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Abstract: As a type of road distress in cold areas, longitudinal cracks have a high incidence and
cause serious damage. The occurrence of longitudinal cracks is related to the conditions of the
subgrade, pavement structure, material properties, and water temperature. The goal is to gain a
deeper understanding of the occurrence mechanism of longitudinal cracks and provide references for
the prevention and control of longitudinal cracks. Through the monitoring of vertical deformation,
longitudinal crack distribution, and the development of typical roads in cold areas, the discrete
characteristics and the variance in the distribution of deformations were analyzed. The construction
of an activity index based on the variance of time-series elevation and the standard deviation
of elevation change was used to describe the activity level of road sections, longitudinal lines,
intervals, and longitudinal deformation. Based on the correlation between vertical deformation and
longitudinal cracks on the road surface, the relationships among the activity, condition, distribution,
and development characteristics of longitudinal cracks were analyzed. The results indicate that there
were significant differences in the deformation activity of the road surface at different times and that
the activity was greater during the freezing and thawing periods. The development and distribution
characteristics of longitudinal cracks were significantly correlated with activity level. This study can
help improve our understanding of the dynamic deformation characteristics of road surfaces under
natural conditions and the relationship between transverse distribution differences and longitudinal
cracks. It can also provide clarifications and references for the development of the roadbed, pavement
structure and materials, the mechanics of the pavement structure, the emergence of distresses, and
the laws of development in cold areas.

Keywords: cold regions; longitudinal crack; vertical deformation; activity; distribution characteristics

1. Introduction

The temperature, water levels, and external environment constantly change in seasonal
frozen soil regions, and this complex process produces the frost thaw of the soil and
changes in its properties [1], resulting in the migration of water [2], the frost heave and
thaw collapse of the road base, and the thawing and sinking effect [3], resulting in the frost
thaw deformation of the foundation of the transport infrastructure [4,5]. This deformation
occurs as an inhomogeneous deformation in the longitudinal and transversal directions
of the road [6], causing longitudinal cracks and other issues, which are the main cause of
transport infrastructure problems [7].

Compared with other regions, the deformation in cold regions is dynamic with high
frequency and amplitude [8]. As a typical road condition, longitudinal cracks are induced
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by external factors such as uneven deformation and stress under the action of various
factors, as well as the characteristics of the asphalt pavement itself, such as the void ratio,
the content of effective binder, and the PG grade [9]. Thus, frost heave and thaw collapse
of the roadbed pavement is the direct causative factor, whereas the condition is related
to the intensity of the frost heave and thaw collapse and the ability of the pavement to
resist deformation and cracking. In addition, structural or material heterogeneity caused
by reconstruction and expansion [10], and vertical deformation of the roadbed influenced
by the orientation of road structures [11,12] can trigger longitudinal cracks. These factors
act cyclically and repeatedly [13-15].

The deformation triggered by freezing and thawing acts on the road structure and
its active characteristics and distribution characteristics are of positive significance for the
study of reasonable pavement structure and materials, the analysis of the whole process
of structural performance, and the whole life cycle evaluation [16]. It is very important
to accurately analyze the structural mechanical response of the pavement, to reasonably
design the pavement structure and materials, to reduce the occurrence of diseases, and to
prolong the life of the road in service. Batenipour H studied the performance of 18 km
of road embankment in an area of discontinuous permafrost. Measurements of ground
temperatures indicate that previously ice-rich foundation soils have melted the side slopes
at the toe. The results provide insight into the causes of embankment deformation [17].
Linares C.M. conducted research on various properties of asphalt concrete pavements and
also discussed the effect of freeze-thaw cycles on the stability of asphalt mixtures [18]. Si-
monsen E. provided a review of the literature related to soil thawing and pavement-bearing
capacity during spring thaw. The literature reviewed suggested that there are numerous
parameters (soil type, permeability, drainage conditions, and thaw rate) that influence the
degree of weakening during spring thawing. However, the relative importance of these
factors was not known, and the literature on large-scale field trials suggests considerable
variation in pavement performance during thaw weakening [19]. Liu J. analyzed the ther-
mal state and thawing and sinking characteristics of the roadbed based on monitoring data
from three sections of the new republic and found that the rate of permafrost thawing is lin-
early and positively correlated with the mean annual ground temperature [20]. Previously,
researchers have analyzed the freeze—thaw characteristics and longitudinal crack condition
through indoor experiments and on-site research and monitoring [21], while the research in
this area had a shorter period. The monitoring also did not pay attention to the differences
in deformation on the transverse cross-section and active characteristics and did not pay
attention to the distribution characteristics of the longitudinal cracks in the transverse
direction or the characteristics of the development of the longitudinal cracks. Therefore,
this aspect of the analysis needs to be strengthened. In addition, with the increase in road
reconstruction expansion projects and lane and pavement width, the deformation and
mechanical characteristics of the research needs will be more prominent [22].

