Jan 2 — Mar 2 Mar 8 — Mar 29 Mar 2- Mar 9
Cell 189 Jan 2 — Mar 9 Jan 2 — Feb 14 Mar 9 — Apr 1 Feb 14- Mar 9
Cell 127 Jan 2 — Mar 8 Jan 2 — Mar 10 Mar 8 —Mar 23 | Mar 8- Mar 15
Cell 728 Jan 2 — Mar 15 Jan2 —Mar 10 | Mar 15 — Mar 23 | Mar 10- Mar 15
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(2) Model Development: Summary

2 different models using non-linear regression models
Model 1: Individual depth
Model 2: Individual depth: Daily average + variation WRT daily
2 filters used to improve model performance

Choose best model to predict :
= Soil temperatures: Model 1 w/ filters
= Number of freeze-thaw cycles: Model 2 w/filters

= Start/end and duration of freezing & thawing period: both but
Model 1 w/filters is better

40
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Objective of this Study:

(1) Clean and pre-process the soil & weather data

(2) Develop a data-driven model that uses weather data as
input to:

* Predict the soil temperature and certain depths

* Predict the number of freeze thaw cycles at certain depths and
start/end time, and duration of cycles over time

(3) Create a tool to provide soil temperature and
number/duration of freeze-thaw cycles that implements the
model

41
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(3) Tool Development : Description (Directions/Cover Page)

Copy of Copy of TemperaturePredictorTool checks_update v3.xlsm - Excel Kristen Cetin

Home Insert Page Layout Formulas Data Review View Help Q Tell me what you want to do

o Ein - . .
D % Calibri -9 <A A = &- [8 | General - C,‘ :.‘ & Insert _ %Y p

=
" Delete ~

S

Paste B J LA CEEE s -9 9 €0 .00 Conditional Formatas Cell . . Sort & Find & Share Upload
- ¥ A-B==e $ ° 0020 Formatting =~ Table - Styles - = JFormat Filter - Select ~
Clipboard =~ Font M Alignment ~ Number = Styles Cells Editing Box ~
Al 2 K Soil Temperature and Freeze-Thaw Cycle Prediction Tool v
A B C D E F G H | J K L M N o P -

Soil Temperature and Freeze-Thaw Cycle Prediction Tool

Instructions:
This tool predicts the soil temperatures over time at a user-specified depth, as well as the count, duration and start/end date of the freeze thaw cycles. There are three buttons provided as options to complete these calcuations, on the "Calcu
more detail below:
1. Temperature prediction; 2. Number of freeze-thaw cycles; 3. Predict soil temperature and number of cycles.
For (1): "Temperature prediction ", the results of this will provide a soil temperature prediction, based on climate data input and provided depth of soil.
For (2): "Number of freeze-thaw cycles ", this is to be used AFTER (1) "Temperature prediction”, and calcuates the number of freeze-thaw cycles .
For (3): "Predict soil temperature and number of cycles ", this is a stand-alone button which completes both (1) and (2) at once.

Input Data Needed:
(a) Weather data in 15-minute intervals:
Date-time in the format of mm/dd/yy hh:mm in Column A,
Air temperature in degrees € in Celumn B.
Amout of rain in mm in Column C.
Relative humidity in % in Column D.
Wind speed in m/s in Column E.
Solar Radiation in W/m2 in Column F.
(b) Scil Depth in mm of interest in G2. The user should select the depth from the dropdown menu.

Output Provided:

Predicted soil temperature will be generated and in Column L to O;

Number of freeze thaw cycles, starting time of freeze and thaw cycles and duration.

Example data of 10 days is given in "Calculations" where the user can see the data format and output example.

CoverPage | Calcuations | ® 4 »

42
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(3) Tool Development: Description (Calculations)

TemperaturePredictorTool_3.xlsm - Excel Kristen Cetin Ed
Home Insert Page Layout Formulas Data Review View Help Q Tell me what you want to do
alla -
D Calibri 11 AN T == - ab General - =: o ¢ E Insert Z p . .
By - Y @ BxDelete ~ .
Paste o B I = $ ~ 9 9 000 Conditional Formatas Cell iil Format - _ Sort & Find & Share Upload
v Formatting ~ Table =~ Styles ~ Filter ~ Select ~

Clipboard =~ Number I Styles Cells Editing Box 1

L20 ' I v

A B C D E F G H [ J K L M N )

