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ARTICLE INFO ABSTRACT

Spring Load Restriction (SLR) policies have been widely implemented in many countries to reduce the cost of
road repair for freeze-thaw induced damages in cold regions occurring in the spring thawing season. In most SLR
policies, accurate predictions of the Freezing Depth (FD) and Thawing Depth (TD) are very critical because both
FD and TD directly determine the dates for the SLR initiation and removal. In this study, we propose a new
constrained optimization approach to predict FD and TD and evaluate this approach for making SLR decisions
with field measurements collected at four sites during two adjacent year cycles. The evaluation results showed
that constrained optimization can not only accurately predict FD and TD with a determination coefficient of
higher than 0.91 for most sites, but enable FD to meet TD in the thawing season for accurate SLR-decision
making, which, however, cannot be achieved using non-constrained optimization widely adopted in the lit-
erature. We also discuss the accuracy of using a Thawing Index (TI)/Freezing Index (FI) ratio of 0.3 that still has
been used by several agencies in the U.S. to determine the removal date of SLR. Our results indicated that on the
true SLR removal dates, a TI/FI ratio is not equal even close to 0.3 for most sites. By comparison, a TI/FI ratio of
0.3 will be less accurate than the FD and TD prediction model for SLR decision-making. The methodology
reported in this study is easy to use and implement for road engineers and the insights will help make accurate
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SLR decisions to prevent roads in cold regions from freeze-thaw induced damages.

Introduction

Paved roads in seasonally cold regions are usually challenged by
freeze-thaw induced damages. During a thawing period starting from
early spring, the air temperature above a pavement gets warmer and
consequently, downward heat transfer to pavement subsurface courses
to thaw ice accumulation accumulated during winter in pavement base
and subgrade soils [1]. If frozen soils are not completely thawed, the
liquid water resulting from thawing could not be quickly drained out of
base and subgrade soils, because the water drainage is hindered by the
very low permeability of frozen soils [2,3]. In this situation, the soils
beneath pavements are under unconsolidated and undrained condi-
tions, which easily leads to mechanical performance degradations in
pavement base and subgrade soils [4-6] and consequently causes thaw-
weakening [7-9]. This thaw-weakening can significantly cause road
damages by reducing their bearing capacity of up to 50% in spring
[10-12]. The above issue especially occurs in secondary (low volume)
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roads, e.g., county roads, city streets, and farm-to-market roads, the
majority of which is not designed with enough layer thicknesses to
provide adequate protection against freezing and thawing as those in
interstate and primary roads [13].

In order to minimize road damages, many regions have im-
plemented Spring Load Restriction (SLR) policies to limit the axle loads
of trucks that can significantly induce pavement distortions, cracks, and
other damages during annual spring thaw [14,15]. SLR includes in-
itiation and removal dates to create a period for controlling the
movement of freight-carrying trucks and heavy equipment travel
during this period until the thawing ends to effectively protect roads.
Conventional SLR for initiation and removal determinations primarily
relies on visual observations in situ, e.g., observing water pumping from
cracks or roadway frost deformation [16,17], free water at the pave-
ment surface (indicating a saturated base) to signs of cracking [18], and
readings of frost tubes [19].

Despite the above conventional SLR methods, many agencies switch
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Nomenclature

FD freezing depth [cm]

FDini initial freezing depth [cm]

FI freezing index [°C-days]

FIT freezing Index during thawing [°C-days]
TD thawing depth [cm]

TDini initial thawing depth [cm]

TI thawing index [°C-days]

SLR spring load restriction [-]

to quantitative SLR decision-making algorithms. Several agencies in the
U.S. and Canada have performed research to address the question of
monitoring roadways and posting SLR policies using the air Freezing
Index (FI) and/or Thawing Index (TI) [19-22]. The SLR initiation, for
example, begins when TI reaches 15 °C-days in Manitoba in Canada,
while the SLR removal occurs when TI is 350 °C-days [23]. The SLR
removal in Washington takes place when the ratio of TI to FI reaches
0.3 [18]. Different from SLR decisions with TI and/or a TI/FI ratio,
some agencies currently have recommended determining the initiation
and removal of SLR via the Freezing Depth (FD) and Thawing Depth
(TD). The reason is that FD and TD can directly reflect real freezing and
thawing conditions in pavement base and subgrade soils. For the FD/TD
implementation, the SLR initiation starts when TD continuously in-
creases; after TD meets FD in the thawing season, the SLR initiation is
removed [24,25]. Therefore, it is very important to accurately predict
FD and TD to avoid either the late initiation or early removal of SLR for
avoiding any economic loss and reducing the repair cost for road freeze-
thaw induced damages.