This paper selected non-expansion highway segments. The method of selecting
monitoring sections and using monitoring data to analyze the distribution and development
of longitudinal cracks is also applicable in foreign countries. The characteristics of road
surface vertical deformation were analyzed; indicators of the activity of road surface vertical
deformation were established through the monitoring of the distribution and development
of vertical deformation and longitudinal cracks on typical roads in cold regions; and
the relationship between the activity and the condition, distribution, and development
characteristics of longitudinal cracks was analyzed. This article provides a benchmark for
the study of materials, structures, and distresses related to road engineering. Pavement
life can be extended by reducing longitudinal cracks. The cost of road maintenance can
be reduced by timely detection and repair of longitudinal cracks. This contributes to the
sustainable development of roads.
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2. Field Monitoring Results
2.1. Test Section

The most effective means of conducting a roadway surface deformation study is to
monitor the roadway surface in the field [23,24]. Three typical road sections were selected
through field research, and the selected sections were all semi-rigid base asphalt pavements.

In order to record the vertical relative deformation changes of the pavement in the
transverse and longitudinal directions more completely, three cross sections were set up in
the longitudinal direction of each monitoring section at 30 m intervals, and six monitoring
points were set up in each cross section. A total of five monitoring points were set up at the
edge of the lane and the middle of the lane in the overtaking lane and the carriageway. One
monitoring point was set up at the distance of half of the carriageway, extending from the
edge of the carriageway to the emergency lane. On the shoulder side of the road towards
the central divider, the monitoring points were numbered from 1 to 6 in order, as shown in
Figure 1.
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Figure 1. Layout of road vertical relative deformation monitoring points.

By means of the field survey, the distress occurring on the road was documented, as
shown in Table 1.

The solid structure with negligible frost heave displacement was selected as the
reference level by the electronic digital level used in the elevation monitoring equipment.
Regular elevation monitoring and distress surveys were carried out.

2.2. Road Surface Deformation Characteristics

Using the datum level elevation data as the initial value, the elevation data measured
in different periods was subtracted from it. The difference was the vertical relative de-
formation of the pavement, and the formula for calculating it is shown as Equations (1)
and (2):

AH; j=H; j—H ¢y

1w
H;j = ;Ea AH;, j @)

where:

AH;—The relative vertical relative deformation value produced at a point (j) at the ith
point on the cross-section, i = 1,2--- ,6.

H i—The average vertical relative deformation value at a moment (j) in the cross section.
H;j—The elevation of the ith point on the transect at a given moment (j).

Hjp—The elevation of the reference level at the ith point on the transect.
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The calculation results are shown in Figure 2.

Table 1. Survey results of the road distress.