1 DateTime Air Temperature (degree C) | Rain (mm) | Relative humidity (%) | Wind speed (m/s) olar Radiation (W/m2
2 | 01/01/1800:00 -15.43 0.00 63.64 4.03 -49.14 -
3| 01/01/1800:15 -15.66 0.00 63.37 4.39 -50.10
4| 01/01/1800:30 -15.83 0.00 63.71 4.08 -44.86
5| 01/01/12 00:45 -15.99 0.00 64.50 2.04 -40.91
6| 01/01/1801:00 -16.13 0.00 62.99 2.23 -40.27
7 | o01/01/1801:15 -16.3 0.00 64.93 2.59 -40.96
8| 01/01/1801:30 -16.49 0.00 65.29 2.58 43.22 Tempf':ril-tlll e Number of Freeze-Thaw cycles
9| 01/01/1801:45 -16.75 0.00 65.78 2.26 -47.49 prediction
10| 01/01/1802:00 -16.99 0.00 65.66 2.43 -42.77
11| 01/01/1802:15 17.12 0.00 66.07 2.02 -41.24
12| 01/01/1802:30 17.31 0.00 66.97 168 -37.47
13| 01/01/18 02:45 -17.65 0.00 68.51 2.76 -38.50 q q
14| 01/01/1803:00 -17.95 0.00 62.79 2.78 -43.44 Predict soil temperature and
15| 01/01/18 03:15 -18.21 0.00 69.25 2.72 -48.97 Number of cycles
16| 01/01/1803:30 -18.47 0.00 69.58 3.07 50.93
17| 01/01/1803:45 18.72 0.00 70.31 2.42 -49.94
18| 01/01/18 04:00 -19 0.00 70.37 2.24 -48.10
19| 01/01/18 04:15 -19.26 0.00 70.77 1.99 -47.90
0| o01/01/1804:20 19.54 0.00 70.24 2.28 -47.29 _|
21| 01/01/18 04:45 19.85 0.00 7117 213 -47.15
12| 01/01/1805:00 -20.08 0.00 72.02 2.36 -46.11
13| 01/01/1805:15 2031 0.00 72.15 2.23 -45.45
14| 01/01/1805:30 2057 0.00 72.38 138 -44.38
5| 01/01/18 05:45 -20.89 0.00 73.29 1.72 -42.72
6|  01/01/18 06:00 -21.06 0.00 73.13 1.49 42.32
7| 01/01/1806:15 21.24 0.00 73.23 2.05 -42.01
28| 01/01/18 06:20 21.46 0.00 73.50 2.01 4192
9| 01/01/18 06:45 21.8 0.00 73.85 2.24 -42.91 ]

CoverPage | Calcuations ® 4 »
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farmulas Data Review View Developer Help D Tell me what you want to do

o dhcut TimesNewRoma~ 12 -~ A a4 = = = - uy Wrap Text General - |::I-'—| I:‘J
Paste B Copy - &y === €= 3= [ 0 0p Cu:undinal FDrr:;tE

- ¥ Format Painter BT U~ "AC EEIEE Eoestaial g A Rk Formatting = Table -

Clipboard T Font T Alignment P Mumber Ta Styles
L1 ~ i MNumber of cycles
A E C D E F
DateTime Air Temperature (degree C) | Rain(mm) | Relative humidity (%) | Windspeed(m/s) | Solar Radiation (W/m2)

2 01/01/18 0000 -15.43 0.00 B83.64 4.03 -49.14
3 01/01/18 00:15 -15.66 0.00 63.37 439 -50.10
4 01/01/18 00:30 -15.85 0.00 63.71 4.08 -4 B
5 01/01/18 00:45 -1599 0.00 64.50 3.04 -40.91
7] 01/01/18 01:00 -16.13 0.00 63.99 3.33 -40.27
7 01/01/18 01:15 -16.3 0.00 6493 259 -40.96
¥ 01/01/18 01:30 -16.49 0.00 65.29 258 -43.22

Column A: date and time of day in “mm/dd/yy hh:mm” with a
timestep of 15 minutes
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farrmulas Data Review View Developer Help Q Tell me what you want to do

<=, db Cut Times NewRoma~ 12 ~ A A — = — - EE Wrap Text General - |::--—| DJ
Paste B Copy ~ === |e=3= & 0 .00 Cu:undinal FDrr:;t'
ETS ¥ Format Painter Wy (E O A- S= == Eeoestaia i A Formatting - TH|:II|E:
Clipboard T Font P Alignment P Mumber T Styles
L1 & My mber of cycles
A C D E F
1| DateTime Air Temperature (degree C)\ | Rain(mm) | Relative humidity (%) | Windspeed(m/s) | Solar Radiation (W/m2)
2 | 01/01/18 0000 -15.43 0.00 B83.64 4.03 -49.14
3 01/01/18 00:15 -15.66 0.00 63.37 439 -50.10
4 01/01/18 00:30 -15.83 0.00 63.71 4 .08 -d4d4 BE
5 01/01/18 00:45 -1599 0.00 64.50 3.04 -40.91
7] 01/01/18 01:00 -16.13 0.00 63.99 3.33 -40.27
ri 01/01/18 01:15 -16.3 0.00 6493 259 -40.96
a 01/01/18 01:30 -16.49 0.00 65.29 258 -43.22