Many FD and TD prediction models have been proposed in the lit-
erature based on 1D heat transfer in a semi-infinite soil. The typical one
is the Neumann empirical model [26], where FD is predicted in terms of
the square root of FI and soil properties (e.g., thermal conductivity).
The following models make some modifications by only keeping FI and
lumping all the other terms for soil properties into one or two fitting
constants [2,12,16,24]. To obtain these fitting constants, nonlinear
regression of the measured data is usually employed. For TD predic-
tions, two major types of prediction models are available in the lit-
erature, but each contains 2-4 fitting constants that need to be de-
termined by nonlinear regression as well. The first type is to predict TD
via TI only using a power function. Chapin et al. [25], for instance, used
this type to predict TD with the measured data, where the obtained
determination coefficient was 0.59-0.83. For the second type, TD is
assumed to share the same mathematical function as that of FD, i.e., the
square root of both FI and TI (see Fig. 1). In comparison, the determi-
nation coefficient obtained based upon the second type [24] is about
0.99 and higher than that of the first type. However, Baiz et al. [24]
predicted TD in the freezing and thawing seasons separately using a
piecewise function, which is inconvenient in practice. Bao et al. [27]
thus suggested using an integrated approach to predict TD in the whole
freeze-thaw cycle using a multivariate model (i.e., a variation of the
second type). They obtained the determination coefficient in a range of
0.8-0.94 and confirmed that the pavement surface temperature is more
accurate than the air temperature for calculating FI and TI for FD/TD
predictions.

Though either TI or an FD/TD prediction model has been ex-
tensively applied for SLR decision-making, two issues are still unclear.
Firstly, several agencies in the U.S. still use a ratio of 0.3 between TI
and FI proposed by Mahoney et al. [18] to determine the SLR removal
date because of its simplicity. However, it is still uncertain how accu-
rately the TI/FI ratio method performs for SLR decision-making when
compared to an FD/TD prediction model. Secondly, the essential step in
SLR decision-making with an FD/TD prediction model is to determine a
date for the SLR removal when FD meets TD (see Fig. 4 for details) in
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the thawing season [24]. However, FD and TD predicted via the existing
model [24] cannot meet with each other, as shown in Fig. 1, which
hinders the application of the FD and TD prediction model in practice
for SLR decision-making. In addition, when both FI and TI are equal to
zero, FD and TD in the thawing season in Fig. 1 are 145 and —848 cm,
respectively (22.1 and 0.494 cm in the freezing season). These numbers,
in fact, should be identical and have the physical meaning that is re-
lated to the pavement surface thickness (see details in Section ‘Freeze-
thaw depth prediction model with constrained optimization’). There-
fore, the fitting constants in Baiz et al. [24] are only statistical numbers
without clarifying their physical meaning, which fail to reflect realistic
pavement FD and TD conditions.

In this study, we address the above issues using the multivariate FD/
TD prediction model adopted from our previous study [27]. Though the
prediction model used in this study is the same as that of Bao et al. [27],
there are two distinct differences in the model application. First, we
clearly clarify the physical meaning of all fitting constants in the pre-
diction model. Second, we propose a new constrained optimization
approach for obtaining fitting constants to reflect realistic pavement FD
and TD conditions. We evaluate FD and TD predictions with con-
strained optimization via site measurements collected during two ad-
jacent year cycles in Michigan. Discussion is also made to shed light on
the advantages of constrained optimization newly proposed in this
study and the SLR decision-making accuracy using the FD/TD predic-
tion model and a TI/FI ratio.