Nsuerilliler Monitoring Locations Distress Information
There are six linear longitudinal cracks with a regular alignment,
with one of them incurring map cracks accompanied by rutting. Four
G1001 East Ring Road K68 + 150-K68 + 210 cracks were located in the middle lane, with staggered development
4 (Jiangbei direction) at the trangverse cracks. One longitl.idinalh crack of 6Q m in the inner
The monitoring sections were: G, H, and I overtaking lane ran through the investigated section. Another
T ' longitudinal crack of 46 m was distributed in the outer emergency
lane. There were nine transverse cracks, predominantly long cracks,
with five transverse cracks exceeding 7.5 m.
There were 6 linear longitudinal cracks, 2 of 60 m, 2 in the range of
. 30-40 m in length, and the other 2 within 10 m in length. There were
44 ﬁ&gégﬁ;;irﬁifg o;},?ﬁf;iiﬁ tt)rZiizzl 14 transverse ?racks, with 11 ru@ing through jche guter emergency
sections were: ], K, and L lane and cutting off at the location of the longitudinal cracks. The
R ’ distribution of the transverse cracks was more evenly spaced and
concentrated in the outer emergency lane.
The longitudinal cracks struck regularly in a straight line, with only
one crack of 60 m in length, one of 12 m in length, and the others
G202 Ha Wu Road K652 + 100-K652 + 160 being short cracks of no more than 6 m in length. Longitudinal cracks
#9 (Harbin direction) were mainly distributed in the middle lane. There were five

The monitoring sections were: Y, Z, and AAI

transverse cracks, with three cracks running through the roadway
and two cracks within 4-8 m in length. There was one small area
of pockmark.

Note: Combined with Figure 1 and Table 1, taking the #3 highway as an example, the monitoring points of the
monitoring section G were numbered as G1, G2, G3, G4, G5, and G6.

Average vertical deformation (cm)
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Figure 2. The average vertical deformation of cross-sectional changes with time.

2.3. Monitoring Results of Longitudinal Crack Conditions
2.3.1. Length and Growth Trends of Longitudinal Cracks
Crack monitoring was conducted in conjunction with elevation monitoring. During

the tests, all cracks were initially investigated and the lengths were recorded. Thereafter,
the lengths of new cracks were recorded in comparison. Crack monitoring of some sections

is shown in Figure 3.
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Figure 3. Initial conditions of cracks in typical sections.
The monitoring results for each typical section are shown in Table 2.
Table 2. Monitoring results of longitudinal cracks length.
L Monitoring Length of Longitudinal Cracks (m)
Date of Monitoring .
Time (d) DH Expressway K68 DH Expressway K88 HW Highway K652
20 August 2020 0.0 176.2 235.0 100.4

7 November 2020 77.0 180.3 238.6 103.2
23 February 2021 183.0 182.2 2413 105.4

22 May 2021 273.0 183.6 244.0 106.3

16 August 2021 357.0 184.0 248.0 110.0

As can be seen from Table 3, the cracks continued to grow overall, with different growth
rates rising at each stage, using the length of growth per 10 days as the rate of longitudinal
crack development. Table 4 below shows the rate of longitudinal crack development.

Table 3. Development rate of longitudinal cracks.

Time Period

Longitudinal Crack Development Rate (m/10 d)

DH Expressway K68  DH Expressway K88  HW Highway K652
Aug.—-Now. 0.53 0.47 0.36
Nov.—Feb. 0.18 0.25 0.21
Feb.-May 0.16 0.30 0.10
May.—Aug. 0.05 0.48 0.44
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Table 4. Difference in time-series elevation change (m).