Column B: Outside air temperature in °C
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farrmulas Data Review View Developer Help Q Tell me what you want to do

ﬂ Y - jp—
o Cut TimesMNewRoma (12 = A A — = = &~ a Wrap Text General - .-.l 4
P EEBI Copy ~ Conditi | F o
aste _ BT U -~ .| P - == = | ¥= 3= Merae & Center = $ T <—|jg .ng onditional Format :
- ¥ Format Painter - T = - ? o Farmatting - Table -
Clipboard T Font P Alignment P Mumber T Styles
L1 N S Number of cycles

A E D E F
1 | DateTime Air Temperature (degree C) Relative humidity (%) | Wind speed (m/s) | Solar Radiation (W/mZ2)
2 | 01/01/18 00:00 -15.43 63.64 4.03 -49.14
3 01/01/18 00:15 -15.66 63.37 439 -50.10
4 01/01/18 00:30 -15.83 63.71 4 .08 -d4d4 BE
5 01,/01/18 D0:45 -15.59 64.50 3.04 -40.91
7] 01,/01,/18 01:00 -16.13 63.99 3.33 -40.27
ri 01/01/18 01:15 -16.3 6493 259 -40.96
a 01/01/18 01:30 -16.49 65.29 258 -43.22

Column C: Total rainfall in mm
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farrmulas Data Review View Developer Help Q Tell me what you want to do

<=, db Cut Times NewRoma~ 12 ~ A A — = — - EE Wrap Text General - |::--—| DJ
Paste B Copy ~ === |e=3= & 0 .00 Cu:undinal FDrr:;t'
ETS ¥ Format Painter Wy (E O A- S= == Eeoestaia i A Formatting - TH|:II|E:
Clipboard T Font P Alignment P Mumber T Styles
L1 ~ J Number of cycles
A E C E F
1| DateTime Air Temperature (degree C) | Rain (mm) | Wind speed (m/s) | Solar Radiation (W/m2)
2 | 01/01/18 0000 -15.43 0.00 4.03 -49.14
3 01/01/18 00:15 -15.66 0.00 439 -50.10
4 01/01/18 00:30 -15.83 0.00 4 .08 -d4d4 BE
5 01/01/18 00:45 -1599 0.00 3.04 -40.91
7] 01/01/18 01:00 -16.13 0.00 3.33 -40.27
ri 01/01/18 01:15 -16.3 0.00 259 -40.96
a 01/01/18 01:30 -16.49 0.00 258 -43.22

Column D: Relative humidity values in %
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farrmulas Data Review View Developer Help Q Tell me what you want to do

<=, db Cut Times NewRoma~ 12 ~ A A — = — - EE Wrap Text General - |::--—| DJ
Paste B Copy ~ === |e=3= & 0 .00 Cu:undinal FDrr:;t'
ETS ¥ Format Painter Wy (E O A- S= == Eeoestaia i A Formatting - TH|:II|E:
Clipboard T Font P Alignment P Mumber T Styles
L1 ~ J Number of cycles
A B C D F
1 | DateTime Air Temperature (degree C) | Rain (mm) | Relative humidity (%) Solar Radiation (W/mZ2)
2 | 01/01/18 0000 -15.43 0.00 B83.64 -49.14
3 01/01/18 00:15 -15.66 0.00 63.37 -50.10
4 01/01/18 00:30 -15.83 0.00 63.71 -d4d4 BE
5 01/01/18 00:45 -1599 0.00 64.50 -40.91
7] 01/01/18 01:00 -16.13 0.00 63.99 -40.27
ri 01/01/18 01:15 -16.3 0.00 6493 -40.96
a 01/01/18 01:30 -16.49 0.00 65.29 -43.22

Column E: Wind speed in m/s
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(3) Tool Development: Description (Inputs)

Insert Page Layout Farmulas Data Review View Developer Help D Tell me what you want to do

sy X Cut —

8 Copy - Times Mew Roma ~ |12 -~ A A == &~ - Wrap Text General v I;‘J
F‘ajte ¥ Format Painter R - 'E' TIFHEE == E WED NS $ % 7 %5 Fi?:ﬂilﬂrﬂnga‘l' F?l'rarl:?laet:
Clipboard T Font T Alignment P Mumber Ta Styles
L1 ~ i MNumber of cycles
A E C D E
1| DateTime Air Temperature (degree C) | Rain(mm) | Relative humidity (%) | Wind speed (m/s) Solar Radiation (W/m?)
2 | 01/01/18 0000 -15.43 0.00 B83.64 4.03 -49.14
3 01/01/18 00:15 -15.66 0.00 63.37 439 -50.10
4 01/01/18 00:30 -15.83 0.00 63.71 4.08 -4 B
5 01/01/18 00:45 -1599 0.00 64.50 3.04 -40.91
7] 01/01/18 01:00 -16.13 0.00 63.99 3.33 -40.27
7 01/01/18 01:15 -16.3 0.00 6493 259 -40.96
a 01/01/18 01:30 -16.49 0.00 65.29 -43.22