Theory and Method
Field measurements and SLR determination method

Field measurements for road pavements in Michigan are adopted in
this study. A Road Weather Information System (RWIS) deployed in
Michigan measures and transmits weather and road conditions in real-
time via various sensors (Fig. 2). Meteorological sensors record weather
conditions, e.g., air temperature, relative humidity, and precipitation.
Pavement sensors measure pavement surface temperatures and geo-
thermometers are used to measure temperatures of base and subsurface
soils. There are 104 sites in total and we adopt four typical sites for
analyses, i.e., Michigamme and Seney in the Upper Peninsula and
Eastport and Fife Lake in the Lower Peninsula.

Fig. 3 shows the cross-section of the test road pavements. The as-
phalt/concrete pavement surface has a thickness of about 25 cm, which
is the same as that of roads in Asefzadeh et al. [2]. Base and subgrade
soils are beneath the surface, where the base thickness is about 17 cm.
The degree of frost susceptibility varies with the soil type and usually,
silts, clays, and fine silty sands are the most susceptible to frost heave.
For all measurement sites in Fig. 2, the soil type is different, which
generally includes silty and/or clayey sands, from loose to fine sands,
and silty clays. The four selected sites have the soil type as follows:
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Fig. 1. Measured vs predicted data for FD and TD [data is from Baiz et al. [24]].
Note that predicted TD and FD trends are obtained using the thawing season
fitting constants in Baiz et al. [24].
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Fig. 2. Monitoring sites in Michigan and selected sites location for analyses.
Data is from the Michigan SLR website (https://mdotslr.org/).
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Fig. 3. Schematic of a test road pavement cross section.
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Fig. 4. SLR decision-making based on the theory proposed by [24]. (Note that
the model for plotting the FD and TD curves in this figure was derived and
simplified based on a mechanistic heat transfer model considering thermal
properties of base and subgrade soils. More details can be found in [24;27]. Few
scattered TDs can be observed from field measurements (see Fig. 7) before the
thawing season, so the SLR initiation begins when continuous TDs can be ob-
served.)

Time

clayey sand upper (~1.52 m) with fine to medium silty sand below at
Michigamme, loose sand at Seney, fine sand at Fife Lake, and fine sand
upper with silty clay below at Eastport. Thus, the most susceptible soil
type is considered. FD and TD are not measured directly, but rather
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calculated based on the measured subsurface temperatures starting
from the base surface to subgrade soils. The measured locations are 0, 3
(7.62), 6 (15.24), 9 (22.86), 12 (30.48), 18 (45.72), 24 (60.96), 30
(76.2), 36 (91.44), 42 (106.68), 48 (121.92), 54 (137.16), 60 (152.4),
66 (167.64), and 72 in. (182.88 cm). Calculations of FD and TD are
defined based on measured temperatures with respect to 0 °C from the
top surface (i.e., base surface in Fig. 3) during freezing and thawing
periods. Two adjacent measured temperatures are compared with 0 °C
and the linear interpolation is used if two adjacent temperatures have
an opposite sign. The base surface in Fig. 3 is assumed as a datum,
below which FD and TD are positive.

The SLR initiation and removal dates are determined according to
the suggested theory by Baiz et al. [24] and Chapin et al. [25]. As
shown in Fig. 4, the SLR initiation takes place if there are continuous
TDs (red square); SLR ends after TD meets FD (purple square). At this
time, a yearly freeze-thaw cycle is complete.

Freeze-thaw depth prediction model with constrained optimization

Accurate predictions of FD and TD are very essential for SLR deci-
sion-making to notify the public of SLR postings at least 3-5 days in
advance for avoiding the economic loss of road users due to an un-
necessarily long SLR period. In this study, we adopt the multivariate
FD/TD prediction model [27]. This model assumes that FD is a function
of the square root of both FI and TI as

FD = aFI + Jc—bTI — d (@)

where a, b, ¢, and d are fitting constants, all are always positive. The
mathematical formulation for TD uses the square root function using
the following expression by assuming that freezing and thawing pro-
cesses in soils are similar [28]

TD = —eFIT — g —fTI + h @)

where e, g, f, and h are fitting constants, all are always positive. FIT is
the cumulative freezing index in the thawing period only, which is
calculated starting from the first TD data point. Detailed calculations of
FI, FIT, and TI can be found in Appendix.