Difference in Time-Series Jan. 2021-Aug. Feb. 2021-Jan. Mar. 2021-Feb. May 2021-Mar. Jun. 2021-May Aug. 2021-Jun.
Elevation Change 2020 2021 2021 2021 2021 2021
Gl 0.0404 0.0134 —0.0084 —0.0393 —0.0036 0.0003
G2 0.0405 0.0154 —0.0091 —0.0404 —0.0037 0.0008
G3 0.0427 0.0113 —0.0137 —0.0346 —0.0034 0.0002
G4 0.0462 0.0100 —0.0159 —0.0343 —0.0063 0.0030
G5 0.0490 0.0089 —0.0146 —0.0397 —0.0075 0.0042
G6 0.0456 0.0115 —0.0042 —0.0492 —0.0082 0.0068
H1 0.0523 0.0026 —0.0062 —0.0412 —0.0064 0.003
H2 0.0510 0.0053 —0.0119 —0.0348 —0.0081 0.0027
H3 0.0459 0.0072 —0.0161 —0.0294 —0.0085 0.0026
H4 0.0458 0.0076 —0.0129 —0.0324 —0.0089 0.0041
H5 0.0427 0.0113 —0.0101 —0.0371 —0.0080 0.0047
He 0.0379 0.0103 —0.006 —0.0353 —0.0106 0.0080
11 0.0612 0.0014 —0.0081 —0.0427 —0.0094 0.0047
12 0.0637 0.0005 0.0089 —0.0595 —0.0110 0.0054
13 0.0556 0.0013 0.0090 —0.0560 —0.0084 0.0044
14 0.0562 0.0010 —0.0157 —0.0303 —0.0118 0.0066
15 0.0541 0.0067 —0.0120 —0.0401 —0.0085 0.0064
16 0.0455 0.0104 —0.0072 —0.0413 —0.0094 0.0084
N1 0.1197 0.0556 0.0024 —0.1776 —0.0008 —0.0528
]2 0.1408 0.0604 0.002 —0.2037 —0.0026 —0.0524
J3 0.1514 0.0628 0.0002 —0.2173 —0.0027 —0.0498
J4 0.1498 0.0595 —0.0004 —0.2100 —0.0030 —0.0508
5 0.1511 0.0575 0.0020 —0.2042 —0.0043 —0.0508
J6 0.1412 0.0520 0.0021 —0.1898 —0.0046 —0.0513
K1 0.0991 0.0364 —0.0010 —0.1379 —0.0003 —0.0541
K2 0.1006 0.0352 —0.0010 —0.1384 —0.0026 —0.0519
K3 0.1033 0.0343 —0.0017 —0.1392 —0.0004 —0.0539
K4 0.0920 0.0333 —0.0012 —0.1303 —0.0007 —0.0533
K5 0.0869 0.0313 —0.0028 —0.1083 —0.0043 —0.0545
K6 0.1107 —0.0065 —0.0039 —0.0966 —0.0011 —0.0557
L1 0.1019 0.0561 —0.0037 —0.1491 0.0003 —0.0011
L2 0.1103 0.0624 —0.0031 —0.1688 0.0025 —0.0026
L3 0.1070 0.0596 0.0006 —0.1677 0.0012 —0.0006
L4 0.1070 0.0536 —0.0012 —0.1609 0.0002 0.0006
L5 0.1120 0.0458 —0.0043 —0.1481 —0.0014 0.0009
L6 0.1100 0.0413 —0.0054 —0.1393 0.0006 —0.0018
Y1 0.0239 —0.0017 —0.0069 —0.0493 —0.0226 0.0232
Y2 0.0283 0.0016 0.0011 —0.0620 —0.0214 0.0196
Y3 0.0358 —0.0009 —0.0003 —0.0677 —0.0209 0.0201
Y4 0.0333 —0.0014 0.0002 —0.0653 —0.0208 0.0201
Y5 0.0250 —0.0012 0.0008 —0.0544 —0.0038 0.0025
Y6 0.0148 0.003 0.0009 —0.0512 —0.0011 0.0039
z1 0.0223 0.0062 0.0020 —0.0607 0.0005 —0.0012
72 0.0308 0.0039 0.0030 —0.0706 0.0022 0.0020
Z3 0.0404 —0.0006 0.0022 —0.0734 0.0006 0.0009
z4 0.0413 —0.0030 0.0009 —0.0710 0.0011 0.0018
z5 0.0354 —0.0063 0.0023 —0.0624 —0.0027 0.0059
z6 0.0261 —0.0044 0.0004 —0.0532 0.0004 0.0032
AAl 0.0380 —0.0034 —0.0017 —0.0667 0.0003 0.0051
AA2 0.0433 —0.0014 —0.0032 —0.0741 0.0040 0.0036
AA3 0.0462 —0.0056 —0.0022 —0.0777 0.0006 0.0065
AA4 0.0519 —0.0030 —0.0032 —0.0859 0.0067 0.0049
AA5 0.0437 —0.0028 —0.0008 —0.0745 0.0017 0.0051

AA6 0.0350 —0.0014 —0.0002 —0.0659 —0.0008 0.0075
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2.3.2. Distribution Laws of Longitudinal Cracks

