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ABSTRACT

In frost action research and design most focus has been put on frost heave. There are several
models available to predict frost heave and the concept of statistical re-occurrence times of frost
index is commonly used in design. Less effort has been put on thaw weakening modeling and
design even though thaw weakening causes a lot of damage on infrastructure such as road and
railways. In e.g. Sweden the Transport Administration collects temperature data during the
freezing season for frost heave design purposes on project levels but thawing effects are
conventionalized by reference tables on a regional level.

The aim of this study is to define and quantify the thawing event in such way that it could be
applied on a project level in a similar way as temperature measurements are used for frost design.
In this study thaw index has been analysed statistically based on air temperature data from 50
stations, collected from year 1951 and onwards by the Swedish Meteorological and Hydrological
Institute (SMHI), in Sweden. The temperature thaw seasons have been correlated to the Swedish
Transport Administrations frost depth measurement stations.

A reference table has been developed based on reoccurrence times of thawing seasons
based on the magnitude of thawing index. Based on the statistical distribution of thawing indexes
Sweden was divided into three regions in this study. It seems, by statistical means, to be fully
possible to develop reference values for thawing periods where thawing index is the working unit.
In order to implement the results in e.g. pavement design thawing temperature measurements on a
local or semi-regional level are required.
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1 INTRODUCTION o
design winter temperature, commonly

In seasonal frost regions frost action has expressed as frost index (FI), from a nearby
major effect on pavement lifetime. Frost located metrological station. Thaw

heave causes cracking of the pavement weakening design is in general more based
surface and unevenness on the road surface on best practice. In e.g. the Swedish

and thaw weakening decreases the bearing framework the thaw weakening is

capacity. Both of these phenomena decrease encountered for by seasonal adjustments of
the pavement life time, Berglund (2009). the stiffness modulus in the pavement design
In frost action design often the concept of an procedures on a regional level, Trafikverket,
estimation of the frost heave based on a (2011).

IGS 1321 NGM 2016 Proceedings



Transportation geotechnics and geophysics

Thaw weakening on roads is effected by a
range of varaibles, e.g. temperature at
freezing and thawing, soil type, the access to
water in the freezing and hawing season, the
local draining conditions and the traffic,
Phukan, (1985). The variation of the degree
of thaw weakening is in high degree related
to the temperature gradient in spring time.
High temperature gradients results in severe
thaw weakening and at low temperature
gradients the thaw weakening is less severe,
Berglund (2009).

Design charts for frost depth and design frost
index has been used in pavement and
foundation design for decades, e.g. Stal and
Vedel, (1984). Similar charts or analysis has
so far not been adapted for thaw weakening.
In this study temperature from Sweden has
been analysed statistically during thaw events
for over 50 years in order to propose design
criteria for thawing periods. Variation and re-
occurrence of temperature scenarios has been
studied. A concept of forecasting thaw
weakening based on temperature readings
and historical temperature data is proposed
based on a model suggested by Hicks et al.
(1985). Thaw weakening may be divided into
surface weakening, affecting the uppermost
layers in the superstructure, and deap
weakening, affecting the subgrade, Gandahl,
(1987). Hicks et al. (1985) and this study
focuses on the deap weakening in the
subgrade only.

2 METHODOLOGY

2.1 Outline of study

In this study long time series of air
temperature data has been used for statistical
analyses of the variation thawing events in
spring time and its spatial distribution in
Sweden. To model the thawing event an air
temperature based model proposed by Hicks
et al. (1985) has been used. The results have
been validated by monitoring data from frost
depth measurements. Since the analysis not is
site specific a range of simplifications has
been used; the thaw weakening is only
regarded in the subgrade, thermal properties
are considered to be constant etc.
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2.2 Air temperature data

The air temperatures used in this study are
open climate data provided by the Swedish
Metrological and Hydrological Institute
(SMHI, 2015). Data from 50 temperature
stations in Sweden from 1951-2014 has been
analysed. The locations range from Malmg in
the south to Luled in the north of Sweden.
The location of the stations is shown to the
left in figure 1.