Each of Egs. (1) and (2) has four fitting constants. For FD, a and b
are the lumped parameters in the freezing and thawing seasons, re-
spectively, to consider the volumetric latent heat of fusion, the con-
version from the air temperature to the surface temperature, and the
initial freezing depression [29,30]. These two lumped fitting constants
reflect the real situation for the depth and duration of the freeze and
thaw penetration in the base and subgrade soils. Similarly, e and f for
TD are also the lumped parameters that have a similar physical
meaning to that of a and b.

The physical meaning of c and d in Eq. (1) is related to the pavement
surface thickness. Before the freezing season starts, it is known that
both FI and TI are equal to zero. Eq. (1) thus can be rewritten as

FDy = Je —d 3)

where FD;y; the initial freezing depth to represent the pavement surface
thickness. In Fig. 3, the base surface is the datum. FD starts from zero in
the early freezing stage when FI is slightly greater than zero and TI is
equal to zero. FD only occurs in base and subgrade soils beneath the
pavement surface (Fig. 3). Under the condition of FI = TI = 0, FD;,;
needs to be equal to 25 cm such that realistic pavement structure
conditions can be physically described using Eq. (1). Similarly, Eq. (2)
for TD can be written as

TDy; = —Jg +h @

Because of the same pavement road, FD;,; = TD;,; is required. The
above explanations give the physical meaning of all the fitting constants
in Egs. (1)-(2) in the multivariate FD/TD model. This is different from
the existing prediction models that conduct regression analyses directly
to have fitting constants; however, their fitting constants fail to reflect
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fitting analysis.

realistic pavement conditions (e.g., Baiz et al. [24] and Chapin et al.
[25], see an example in Fig. 1).

Non-constrained nonlinear regression of measured data is widely
used to find fitting constants in the FD/TD prediction models
[2,12,16,24]. However, non-constrained nonlinear regression cannot
satisfy the requirements of Egs. (3)-(4) in this study. We thus propose a
new constrained optimization approach to satisfy such requirements. In
theory, the minimum of a nonlinear multivariable function f (x) can be
expressed as [31]

x>0

m;n f (x) such that {ceq x) =0

)

where x is the fitting constant vector and ceq(x) is the equality con-
straints. Take FD for example, x contains a, b, ¢, and d. f(x) and ceq(x)
can be expressed as

{f(x) = X [FD(x) - g@)F
ceq(x) = V¢ —d — FDyy; 6)
where g(x) is the measured data vector. In this study,
FDy,; = TD;y,; = —25 cm is used (Fig. 3). We utilize the negative sign
here because the base surface is the datum. The constrained optimiza-
tion procedure is shown in Flowchart 1. This constrained nonlinear
optimization is implemented with MATLAB using the fmincon method

for optimization construction and sequential quadratic programming
(SQP) algorithm [32] for finding the minimum of f(x). The randomly
generated x is used to start the optimization process and the termina-
tion tolerance for f(x) is 1072

Flowchart 1. Constrained optimization procedure

Given: TD or FD measurements
Output: Model parameters a, b, ¢, and d for FD or e, f, g, and h for TD

Step 1. Give initial guesses for model parameters in [0 Infinite].

Step 2. Do optimization with constraints (e.g., ceq(x) = V¢ — d — FDjy;).

Step 3. Evaluate f (x); if its tolerance is not satisfied, adjust initial guesses using the
SQP algorithm and repeat Step 2, otherwise do Step 4.

Step 4. Report model parameters for FD or TD.

Results
Site measurements

Two year-cycle field data for the four considered sites are available
to evaluate the FD/TD model performance with constrained optimiza-
tion. Fig. 5 and Fig. 6 show the daily average air and pavement surface
temperatures collected from August 1st 2017 to June 1st 2018 for the
first year cycle and August 1st 2018 to April 1st 2019 for the second
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year cycle. The second year cycle has less data than the first year cycle
primarily due to problems caused by the data transmission. The data
after April 1st 2019 is not available. In general, the surface temperature
is slightly higher than the air temperature. Also, the temperature range
for the two-year cycles is almost the same from —20 °C to 40 °C. In
Fig. 5b and Fig. 6¢, some data is missing in a short period probably
because of the sensor connection and data transmission problems. This,
however, does not affect TD predictions and may only slightly affect FD
predictions in the early stage. We can see the continuous data after
about November 15th, 2017. Thus, TD predictions are negligibly af-
fected by the missing data for SLR decision-making.