In terms of crack locations, longitudinal cracks appeared on all three lanes, with some
cracks more evenly distributed across the three lanes in some sections (e.g., G1011 Hatong
high speed K64 + 570-K64 + 630 (Chang’an direction)), some cracks concentrated on the
outer emergency lane in some sections (e.g., East Ring G1001 K88 + 166.4-K88 + 226.4
(Wabangyao direction)), and some concentrated on the middle lane road median in some
sections (e.g., Hartung high-speed G1011 K59 + 701.5-K59 + 761.5 (Chang’an direction)). To
facilitate the analysis of the distribution of longitudinal cracks in the transverse direction,
the lengths of the cracks were counted separately for all the longitudinal cracks between
point 1 and point 6 on the road section, according to the interval, as shown in Figure 4.

)

1~2 points 2~3 points 3~4 points 4~5 points 5~6 points

Adjacent points
(a) (b)

Figure 4. (a) Transverse distribution and (b) proportional condition of longitudinal cracks.

According to Figure 4, the longitudinal cracks were most severe between points 3 and
4, followed by points 2-3. The length of the longitudinal cracks on the middle carriageway
far exceeds the length of the inner overtaking lane and the outer emergency lane. The
lengths of the longitudinal cracks between point 1 and point 3 exceed those between point
4 and point 6, indicating that the longitudinal cracking on the shoulder side of the road
was more severe than on the median side.

3. Calculation of Deformation Changes and Variances of Monitoring Data
3.1. Calculation of the Difference in Time-Series Elevation Change

Based on monitoring data, the activity analysis methodology was proposed. This
method allowed for the analysis of the variance of the deformation data and the degree of
deformation activity in the relevant area.

The difference in elevation change between the different monitoring moments and the
previous monitoring moment is listed in Table 4, based on Equation (3).

Ali,j = AH, . — AH 3)

3.2. Standard Deviation of Elevation Differences

(1) Standard deviation calculation of the difference in elevation change between periods
for each monitoring section.

The standard deviation of the elevation difference for different periods at each moni-
toring section was calculated according to Equation (4).

4)
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The descriptions of the parameters in the formulae are omitted. The results are shown
in Table 5.

Table 5. Standard deviation of the differences in elevation change at different periods at the monitor-
ing sections (unit: m).

Cross-Section Jan. 2021-Aug.  Feb. 2021-Jan. = Mar. 2021-Feb. May 2021-Mar.  Jun. 2021-May  Aug. 2021-Jun.

2020 2021 2021 2021 2021 2021

G 0.0031 0.0021 0.0041 0.0049 0.0020 0.0024
H 0.0049 0.0029 0.0036 0.0037 0.0012 0.0019
I 0.0058 0.0037 0.0097 0.0099 0.0013 0.0013

J 0.0110 0.0035 0.0011 0.0131 0.0012 0.0010
K 0.0077 0.0152 0.0011 0.0166 0.0014 0.0012
L 0.0033 0.0074 0.0020 0.0109 0.0012 0.0012
Y 0.0093 0.0031 0.0024 0.0095 0.0095 0.0074
zZ 0.0070 0.0045 0.0009 0.0071 0.0015 0.0022
AA 0.0055 0.0014 0.0011 0.0068 0.0025 0.0012

(2) Standard deviation calculation of the elevation differences between different periods
at monitoring points as shown in Table 6.

Table 6. Calculation of standard deviation of point elevation change differences (unit: m).

Points Star.ld;frd Points Stal}d%rd Points Star.ldefrd
Deviation Deviation Deviation
Gl 0.0239 J1 0.0924 Y1 0.0255
G2 0.0245 J2 0.1058 Y2 0.0298
G3 0.0236 J3 0.1126 Y3 0.0330
G4 0.0249 J4 0.1097 Y4 0.0317
G5 0.0269 J5 0.1080 Y5 0.0240
G6 0.0282 J6 0.1007 Y6 0.0213
H1 0.0275 K1 0.0736 Z1 0.0260
H2 0.0260 K2 0.0738 Z2 0.0312
H3 0.0237 K3 0.0748 z3 0.0339
H4 0.0240 K4 0.0693 74 0.0332
H5 0.0242 K5 0.0617 Z5 0.0292
Hé6 0.0224 Ké 0.0636 Z6 0.0239
nn 0.0309 L1 0.0772 AA1l 0.0311
12 0.0361 L2 0.0862 AA2 0.0348
I3 0.0326 L3 0.0848 AA3 0.0367
14 0.0274 L4 0.0819 AA4 0.0409
I5 0.0284 L5 0.0781 AA5 0.0350
I6 0.0261 L6 0.0744 AA6 0.0303

