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Highway in permafrost regions has numerous diseases during operation, due to instability and degradation of permafrost. To
predict distress sections of a newly built highway in permafrost regions, we proposed a new method based on the multidimensional
and multirules reasoning cloud model. Herein, the evaluation parameters affecting the highway distresses in permafrost regions,
i.e., annual average ground temperature, ice content, and frozen-heave factor, were as the data input, whereas the distress degree
was as the data output; all of the aforementioned were described by a cloud model. Based on the analysis of distress large data,
inference rules and a cloud reasoning prediction model were established. Subsequently, distress degrees of the 10 equidistance
highway sections were predicted on the Qinghai-Tibet highway by using the cloud model, and actual distress degree and predicted
distress degree were compared by using the regression analysis algorithm. The results showed that the relevance between the actual
distress degree and the predicted distress degree was 0.738. The study provides a feasible and effective method to predict the potential

distress sections of the newly built highway and better plan infrastructure project on permafrost regions.

1. Introduction

Owing to the complicated geological conditions and the frag-
ile ecological environment in the permafrost regions, serious
highway distresses that lead to significant economic losses
can easily occur [1]. Therefore, the prediction of highway
distresses in permafrost regions has profound significance to
obtain the potential distress sections and for a rational route
planning; it is also essential in assisting decision making and
improving the quality of engineering in permafrost regions
(2].

In the process of highway distress production in per-
mafrost regions, many factors, including the annual average
ground temperature, ice content, and others, have different
effects on the highway distresses in permafrost regions [3,
4]. In recent years, domestic and foreign scholars have
explored the relationships between highway distress and their
influencing factors [5]. However, few meaningful results have

been achieved for highway distress prediction in permafrost
regions. Some scholars established a probability model for
the subgrade distress susceptibility of the Qinghai-Tibet
highway in permafrost regions to forecast the probability
of awareness of subgrade distress based on the original
data [6]. Some researchers selected the moisture content,
the maximum frozen depth, thaw-settlement coefficient,
frozen-heave factor, and depth as the influencing factors
and established the corresponding relationship between the
scale score of controlling factors and highway distress grades
[7]. By using the annual average ground temperature and
ice content as indexes, Xu Anhua and other scholars [8]
calculated the sensitivity of the pavement distresses along the
Qing Kang highway according to the indexes. However, these
studies had obvious subjectivity and randomness. Further,
the method of highway distress prediction in permafrost
regions has not been studied. Based on fuzzy mathematics
theory and fuzzy expert systems, scholars have proposed
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a variety of prediction methods for highway distress. This
paper introduces the fuzzy mathematics theory and estab-
lishes the roadbed distress early-warning system of the
Qinghai-Tibet highway in permafrost regions based on the
rules for describing the relationship between influencing
factors and the distress intensity [9]. Some scholars used
the fuzzy expert system, based on the division of chang-
ing factors of frozen soil, and finally established a pre-
diction model of highway distresses in permafrost regions
[10]. However, these methods still have many defects; they
transform the uncertainty into deterministic formality; thus
the generalization ability is weak and the accuracy is low.
The membership functions employed in these theories are
typically determined by the prior knowledge of experts or
statistical methods, whose randomness and objectivity were
ignored.

Highway geological factors and a large number of empir-
ical expert knowledge of permafrost distress are ambiguous
and incomplete. In the process of data statistic and actual
measurements, an active subjectivity exists on the regional
selection. The data obtained do not correspond to the
complete information about the permafrost regions; instead,
it reflects the uncertainty information. Different concepts
of highway distress described by the natural language are
ambiguous. Further, the environment of the permafrost
region is highly complicated that the values of the indexes
may be not reflecting the characteristics of permafrost pre-
cisely. Therefore, the uncertainty theory is more suitable to
express the information about highway distress and geologi-
cal factors, which can reveal the actual situation.

Currently, various methods including the probability
theory, fuzzy sets, and rough sets are used to handle
the uncertainty problem [11]. These approaches have been
applied to each field. Effati considered the data uncertainty
and proposed a new method for road hazardous segment
identification using the geospatial information system (GIS)
and fuzzy reasoning [12]. This paper handled the output
of the fuzzy model with techniques of interval analysis to
ensure the integrity of the uncertainty information of the
final results and built a road environment evaluation model
based on road safety and the fuzzy interval theory [13]. This
paper employs triangular, trapezoidal fuzzy numbers and
noncut concept to handle the imprecision and vagueness of
the subjective judgment and presents a fuzzy AHP model
to evaluate the bridge construction methods; AHP model
is a systematic and hierarchical analysis which combines
the qualitative and quantitative [14]. To handle the problem
in emergency plan-matching of highway traffic where the
incident description is incomplete, incident properties are
unclear, and plan-matching is inaccurate. G Chai [15] pro-
posed a plan-matching method based on fuzzy sets and rough
sets, reflecting the advantages of rough sets and fuzzy sets in
emergency plan-matching. However, these methods cannot
describe the randomness of the subjects and data. They are
not appropriate for the prediction of highway distresses in
permafrost regions.