The measured FDs and TDs for the four sites for the two-year cycles
are shown in Figs. 7-8. FI and TI are also plotted, which are calculated
starting from the first FD data point with the pavement surface tem-
perature using Egs. (7)-(8) detailed in Appendix. In all the sites, FD
takes place around November 15th for each year cycle. The thawing
season for the first year cycle is earlier than that of the second year
cycle. Because we can see that FD starts decreasing around the begin-
ning of March in Fig. 7 but around the middle of March in Fig. 8. This
can also be supported by TD prediction trends. TD continuously in-
creases around the beginning of March for the first year cycle but
around the middle of March for the second year cycle. For all the sites in
Fig. 7 and Fig. 8, there are some data points marked with circles. This
can be explained in terms of two seasons. In the freezing season, several
warm days may occur to thaw the base and subgrade soils; as a result,

FD decreases somewhat, especially at the beginning of the freezing
season. In the thawing season after the freeze-thaw cycle ends where FD
meets TD, there have some cold days to freeze the soils close to the base
surface, leading to some FDs after the freeze-thaw cycle ends.

Application of constrained optimization for FD/TD predictions

Predictions of FD and TD via constrained optimization for the two-
year cycles are shown in Fig. 9 and Fig. 10. During the constrained
optimization process, the circled data marked in Figs. 7-8 is excluded.
The major consideration is that the circled data appears either at the
beginning of the freezing season or after the thawing season due to the
occurrence of some warm and/or cold days, as explained in Section
‘Site measurements’. The primary aim of this study is to predict TD and
FD trends in the thawing season for accurately making SLR decisions. It
is thus reasonable to exclude the circled data for statistical analyses to
obtain high prediction accuracy in the thawing season.

We can see in Figs. 9-10 that the predicted data for both FD and TD
is in good agreement with the measured data. In general, the predicted
FD trends match well with the measured FD trends, where FD increases
in the freezing season and decreases when thawing starts. Slight de-
viations for FD can be observed in Fig. 10 in a few days at the beginning
of the freezing season because of the occurrence of some warm and/or
cold days. This, however, has a negligible effect because the predicted
FDs in the thawing season, which are key for determining the SLR
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removal date, are very close to the measured FDs. It is also seen that FD
and/or TD is a horizontal line after FD meets TD because imaginary
numbers are obtained using Egs. (1)-(2). This, however, is not an issue
because the freeze-thaw cycle ends already, thus, these FD and/or TD
values have no meaning.

The fitting constants for TD and FD are tabulated in Table 1. All the
fitting constants are positive, which satisfy the requirement of con-
strained optimization in Eq. (5). The determination coefficient for al-
most all the predictions is found to be higher than 0.91, which further
confirms the high accuracy of predicting both FD and TD with con-
strained optimization. In Figs. 9-10, we also can see FD and TD are
overlapped and equal to —25 cm in the early freezing season when no
measured FD data point appears. This satisfies Eq. (6) for the physical
meaning of the fitting constants to reflect the pavement surface thick-
ness. At the late stage of the thawing season, FD meets TD in the pre-
dictions for all the sites, except Fife Lake in the second year cycle be-
cause no more data is available after April 1st. However, it is expected
that FD will meet TD later according to their current prediction trends
in Fig. 10d.

The initiation and removal of SLR for the four sites then can be
determined according to Fig. 4. As shown in Table 2, all the sites in the
first year cycle have an earlier date for the SLR initiation and a later
date for the SLR removal than the second year cycle. This is because the
thawing season of the first year cycle came earlier (see Figs. 7-8). The
FD/TD model suggests that the duration for SLR in Michiganmme is
22 days for the first year cycle and 20 days for the second year cycle.
For the other three sites, the SLR duration is 17, 10, and 29 for the first
year cycle and 13, 11, and not determined for the second year cycle,
respectively. Considering that there are a few warms and/or cold days
after FD meets TD when the freeze-thaw cycle ends (Fig. 7), it is also

suggested that the removal of SLR can take place when no more TD data
point appears to eliminate any potential of thaw-weakening induced
road damages. Such suggested dates for the SLR removal are shown in
Table 2 and we can see that the SLR duration of the first year cycle
increases over one or two weeks in Michigamme, Seney, and Fife Lake,
while the SLR duration in Eastport keeps unchanged.