Figure 1 To the left: Location of the SMHI air
temperature monitoring stations used in this
study. To the right: Location of the Swedish
Transport Administrations thaw depth monitoring
stations used in this study.

2.3 Frost depth monitoring data

Monitoring data from the Swedish Transport
Administrations thaw depth measurement
stations has been used to study spatial
variations in thaw weakening over the
country and to validate the results from the
statistical analysis of the air temperatures.
There is totally 54 thaw depth stations, of 48
are in operating status, monitoring thaw
depth since 2006, Trafikverket, (2015). The
operating stations are displayed on the map to
the right in figure 1. The stations monitors
thaw depth 12-24 times a day at an
intermediate distance of 5 cm between the
sensors, down to 2 m depth below the
surface. In this study monitoring data has
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been aggregated to daily average values. The
monitoring stations of frost depth lack air
temperature monitoring. In order to correlate
the frost depth readings by air temperatures
has air temperature data from adjacent
weather stations for road maintenance been
use (VViS-stations).

2.4 Analysis of frost depth and thawing
seasons

The monitoring data from the frost depth
analysis has been used to quantify the length
of the thawing season. The length of the
thawing season is defined between the
starting date when the upper temperature
reading > 0°C until the whole soil profile is >
0°C. The thawing period for each station is
compiled by an average time length t based
on the all the recorded seasons.

The average length of the thawing season of
each station has been correlated to the
geographical position (here in SWEREF) by
linear regression in the program MINITAB
17, Minitab, (2015) in order to explore the
variation in thawing season from the south to
the north of Sweden. Based on the results the
monitoring stations are grouped into regions
for further analysis. The average regional
thawing period is calculated and further on
referred to as tmax. The time is used for
computation of Tl for each region, i.e. the
thawing index needed to thaw the subgrade in
the region.

2.5 Thaw model

Hicks et al. (1985) proposes a thaw model
based on thawing index. The thawing index
Tl is the accumulated air temperature above
the freezing relative a reference thawing
temperature. The procedure for calculating
the thawing index TI follows the procedure
presented in Berglund et al. (2011).

Tl = (Tyn — Trey) - At (1)

Where; Ty, is the average daily temperature,
Trer IS the temperature at thawing starts (here
0 °C), and A4t time step (here 1 d) in the
thawing period. The thawing index is
accumulated over time in the thawing period,
Tlaee. TO account for intermediate freezing
events the accumulated thawing index
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decreases by half of the freezing index FI
(Hicks et al. 1985), equation 2.

Tlyee = Y(TI = 0.5 - FI) ©)

When Ty, < 0°C the freezing index FI is
calculated according to equation 3.

FI=Y(0—-T,) 3)

The start of the thaw period id defined when
a limit value of the accumulated thaw index
(Tlace1im) has been exceeded. In this study has
the proposed thawing index limit by Hicks et
al. (1985) been used. For thicker pavements,
comparable to engineered roads, the
proposed limit is Tlaccjim ~ 14 °d
(approximation from Fahrenheit). An
additional condition for defining the start of a
thaw period in this study to have subsequent
positive daily average air temperatures after
Tlacc,lim has been reached.

To determine if frost action may be present
Stefan’s formula has been used. Based on a
thickness of 0.5 m superstructure at least a
frost index FI>50°d is needed.

2.6 Data analysis

Thaw index is calculated for all the SMHI
climate stations there complete data series are
present. The starting date for the individual
season is defined as when Tl 1im for the
station. T, are the calculated up to tya, the
defined end of the thawing season. For
stations where several thawing seasons has
been observed in the frost depth
measurements more than one thawing season
are modelled if the temperature data implies
SO.

Statistical data analysis has been applied in
the progress of the thawing index. The
analysis has been performed on the
individual analysis of thaw index from t=3
days to tmax. The choice to start the analyses
at day t=3 are based on to have a continuous
thawing event in progress and to avoid
effects of extreme temperatures during a very
small time interval.