4. Activity Definition and Calculation Results
4.1. Definition of Activity

The standard deviation is the square root of the variance and is represented by the
symbol o, as shown in Equation (4). The standard deviation indicates the degree of
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dispersion of a set of values. The larger the standard deviation, the larger the deviation of
the group’s values from the mean, and the smaller the standard deviation, the closer the
values are to the mean.

The standard deviation can be used to characterize the degree of dispersion of elevation
change, defined as “activity”, abbreviated as “act” to describe the degree of activity of
elevation change over time by considering time and location for points, lines, and sections.
This corresponds to the “activity of a point, line, or section”. For example, the activity of
point 1 (i = 1) in section G is the standard deviation of the difference in elevation at that
point at all times, as shown in Table 7. Equation (5) for the single point activity is as follows:

Atvg; = oG )

Table 7. Results of longitudinal line activity and section longitudinal activity (unit: m).

Longitudinal Number East Ring K 68 Filling East Ring K 88 Excavation Ha-wu Filling
1 0.0273 0.0810 0.0277
2 0.0290 0.0887 0.0320
3 0.0267 0.0907 0.0343
4 0.0253 0.0870 0.0353
5 0.0263 0.0827 0.0293
6 0.0257 0.0797 0.0250
Section longitudinal activity 0.0269 0.0860 0.0317

The activity of each point is averaged according to the longitudinal line number, and
the value characteristics of the activity of the elevation changes of the longitudinal line
correspond to the longitudinal number. The value is defined as the longitudinal line activity.
For example, the activity of the number 1 longitudinal line in section K 68 of the Eastern
Ring as shown in Equation (6).

Atvzphresy = Atvg + Atvg, + Atvy (6)

The mean value of the activity of each longitudinal line is characteristic of the longi-
tudinal activity of the difference in elevation of the section and is called the longitudinal
activity of the section. For instance, the longitudinal activity of section K 68 in the Eastern
Ring is shown in Equation (7).

6

Atvzprkes = Y AtVzprkes,i (7)
i1

4.2. Longitudinal Line Activity and Section Vertical Activity

According to Equation (7), the activity of each longitudinal line and the vertical activity
values for the three sections were calculated and the results are shown in Table 7.

Figure 5 shows that there were differences in activity across the longitudinal lines and
significant differences in longitudinal line activity across the sections, and the differences
could be 3 to 4 times. Taking longitudinal line 3 as an example, the activity of East Ring
K68 was 0.0267, Ha Wulu was 0.0343, and East Ring K88 was 0.0907, which was 3.4 times
and 2.6 times that of the previous two.
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01 r @1 vertical line
0.09 r B2 vertical lines
0.08 3 3 vertical lines
€ 0.07 | =4 vertical lines
N—r”
) . .
£0.06 r m5 vertical lines
< 0.05 F 36 vertical lines
0.04 ¢ I Section vertical activity
003 |
0.02 = ] e I 1 e A R 11
East Ring K68 East Ring K88 Ha-wu filling
filling excavation
Figure 5. Longitudinal line activity and section longitudinal activity.
5. Relationship between Activity and Longitudinal Cracks
5.1. Longitudinal Line Activity

The longitudinal line activity of each section was averaged according to the line
number to obtain the longitudinal activity of the 6 lines for 3 sections, called the total
longitudinal activity.

The analysis was carried out according to the four levels of most active (2 longitudinal
lines), moderately active (1 longitudinal line), slightly active (2 longitudinal lines), and
least active (1 longitudinal line), in order of the largest to smallest standard deviation. The
results in Table 8 are organized in accordance with the four activity criteria.