Discussion
Advantages of using constrained optimization for FD/TD predictions

Constrained optimization has two major advantages that make it
more advanced than non-constrained optimization used in existing
studies [24,27] for statistical analyses of the measured data. First, as
clearly shown in Figs. 9-10, constrained optimization can enable FD to
meet TD in the thawing season. This can be further illustrated by
comparing FD and TD predictions with non-constrained and con-
strained optimizations. Fig. 11 shows such a comparison for the sta-
tistical analyses of the data collected during 2017-2018 in Seney. We
can see that FD cannot meet TD in the thawing season if non-con-
strained optimization is employed, which has the same issue pointed
out in Fig. 1. However, constrained optimization can resolve this issue
to enable the prediction model to work in practice in support of SLR
decision-making.

Second, when FI = TI = 0 in the early freezing season, non-con-
strained optimization yields about —5 cm and 25 cm (Fig. 11) for TD
and FD, respectively. The two numbers are different and also have a
different sign simply resulting from the statistical analyses. They,
however, cannot reflect the realistic pavement FD and TD conditions.
As explained in Section ‘Freeze-thaw depth prediction model with
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Fig. 10. Predictions of FD and TD with the measured data for Year Cycle 2018-2019. Circled data in Fig. 8 is excluded.

Table 1
Fitting results for FD and TD.
Site Year cycle Fitting constant for FD
a (cm °C-day ~%®) b (cm?® °C-day %) ¢ (cm? d (cm) R?
Michigamme 2017-2018 7.93 441.68 43671.34 233.98 0.9454
2018-2019 7.36 37.70 5942.01 102.11 0.9826
Seney 2017-2018 9.55 1129212.34 55527423258.98 235667.58 0.9175
2018-2019 8.99 66.89 10452.05 127.24 0.9667
Eastport 2017-2018 12.24 765988.37 77196409094.82 277867.42 0.9695
2018-2019 10.53 64.56 14750.30 146.45 0.9738
Fife Lake 2017-2018 10.54 77.03 8406.61 116.69 0.9460
2018-2019 10.79 35597.02 23217827654.84 152398.97 0.9764

Fitting constant for TD

e (cm °C-day ~*®) f (cm? °C-day %) g (cm?) h (cm) R?
Michigamme 2017-2018 16.08 1289.25 63770.78 227.53 0.9337
2018-2019 0.0005 2234315.90 448425887174.61 669621.09 0.9601
Seney 2017-2018 0 437.21 18992.62 112.81 0.9160
2018-2019 5.01 583.89 51533.68 202.01 0.9745
Eastport 2017-2018 10.70 299.15 19229.11 113.67 0.8085
2018-2019 0.66 182.23 25366.36 134.27 0.9651
Fife Lake 2017-2018 2.71 1714226.75 671747443635.23 819577.00 0.9212
2018-2019 5.07 160.17 26692.41 138.38 0.9777

constrained optimization’, these two numbers should be equal because Feasibility of using Year Cycle 1 fitting constants to predict Year Cycle 2 FD/

they represent the pavement surface thickness. It is clearly seen in D

Fig. 11 that FD is equal to TD when constrained optimization is used.

Therefore, constrained optimization can yield not only satisfactory but The FD/TD prediction model with constrained optimization can
more realistic results than those obtained with non-constrained opti- accurately predict the FD/TD trends for applying SLR in each year
mization. cycle. It is also very interesting to explore the feasibility of predicting