In the statistical analysis the computed Tacc
for each station, season and day t=3 t0 tmax
are used as data series [X;1: Xp]. A continuous
statistical distribution fitting the data set is
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needed in order to be able to compute
reoccurrence, Benjamin & Cornell, (1970).
The reoccurring thaw index Tl IS denoted x;
where the index t denotes the time unit. In
this study the time unit is number of thawing
seasons per year. If the dataset belongs to the
continuous statistical distribution F(x)
(Castillio, 1988):

F(x) =P(X<x)=7=p @)
The statistical distribution gives the
probability of the stochastic variable X to
have a value less than x;. In this case is the
complementary outcome of interest.

P(X = x) =1—=F(x) = F(X) (5)

or

1

 Feo

(6)

Based on the statistical distribution F(X), or
in this case the complementary distribution
function, x;, can be computed from equation
6.

The distribution F(X) has been analysed,

based on the Tly-values by the software
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EasyFit, Mathwave, (2015). Three possible
distributions were identified as possible: Burr
type XIl1, Johnson Sy, Johnson S, All of these
distributions requires four input parameters,
Johnson & Kotz, (1970). To determine the
best fit of distribution the Anderson-Darling
test was used.

Based on the chosen distribution the re-
occurrence of x; for te[2, 5, 10, 15, 20, 25,
30, 50, 75, 100, 150].

2.7 Evaluation of thaw events

In this study the thaw events have been
classified the number of thawing periods per
season.

3 RESULTS

3.1 Thaw periods

The average thawing period (tmax) for all
individual stations are plotted vs. the latitude
coordinate in figure 2. The inserted trend line
shows a high correlation between the length
of the thawing season and the latitude,
R?=0.82. As seen in the figure the variation
increases in the north for the length of the
thawing period.
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Figure 2 Average time tys In days for the thawing period vs. the Y-coordinate in the SWEREF-coordinate

system (from south to north).
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Based on the results in figure 2 the stations
were divided into three different regions;
north, central and south, indicated in figure 1
and 2. In table 1 is the average thawing
periods tyax presented for the three regions.

Table 1 The average thawing periods t. for the

The number of years included in the analysis
and the average number of thawing periods
for the three regions are summarised in table
2.

Table 2 The average thawing periods t. for the
three different regions.