Column F: Solar radiation in W/m?2
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(3) Tool Development: Description (Inputs)

View Developer Help G Tell me what you want to do

o c—

- ab Wrap Text Mumber - l__ﬁh L_‘f“ EEED EED
= = EMEFQEE-‘.CEHtEF - $ - 9 9 €4 00 Conditional Formatas Cell Insert Del
Formatting = Table~ Styles~ = b

Alignment P Mumber P Styles e

D E F

Relative humidity (%) | Windspeed(m/s) | Solar Radiation (W/m2)
6364 403 -49.14
63.37 4.39 -50.10
63.71 4.03 -44 86

Column G: soil depth in mm for which temperature needs to be
estimated.

There is a drop down button for the user can select specific depths.
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(3) Tool Development : Description (Running the Calculations)

The tool has three buttons :

1. Temperature prediction

2. Number of freeze thaw cycles
(and start time/duration)

3. Predict soil temperature and
number of cycles (Note this does
the calculations of both (1) and
(2) together

Temperature
prediction

Number of Freeze-Thaw
cycles

Predict soil temperature
and Number of cycles
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(3) Tool Development : Description (Running the Calculations)

Temperature
prediction

cycles

1. Temperature prediction
Based on the given climate input and soil depth, predicts soil

temperature at each timestep.

F

Solar Radiation (W/m2) | Depth (mm) |

-49.14
-50.10
-44 86
-40.91
-40.27

G

75.00

Number of Freeze-Thaw

AF

Predict soil temperature
and Number of cycles

( AG AH \
Temperatpire predictio
-11.2023
-11.0578
-11.0963
-11.4808
-11.4674

. J

Al
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(3) Tool Development: Description (Running the Calculations)

Temperature Number of Freeze-Thaw Predict soil temperature
prediction cycles and Number of cycles
2. Number of freeze thaw cycles

Based on the predicted temperature (and climate data) it
calculates the following at the specified depth:

1. number of freeze-thaw cycles

2. Starting time of freeze and thaw

3. duration of freeze-thaw cycles

S M N 0
Number of cycleg Freezing start time | Thaw start time | Duration of cycle

5 1/2/2018 1/7/2018 6

1/8/2018 2/22/2018 45

2/25/2018 2/28/2018 3

3/3/2018 3/6/2018 3
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(3) Tool Development: Description (Running the Calculations)

Temperature Number of Freeze-Thaw Predict soil temperature
prediction cycles and Number of cycles
3. Predict soil temperature and number of cycles

Completes calculation of both (1) and (2) together, i.e. soil
temperatures and number and duration of freeze-thaw cycles

G H I ] K L I M 0
| Depth (mm) | Temperat Duration Number of cycleq Freezing start time | Thaw start time |D1rraticrn of I:j.'cle|
75.00 11,2023 1 1/2/2018 1/7/2018 | 6 |
-11.0578
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(3) Tool Development: Checks before running

Once user presses any of the buttons, the tool will first check
whether all the inputs are valid, i.e.

= Are all input values numerical (non-text)

= Are all values for each column a reasonable value

If not, the tool will generate a message showing that some of the
variables/data are not valid and the result generated may not be

correct.
Microsoft Excel >

Wind speed value is either out of range or nun-numeric, This can result
in an incorrect prediction ar error when running this program

oK
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(3) Tool Development: Checks before running

After that, the tool checks with the user to ask if it is ok to run the

program.

Depending on the during of the data input, the tool requires some
time to calculate and provide results to the user. The tool will then

ask if this is ok with the user.

The user can select ‘Yes’, which results in the code running; or ‘No’

in which case the program will terminate.

It will take 5 to 20 minutes to run depending on number of months., Do

yvou want to run it now?

Yes

Mo

56



G MICHIGAN STATE UNIVERSITY

(3) Tool Development: Summary

The tool has been developed in Excel to predict for a
user-specified depth:

1. Soil temperature

2. Number of freeze-thaw cycles

3. Starting time of freezing and thawing
4. Duration of the cycles

Debugging checks have also been implemented in the
tool to provide the user some information about the
input data and possible errors.
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Questions?

Principal Investigator: Bora Cetin, Ph.D.
Co-Principal Investigator: Kristen Cetin, Ph.D., Tuncer Edil, Ph.D.,
Research Team: Debrudra Mitra

Department of Civil and Environmental Engineering

Michigan State University

58