Table 8. Summary of total activity analysis.
Longitudinal . . Three Section East Ring K68 East Ring K88 11
Number Total Activity/m Analysis Filling Excavation Ha-wu Filling
1 0.045 Slightly active Most active Slightly active Slightly active
2 0.050 Most active Most active Most active Moderately active
3 0.051 Most active Moderately active Most active Most active
4 0.049 Moderately active Least active Moderately active Most active
5 0.046 Slightly Stightly Slightly Slightly active
active active active
6 0.043 Least active Slightly active Least active Least active

For the three sections, the longitudinal number 2 and 3 longitudinal lines were the
most active. This was followed by longitudinal line number 4, as shown in Figure 6.
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0.0520
0.0500
2 0.0480
2 0.0460 F
Z
S 0.0440 t
=
g 00420 t
F
0.0400
0.0380

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
BTotal activity  0.0453  0.0499  0.0506  0.0492  0.0461 0.0434

Figure 6. Total activity situation.

As can be seen from Figure 6, lines 2, 3, and 4 were the most active, especially lines
2 and 3. The adjacent lines were less active, which was consistent with the continuity of
the road surface. This was also in line with the continuity of the road table. Its distribu-
tion characteristics were consistent with Figure 4. The relationship between activity and
longitudinal fissures will be analyzed below.

5.2. Relationship between Activity and Longitudinal Crack Lengths

Combining the data in Tables 3 and 8, the annual growth length of longitudinal cracks
was in relation to the activity of the sections, as shown in Figure 7.
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Figure 7. Relationship between annual growth length of longitudinal cracks and section longitudi-
nal activity.

Figure 7 indicates that there is a logarithmic relationship between the annual growth
length of longitudinal cracks and section longitudinal activity. The greater the activity, the
greater the annual growth length of longitudinal cracks.

5.3. Relationship between Activity and Longitudinal Crack Distribution Characteristics

As can be seen from Table 8 and Figure 4, the classification of the activity classes of
the longitudinal lines was consistent across the sections, i.e., the longitudinal lines were
active in generally consistent locations. The relationship between the activity level and the
distribution characteristics of the longitudinal cracks is analyzed below.

Note that the longitudinal lines connected by monitoring points were used for analysis.
Crack monitoring counts the length of cracks in the intervals between points and requires
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interval activity to be assigned. As the pavement is a continuous structure in the transverse
direction, the interval activity was considered the average of the activity of the adjacent
longitudinal lines. The results of the summary analysis are shown in Table 9.

Table 9. Total activity and length of longitudinal crack distribution.

Longitudinal 1 Longitudinal 2 Longitudinal 3 Longitudinal 4 Longitudinal 5 Longitudinal 6 Longitudinal
Number Line Lines Lines Lines Lines Lines
Total activity(m) 0.0453 0.0499 0.0506 0.0492 0.0461 0.0434
Point Intervals 12 2-3 34 4-5 5-6
Interval
activity(m) 0.0476 0.0502 0.0499 0.0477 0.0448
Length of
longitudinal 140 345 498 193 118
cracks(m)

In Figure 8, there is a correlation between the crack length and the total activity in the
interval. The greater the total activity, the greater the longitudinal crack length. The total
activity and length of longitudinal crack follow an exponential relationship.
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Figure 8. Relationship between total activity and length of longitudinal crack distribution.
5.4. Relationship between Activity and Longitudinal Crack Development in Different Periods of
the Section

The results of the different periods of activity of the sections are calculated according
to Table 7, as shown in Table 10 below.

Table 10. Activity at different periods of the monitored sections (unit: m).
Section Jan. 2021-Aug. Feb. 2021-Jan. Mar. 2021-Feb. May 2021-Mar. Jun. 2021-May Aug. 2021-Jun.
2020 2021 2021 2021 2021 2021
bH i 7k 0.0046 0.0029 0.0058 0.0062 0.0015 0.0019
bH “Lag 0.0073 0.0087 0.0014 0.0136 0.0013 0.0011
HW expressway 0.0073 0.0030 0.0015 0.0078 0.0045 0.0036

652

In Figure 9, each monitoring section is most active from Mar. to May, corresponding
to the road thaw and collapse period. And from Aug. to Jan., during the period of thermal
expansion and frost heave, activity is relatively greater.
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Figure 9. Section activity at different periods.