the FD and TD trends in the current year cycle by directly employing
the fitting constants from the previous year cycle at the same site. This
feasibility can further facilitate the application of the prediction model
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Table 2
Site SLR determination.
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Site Year cycle Model determined date Suggested date
SLR on SLR off Duration (days) SLR off Duration (days)
Michigamme 2017-2018 2/27/2018 3/20/2018 22 4/2/2018 35
2018-2019 3/13/2019 4/1/2019 20 4/1/2019 20
Seney 2017-2018 2/24/2018 3/9/2018 17 3/16/2018 24
2018-2019 3/13/2019 3/25/2019 13 3/25/2019 13
Eastport 2017-2018 2/19/2018 3/1/2018 10 3/1/2018 10
2018-2019 3/15/2019 3/25/2019 11 3/25/2019 11
Fife Lake 2017-2018 2/19/2018 3/20/2018 29 4/8/2019 48
2018-2019 3/13/2019 - - - -
= Measured FD in practice because it makes the model application more convenient for
200 Measured TD ‘ road engineers for making SLR decisions without needing further
—*— Non-constrained FD, R2=0.94 g R g g
—+— Non-constrained TD. R2=0.93 measurements in later year cycles.
150 F|—=— Constrained FD, R?=0.92 To examine this feasibility, we predict the FD and TD trends during
—>— Constrained TD, R?=0.98 2018-2019 in Michigamme and Seney, respectively, using the fitting
€ 100k constants obtained during 2017-2018 from Table 1. As shown in
o Fig. 12, the predictions for both FD and TD lag behind and do not match
‘%_ the measured data. The SLR removal for Michigamme is determined on
2 50 - 3/21/2019, which is earlier than the correct date of 4/1,/2019. The SLR
removal for Seney is also earlier and incorrect. The major reason for
ok causing the earlier predictions is that the thawing season during
...... 2017-2018 is earlier than that during 2018-2019 (see Figs. 7-8).
| Therefore, it is not suggested to predict the FD and TD trends in the
-50 L I L
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Fig. 11. Comparison of FD/TD predictions with non-constrained and con-
strained optimization for Seney during 2017-2018.
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Fig. 12. Comparison of FD/TD predictions with non-constrained and con-
strained optimization in Seney for Year Cycle 2017-2018.

current year cycle using the fitting constants from the previous year
cycle. Though at the same site, the accuracy of the TD and FD predic-
tions is also time-dependent and significantly influenced by FI and TI
accumulated during each year cycle.

FD/TD prediction models are better than a TI/FI ratio for SLR decision-
making

As mentioned in the introduction, a TI/FI ratio of 0.3 proposed by
Mahoney et al. [18] has still been used by several agencies in the U.S. to
determine the SLR removal date, e.g., those in Washington [18,33]. In
this section, we evaluate the accuracy of using this TI/FI ratio for SLR
decision-making.

Table 3 shows TI/FI ratios calculated by TI and FI obtained on the
SLR removal dates. The removal dates are determined based upon the
measured data in Figs. 9-10 when FD either already or nearly meets TD.
These dates can be considered as the true solutions for removing SLR
because the field measurements directly reflect pavement freezing and
thawing conditions. TI/FI ratios for Eastport and Fife Lake are not ei-
ther fully or partially shown in Table 3. The reason is that the last FD
and TD data points at these two sites in Figs. 9-10 are still far from each
other; therefore, it is difficult to determine the correct SLR removal
dates. The SLR removal dates determined by the FD/TD prediction
model are also presented for comparison. We can see in Table 3 that the
TI/FI ratios are not equal and/or very close to 0.3. Even at the same
site, the ratio is obviously different in the two-year cycles. This might be
caused by two possible reasons. First, FI and TI in Table 3 are calculated
in terms of the pavement surface temperature. This differs from the air
temperature used in Mahoney et al. [18] for obtaining a TI/FI ratio of
0.3. Second, Mahoney et al. [18] used “°F” for the temperature unit
while “°C” is utilized here.