three different regions. Region No. years of No. of thawing
Region tmax [d] data periods
North a1 North 822 1.23
Central 24 Central 831 1.11
South 12 South 831 1.04
EVALUATION OF THAWING
Reference values 3(TI-0.5F1)
Thawing index evaluation
Region [as per map]
North 1-F(R) " [ar] v 2 [d] 3 4 5 1] ri 8 9 10 1 12 12 14 15 16 17 18 19 20 21 22 23 24 25
T2 9 121 ME 171 19E 221 248 272 98 327 W/ 9.z 427 46,3 60,1 64,2 Ba.E B4.5 23] TIE a8 a4z 9.8
5 6 1234 26 321 366 403 452 487 G544 B35 643 TOE 7R3 sa4 833 36 W03F M2 1R 1254 1333 412
TIO 1732 228 233 17 a4z 45 BOE BE  ELE BT 714 739 67 925 00,7 08,2 153 1261 1328 ez 150 153 162
e ST TIS 186 247 303 363 43 435 557 BT 673 Tl B0E  8TA 31 W04 MO0 A1 1264 1353 M3 1523 21 1716 1812
; T20 135 254 325 a2 485 BB BIZ  ERT T2l FLE . 933 00,8 07,5 1164 1248 1233 1421 15,2 1605 170 1742 2
T25 01 2\E T 404 4T3 B4R EB1E BRE  TE4 223 EAE 974 05 M1 121 1287 1284 ME2 157 1861 175E 1962 196
T30 20,6 275 M7 HE 482 BEE B4 T T3 a5z a7 00,7 1024 15,3 12439 1336 4z 1525 161 1705 1203 1304 200,39
108 Seasons | THO 28 294 IWZ 448 B8 EL5 B9T TR 652 929 M1 M9E  WNT 1262 135 M40 1532 1835 1723 182 1921 2028 2135
TS 229 08 381 472 BEE OBEZ V42 B2 007 924 o7 1164 1247 1242 H2E 1519 1612 17E 120 1904 zo07 214 2227
Tioo 235 318 403 483 672 T3 TR 861 846 1031 M2 1211 1295 0 478 1873 IBET  17RZ 1362 196 2084 2172 287
T150 243 ek} 42 611 BOE TIE  #E a1 100 1029 hits) 1277 1362 1421 1549 1E4.6 1742 1846 1937 2038 214 226 2368
Central 1F(X)[5.] % at [d] 2 4 5 € 7 8 3w n 12 13 " 15 1€ 17 12 19 20 21 22 23 24 |Degree of :
T2 a5 121 |y 7wz 18E 221 Mg 271 237 I3T4 ;w2 321 41 44 471 60,5 64,1 679 k] BE1 T4 49 1
TS 143 124 227 272 M5 359 401 42 485 622 57 ElE BG4 T4 TE4 as ars4 934 932 1065 134 1208 2
TIO 17 22 272 328 ez 4T 43 B42  BOE BBl 704 TE a2 a8z 944 00,1 07 15 1228 1208 1231 jLo 3
Central . | TI8 124 238 296 BT ME 477 GBIE BAE EET e T a4 anz arE 1044 e 18,1 1269 1252 144 1521 1624 4
o |T20 194 252 32 ITE 433 G604 BEZ B3l EAB TE4 g 896 96,2 04,2 4 13,1 127 1362 144 1532 1E27 1724 L}
o < |T25 201 261 324 39 456 G5 631 63 T3 a0 BER 939 05 08,2 16,2 1248 1221 jLiR] 1850,7 60,2 170 1201 B
T30 20,6 268 234 402 47 B4l Bl BBl TEE aza a0 ar4 10532 133 1212 1285 128 HE7 1861 66,2 176 1262 7
1N Seasons T50 221 29 3B1 432 BOE  BR4 EEZ T2 B2E a9 934 07,2 116 1249 1238 Hz25 15,2 1611 w2 1215 1924 20385 El
TS 232 J0E W2 MBS BRI OELT YO 7RI BElZ are 106 15 1245 1241 1434 152 1627 1728 1221 1928 2054 2163 £l
Ti00 239 e T 47 BEZ B4 vaoomez a2 Lk 1 1208 1208 “o7 1505 1604 170E 1207 195 2026 2M5 2264 10
Ti50 243 332 47 43 573 OGN0 TET 863 976 082 118 1286 1333 1500 1605 T IBlT 1822 2034 248 2274 233
South F(X) " [s.]v at[d] 3 4 5 [ 7 8 i ] 10 1 12| Degree of severity
T2 35 12l  Wr  1n4 20 225 248 2r 294 o919 1
i | TH 144 124 225 268 1 364 235 415 4TE 618 2
s |10 73 22z 270 323 3T 43 483 534 685 636 3
| South | TS 128 243 296 |IT NIz 472 63 B8R 644 Tl 4
5 { T20 198 257 34 T4 435 50 563 625 684 743 5
o T25 20,7 268 327 29 464 521 622 ERZ TIE TIE| B
T20 27 T 402 468 BRE E0E ETE T4 @02 7
1.23 Seasons T50 231 300 3EE 436 BOE  BBE  BEZ  TRT 0% ard 8
T75 44 3 383 463 533 623 06 7EE 86 a3 4
Ti00 25,4 334405 481 BE1 B4E TIE gz pagz ar| 1
T150 26,7 353 428 602 592 B35 TS 8ET 95 wzs) 1l

Figure 3 Excerpt from the reoccurrence table. The table contains the Tl,-values at the past number of
days in the thawing periods for different reoccurrence periods. The table contains values up to ty,=41 for

the north region.