A cloud model is useful in the uncertain transforming
between qualitative concepts and their expressions, which
is proposed by academician De-Yi Li using fuzzy sets and
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the probability theory [16]. It has unique advantages in
handling fuzziness and randomness. Compared with the
probability theory, a cloud model also reflects the random-
ness. The membership function is reflected by a precise
value, while the cloud model considers the randomness.
The rough set measures the uncertainty of the research of
two exact sets that are built on the background of precise
knowledge; the cloud model also considers the uncertainty of
the background. Qualitative knowledge reasoning based on
the cloud model uses the concept as a basic representation,
mining qualitative knowledge from the database to construct
the rule generator. The rule base consists of qualitative
rules.

Many scholars have applied the cloud model to some
valuable research in various fields. S Shi and X Liu [17]
used the highway alignment condition and horizon as the
index and built a prediction model of operating speed
based on a cloud model. JC Shen [18] compared a fuzzy
evaluation with a fuzzy comprehensive assessment based on
a cloud model and verified the advantages of the cloud model
with an example. SB Zhang [19], based on the fuzziness,
randomness, and uncertainty of the cloud model, applied
it to the trust mechanism and realized the quantitative and
qualitative transformation of the concept of trust. According
to the measured data of the Three Gorges Reservoir, QW
Zhang [20] analyzed the reservoir-induced earthquake of
each unit using a multilevel fuzzy comprehensive evaluation
method based on the cloud model. X Jia [21] improved the
analytic hierarchy process using the method of principal
component analysis and expert investigation and proposed a
highway seismic damage assessment plan based on the cloud
model. Zheng-Jie XU [22] used the fuzzy comprehensive
evaluation method based on the cloud model to evaluate
the risk of the railway signal system and applied the cloud
model in the risk assessment. However, it is not related
to the highway. For the complexity and ambiguity of the
influencing factors of a tunnel collapse accident, the landslide
factors were selected and the risk level assessment model of
the tunnel landslide was set up based on the cloud model
[23]. By considering the quantitative and qualitative index
synthetically, some researchers applied the cloud model to
the railway route selection. An evaluation model of railway
route selection was formed [24]. Therefore, a significant
number of fields had been investigated, but the highway
distress prediction in permafrost regions has not been
attained.

Therefore, we propose a new prediction method for
highway distress in permafrost regions based on the cloud
model theory. Based on analyzing a large-quantity data, this
article represents the digital characteristic of multidimen-
sional cloud and designed the generator on multifaceted and
multirules for qualitative reasoning. Subsequently, through
combining the reasoning rules in various modes, using the
highway distress degree as the analytical index, the prediction
of highway distresses in permafrost regions was realized with
the evaluation parameters as the input conditions and the
distress degree values as the output. Additionally, we verified
the feasibility and effectiveness of the proposed method
through the analysis of the sample highway sections.
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2. Cloud Model Concept

2.1. Cloud Model Theory. Cloud model can characterize the
uncertainty of the transition between qualitative concepts
and their quantitative expressions. Let U be a set expressed by
exact numbers, and let Cp(y) be a qualitative term associated
with U. U={ y} contains the field of real numbers. The mem-
bership degree (ranging from 0 to 1) of y to the qualitative
term Cp(y) is a random number with a stable tendency.
Compatibility cloud is mapping from the real numbers field
of set U to the unit interval [0, 1], as formula (1). The random
distribution of y in U forms a membership degree cloud and
each y is called a cloud droplet. Particularly, the membership
degree cloud is not a clear curve but consists of numerous
cloud droplets [25].

Cp(y):U—1[0,1]; VyeUy—GCp(y) (O

The membership degree of y to qualitative term Cp(y)
(ranging from 0 to 1) is a probability distribution rather than
a fixed value, which is different from the fuzzy logic [26].
Cloud model shows the uncertainty by integrating fuzziness
and randomness of an element belonging to set U.