To further examine the accuracy of using the TI/FI ratio, we cal-
culate the TI/FI ratios for three additional sites in the Superior region in
Michigan (see Fig. 2), including Mackinac Bridge, US-10, and US-12. In
the calculation, we adopt the air temperature to compute FI and TI
using both “°F” and “°C” temperature units. The SLR removal dates are
determined based upon the field measurements when FD meets TD. It is
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Table 3
Ratios between TI and FI on the SLR removal date.
Site Year circle FI (°C-day) TI (°C-day) TI/FI ratio SLR off
Measurement FD/TD model
Michigamme 2017-2018 737.68 47.64 0.06 3/19/2018 3/20/2018
2018-2019 843.32 106.13 0.13 4/1/2019 4/1/2019
Seney 2017-2018 561.87 43.46 0.08 3/6/2018 3/9/2018
2018-2019 638.67 87.14 0.14 3/25/2019 3/25/2019
Eastport 2017-2018 334.25 65.38 0.20 2/28/2018 3/1/2018
2018-2019 - - - - 3/25/2019
Fife Lake 2017-2018 - - - - 3/20/2018
2018-2019 - - - - -
Table 4
SLR removal dates at three additional sites in the Superior region in Michigan.
Site Year Date SLR off FI TI TI/FI ratio
°F-day °C-day °F-day °C-day if °F if °C
Mackinac Bridge 2017 4/5/2017 694.00 477.22 362.00 201.33 0.52 0.42
2014 5/4/2014 2024.00 1267.80 528.00 293.56 0.26 0.23
2011 4/18/2011 1062.00 711.67 1180.00 655.92 1.11 0.92
Us-10 2017 3/23/2017 471.00 330.56 498.00 276.90 1.06 0.84
US-12 2017 3/8/2017 298.00 211.11 706.00 392.48 2.37 1.86

clearly seen in Table 4 that the TI/FI ratio is not equal or close to 0.3 for
most sites, no matter “°F” or “°C” is utilized. The TI/FI ratio is in a
range of 0.26-2.37 when “°F” is used.

The results in Table 3 and Table 4 show that adopting a TI/FI ratio
of 0.3 is not accurate for SLR decision-making. Even at the same site of
Mackinac Bridge, the TI/FI ratio is significantly different in three con-
sidered years (Table 4). However, the SLR removal dates determined by
the FD/TD prediction model are almost the same as those by the
measurements (Table 3). According to Mahoney et al. [18], a TI/FI ratio
of 0.3, in fact, is an approximate solution under cases based upon fine-
grained soils with a moisture content of 0.15. This approximate solu-
tion, however, can vary significantly site-by-site or year-by-year though
at the same site. Using this approximate TI/FI ratio will yield an SLR
removal date either earlier or later than a true date. This will cause the
extra repair cost for freeze-thaw-induced road damages occurring in the
thawing season or the economic loss of road users due to an un-
necessarily long SLR period. Our results reveal that the FD and TD
prediction model can yield more accurate results than a TI/FI ratio for
SLR decision-making.

Conclusions

This study proposes constrained optimization to predict FD and TD
in support of making SLR decisions. The physical meanings of all fitting
constants in the multivariate FD/TD prediction model are clearly clar-
ified, which can reflect realistic pavement FD and TD conditions but are
conventionally neglected in existing studies. We evaluate constrained
optimization with field measurements collected at four sites during
two-year cycles. The evaluation results showed that the constrained
optimization approach can provide accurate predictions of FD and TD
with the determination coefficient of higher than 0.91 for almost all
sites. Most importantly, this approach makes the predicted FD and TD
trends cross in the thawing season so that the SLR removal date can be

Appendix A

Freezing and thawing indices calculation

determined, which addresses the critical but resolved issue in most
existing prediction models that FD cannot meet TD in the thawing
season to enable such prediction models to work in practice for SLR
decision-making.

Based on the examination, it is not suggested to predict the FD and
TD trends in the current year cycle by directly employing the fitting
constants from the previous year cycle at the same site. By comparison,
the FD and TD prediction model used in this study is more accurate for
SLR decision-making than a TI/FI ratio of 0.3 that still has been used in
several agencies in the U.S. The TI/FI ratio can vary significantly site-
by-site or year-by-year though at the same site. Therefore, the FD and
TD prediction model with constrained optimization reported in this
study is reliable and highly recommended for making SLR decisions for
roadways in cold regions.
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The cumulative freezing index is calculated based on T, = 0 °C during a given period by the following expression

10
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FI=% (L) - T
Th—-T,<0=>Th—T,=0 )

where T; is the pavement surface temperature (note that T; is the daily averaged data from Figs. 5 and 6). Similarly, FIT is calculated using Eq. (7)
starting from the date when the first TD data point occurs in the thawing season only. The cumulative thawing index is computed by

TI = 3 (T; — Trp)
E_Eef<0$n_’1;ef=0 (8)

where T, is the reference temperature to consider the amount of solar radiation and thermal properties of pavement materials. T,y = —1.67 °C is
often utilized according to the guideline in Mahoney et al. [18].
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