3.2 Statistical distribution

In general the Johnson Sy-distribution had the
best fit on the data with a few exceptions.
The station in Kalmar in region south
followed a Johnson S,-distribution instead.

4 DISCUSSION

4.1 Regional effects on thawing

As expected the thawing season is longer in
the north compared to the south. But the
intensity in the thawing is similar
independent on the latitude location. The low
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variation support the simplification used in
this study of dividing a large are into a few
regional areas as also done in e.g. the
Swedish Transportation Administrations frost
design guidelines. In this study the effect of
location in longitude position has not been
investigated since the it in the south part of
Sweden is a very high correlation between
the latitude position and the variation in the
north is hard to explain by statistical means
due to lack of monitoring stations. It is
reasonable to assume that in the north part of
Sweden it would be relevant to divide the
thaw weakening into at least two groups
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based on the longitude locations (coast land
and in-land).

It is interesting that the Tly is in the similar
range for all stations during t<12 d.

4.2 The thaw-index model

The thaw-index model, based on Hicks et al.
(1985) is based on several simplifications. In
this study these simplification has been
implemented fully since the aim has been to
study the regional effects on thawing events.
To be able to fully use this methodology the
value of T will need to be adjusted for both
the pavement construction thickness and
material thermal properties and the subgrade
properties. This step needs calibration studies
to verify. The error induced in this
assumption will be systematic but not affect
the overall conclusions.

4.3 Thaw weakening reference table

The reference table provides a guidance if the
current season or location is representative
for the given latitude position. By monitoring
local temperature data the point when Tlaec
has been reached it can be judged if the thaw
weakening is moderate, normal or severe. If
Tlacc normally is reached early, a
consequence of high air temperatures, the site
based on is local climate conditions are more
subjected to severe thaw weakening than
expected at its location.

The first 12 days in the reference table are
similar in between the three different regions.
After 12 days the variation increases between
region central and north. It is possible to
merge region south and central’s tables to
one.

4.4 Statistical distribution of thawing events

In this study the statistical distribution of
thawing events has been studied. In Sweden
most of the data follows the normal
distribution transformation Johnson
distributions. Thus it is easy to statistically
handle thawing events if a design tool
incorporating thawing will be developed.

4.5 Comparison to the Swedish guidelines
for pavement frost design

In the Swedish guidelines, Trafikverket,
(2011), regarding frost design of pavements
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thaw weakening is incorporated by assigning
reduced stiffness modulus in the
superstructure layers and the subgrade during
a time period defined by the location in
climate zone 1-5 of the road according to the
map in figure 4.

Figure 4 The five climate zones in Sweden used
for frost design of pavements. Trafikverket,

(2011).

In table 3 the length of the deep thawing
season and a rough mapping between the
climate zones in figure 4 and the regions in
figure 1 are showed. The current guidelines
assign longer periods of thawing compared to
the results in this study. The longer periods

for the thaw weakening season in the

guidelines is expected since it also includes
the recovery of the stiffness modulus after the
thawing has stopped.

Table 3 Comparison between the length of the
deep thawing season in Trafikverket, (2011) and
the average thawing season found in this study.
The table also roughly maps the climate zones in
Trafikverket, (2011) to the regions in this study.

Current guidelines

Climate 1 2 3 4 5
zone

tmax [d] 15 | 31 45 61 | 91
This study

Region South | Central | North
tmax [d] 12 34 41

If the deep thaw weakening should be
included in the design based on the local
climate conditions there is a need to separate
the deep thawing season and the recovery
time since the length of the thawing time is
strongly correlated to the latitude, as shown
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in this study, and the recovery time probably
are more effected of the material properties,
e.g. Phukan, (1985), Andersland and
Anderson, (1978) among others.

5 CONCLUSION

Based on historical air temperature data and
frost depth measurements the following
conclusions can be drawn in this study about
thawing in Swedish roads:

There is a strong correlation in
latitude position and the thawing
period length.

The intensity in thawing is similar
independent on the latitude positions
Thawing follows normal statistical
distribution transformations
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