The relationship between the different time periods of activity and the development
of longitudinal cracks was analyzed in conjunction with Tables 8-10. As the longitudinal
crack survey was not synchronized with the road surface deformation, the deformation
activity of different periods was estimated by using the average of the relevant periods of
activity. The results are shown in Table 11 below.

Table 11. Activity and development of longitudinal fissures at different periods.
Longitudinal Crack Development Rate (m/10d) Activity (m)
Time Period DH Expressway DH Expressway HW Highway DH Expressway DH Expressway HW Highway
K68 K88 K652 K68 K88 K652
Aug.—Nov.—Feb. 0.3300 0.3400 0.2700 0.0038 0.0080 0.0052
Feb.-May 0.1600 0.300 0.1000 0.0060 0.0075 0.0047
May to Aug. 0.0500 0.4800 0.4400 0.0017 0.0012 0.00405

This is plotted as follows in Figure 10:
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Figure 10. Relationship between activity and longitudinal crack development at different periods.

There is no significant relationship between activity and longitudinal crack develop-
ment except for February to May, showing a linear relationship. In contrast, the annual
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growth length of longitudinal cracks in the analysis of Section 4.2 of the article is signif-
icantly related to the section longitudinal activity. The analysis suggests that the road
experienced frost heave and thaw collapse from February to May. During this period, the
activity was higher, and the cracks were fully developed and more pronounced compared
to the other periods. This is also reflected in another way: there is a lag between deforma-
tion and the appearance of cracks, i.e., the development of cracks needs to go through a
certain development process.

6. Conclusions

The methods of selecting monitoring sections and using monitoring data to analyze the
distribution and development of longitudinal cracks are also applicable in foreign countries.
Through long-term monitoring and data analysis of vertical deformation and longitudinal
cracks on several roads in cold regions, a deformation activity index was established
to describe the active degree of pavement deformation and distribution characteristics.
Therefore, in the engineering design and subject research of subgrade and pavement
structure and materials, it is necessary to fully consider the deformation characteristics and
active conditions of road surfaces in different regions and their influence on the subgrade
and pavement. Efforts should also be made to prevent and control longitudinal cracks. The
main conclusions of this study are as follows:

(1) The discrete characteristics and variance distribution characteristics of road surface
deformation can be used to describe the degree of activity of the vertical deformation
and to establish an activity index.

(2) The time series elevation variance and standard deviation of elevation change of road
surface deformation were analyzed to construct an activity index, used to describe
the activity of road points, sections, longitudinal lines, intervals, and longitudinal
deformation.

(38) Vertical deformation activity was significantly correlated with longitudinal crack
condition, distribution, and development characteristics. Longitudinal activity was
used to describe the activity of vertical deformation in a longitudinal line of the road
surface. The mean value of the activity of adjacent longitudinal lines was used to
describe the activity of vertical deformation in a transverse interval. Longitudinal
activity was used to describe the average condition of longitudinal activity in a section
or several sections.

(4) The activity was greatest in each monitoring section from March to May. From
Aug. to Jan., during the period of thermal expansion and frost heave, activity was
relatively greater. The longitudinal activity varied significantly between sections, with
numerical differences reaching 3 to 4 times.

(5) The relationship between activity and longitudinal crack condition was analyzed.
There was a correlation between crack length and total activity in the interval. The
greater the activity, the greater the longitudinal crack length, and the two followed an
exponential relationship.

(6) An analysis of the activity and its relationship with the development of longitudinal
cracks in different periods indicates that there was a logarithmic relationship between
the annual growth length of longitudinal cracks and the relationship between the
longitudinal activity of the section. The greater the activity, the greater the annual
growth length of longitudinal cracks. The activity from Feb. to May shows a linear
relationship with the development rate of longitudinal cracks.
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