Normal clouds are most useful in linguistic terms of vague
concepts because normal distribution has been supported
by the results in every branch of both social sciences and
natural sciences. A normal cloud is defined with three
digital characteristics, expected value Ex, entropy En, and
hyperentropy He (Figure 1) [25].

The expected value Ex is the position at U corresponding
to the center of gravity of the cloud. The entropy En is a
measure of the coverage of the concept within the universe
of discourse and is described by the bandwidth of the
mathematical expected curve (MEC) of the normal cloud
showing how many elements in the universe of discourse
could be accepted to the linguistic term. The MEC of the
normal cloud to a linguistic term may be estimated as its
membership function from the fuzzy set theory point of view.
The hyperentropy is the entropy of the entropy En. It is used
to measure dispersion of the cloud drops [26].

A set containing three dimensions Ul= {x,,x,,x5}
is called a domain. For the fuzzy sets of the three-
dimensional universe, Ul is A= (p5 (x;), t,(x5), fa(x3)), in
which g, (%)), py(x,), pa(x;) for every arbitrary elements
X1, X,, X5 to the fuzzy set A generated a stable tendency
of the random number. Therefore, it will be referred to
as the elements to the membership degree of fuzzy set
A. If each element is provided three dimensionally in the
expected domain, entropy, and excess entropy, subsequently
each element can be generated in a cloud model, and the three
one-dimension cloud models are combined to form a three-
dimensional cloud [27].

Algorithm. Input: The digital characteristic of each cloud
model (Ex, Ey, Ez), (Enx, Eny, Enz), (Hex, Hey, Hez), the
number of cloud droplets N.

Output: Drop (x;, ¥;, Z;> 4y)-

(1) Use the (Enx,Eny,Enz) as the expected value,
((Hex)?, (Hey)z, (Hez)?) as the standard deviation, creating
a three-dimensional random number (Enxi’, Enyi', Enzi').

0.5

Membership Degree

FIGURE 1: Illustration of the three digital characteristics of a normal
cloud.
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FIGURE 2: Three-dimensional positive cloud generator.

(2) Use the (Ex,Ey,Ez) as the expected value,
(Enxi',Enyi',Enzi') as the standard deviation, creating
a three-dimensional random number (x;, y;, z;).

Gyw = expl-((x - (Ex)))/2(Enxi')* + (y; -
(Ey)")/2(Enyi')* + (z; - (E2)*)/2(Enzi')*)]

(4) (x5 ;> 2;> ;) is a cloud droplet, it is a concrete imple-
mentation of the cloud model.

(5) Repeat steps (1) to (4), until N cloud droplets are
generated.

In Figure 2, CG is the abbreviation for cloud generator.
After introducing the cloud model, we will discuss the new
prediction method of highway distress in permafrost in
permafrost regions.

3. Prediction Method of Highway
Distresses in Permafrost Regions Based on
Three-Dimensional Multirules

3.1. Analysis of Influence Factors of Highway Distresses in
Permafrost Regions. The highway distresses in permafrost
regions are a complicated process affected by many factors,
such as the environment, projects, and human behavior. It is



hard to describe the relationship between these factors and
the severity of highway distresses in permafrost regions using
a model. Therefore, the cloud model is utilized to handle
the randomness and fuzziness in the process of highway
distresses prediction, which can reflect the actual situation.
According to the relevant research results and literature data,
the higher annual average ground temperature in permafrost
regions is the primary cause of subsoil ice melting and
thaw slumping, as well as the subgrade uneven deformation
and subgrade settlement [28]. With the increase in the
annual average ground temperature in permafrost regions,
the stability of frozen soil becomes worse, and the highway
distress degree increases. The fundamental reason for the
formation of pavement distress in permafrost regions is the
high ice content. The higher the ice content is, the more
severe the highway distress will be [29]. The construction and
maintenance of a highway are complicated in regions where
thick underground ice is widely distributed, resulting in
waves, upheaval, and other distress. Some studies have proven
that the annual average ground temperature, ice content,
and frozen-heave factors are the decisive factors of highway
distresses in permafrost regions based on the distresses data
of a certain section of the Qinghai-Tibet highway [10]. There-
fore, the annual average ground temperature, ice content, and
frozen-heave factor are the primary factors affecting highway
distresses in permafrost regions. We selected the annual
average ground temperature, ice content, and frozen-heave
factor as our evaluation parameters. This paper does not
consider the impact of engineering factor and other factors on
highway distress. Combined with the experimental sections,
a new method to predict highway distress in permafrost
regions is presented based on the cloud model theory. The
data of annual average ground temperature, ice content, and
frozen-heave factor are easy to get. The data used in this paper
come from the in situ measurement of CCCC First Highway
Consultants Company. The climate is changing each year,
but the characteristics of frozen soil are relatively stable in a
certain period. This paper does not consider the changes of
frozen soil.

3.2. Cloud Models of Evaluation Parameters and Highway
Distress Degree. Refer to the classification of frozen soil by
other experts [10, 30]. Consider the relationship between dis-
tress and evaluation parameters comprehensively. According
to the expert’s language evaluation value, the classification
and range of evaluation parameters and distress degree were
obtained. The annual average ground temperature is divided
into three language description levels: lower, medium, and
higher. The ice content and frozen-heave factor are, respec-
tively, divided into the same three language description levels
as well. This paper uses the highway distress degree to reflect
the severity of highway distress. The highway distress degree
corresponds to the disease rate. Distress rate is the probability
of various highway distress. When the distress rate is 100%,
the distress degree is 1; when the distress rate is 0, the
distress degree is 0. A linear interpolation method was used
to calculate the corresponding distress degree of another
distress rate. The highway distress degree is divided into
seven language description levels: very small, small, relatively
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small, medium, relatively big, big, and very big. The specific
classification and value ranges are shown in Tables 1 and 2.

In Table 1, T, W, and X are the abbreviations of the annual
average ground temperature, ice content, and frozen-heave
factor. Language labels represent the language description
levels. L, M, and H are the abbreviations of the three language
description levels: lower, medium, and higher.

In Table 2, D is the abbreviation of the distress degree.
Language labels represent the language description levels. VS,
S, RS, M, RB, B, and VB are the abbreviations of the seven
language description levels: very small, small, relatively small,
medium, relatively big, big, and very big.

The evaluation cloud model is a bilaterally constrained
comment [C.;,,C.J- The digital characteristics of the
evaluation cloud model can be determined by formulas (2)
and (3).

Ex = Cmin ; Cmax (2)
Crax — Chi
El’l — max 6 min (3)

He=Kk, k is a constant and can be adjusted according to the
degree of fuzziness of the evaluation sets.

Let He=0.01. According to formulas (2) and (3), the digital
characteristics of the cloud model that are used to describe
the evaluation parameters and highway distress degree can
be obtained, as showed in Tables 3 and 4. For example, the
range of “L” of the annual average ground temperature is [-6,
-3]. According to formulas (2) and (3), E,, = ((-6)+(=3))/2 =
-4.5E, = ((-3) - (-6))/6 = 0.5.

According to the digital characteristic in Tables 3 and 4,
cloud models of evaluation parameters and distress degree
can be obtained by using positive cloud generator. When the
annual average ground temperature is -6°C - -4.5°C and -1°C
- 0°C, the ice content is 0-10% and 36-50%, respectively; the
frozen-heave factor is 0-2.5% and 10-14%, respectively; the
membership degree of the cloud model is 1, which belongs
to the trapezoidal cloud model. This article maps the vague
comments as different cloud droplets with subtle variations.
Figures 3-6 are, respectively, the annual average ground
temperature cloud model, ice content cloud model, frozen-
heave factor cloud model, and distress degree cloud model.

As showed in Figure 3, the three qualitative concepts
describing the annual average ground temperature can be
expressed as formulas (4) and (6):

1 x € [~6,-4.5]
"Lower" = (4)
C(-4.5,0.5,0.01) Else
"Medium" = C (-2.5,0.5,0.01) (5)
C(~1.0,0.33,0.01) Else
"Higher" = (6)
1 x € [-1,0]

C (Ex, En, He) in the inequality above represents a cloud
model. The other parameters are similar.
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TABLE 1: Evaluation parameters and its range.
T Language label L M H
Range/"C [-6,-3] [-4,-1] [-2,0]
w Language label L M H
Range/% [0,20] [12,25] [22,50]
x Language label L M H
Range/% [0,5] [2,12] [6,14]
TaBLE 2: Highway distresses degree and its range.
Highway distresses degree(D)

Language label VS S RS M RB B VB
ranges [0,0.30] [0,0.40] [0.25,0.45] [0.30,0.70] [0.55,0.75] [0.60, 1.00] [0.70, 1.00]
1 T T T T 1 T T T T T T T

09 - 09 J
08 E 0.8 F 4
o7} ] o7t |
8 8
5 06} ] £ 06} |
5 =
205} - 2 05F ]
z Lower Medium Higher Z
2 04 T -é 041 Lower Medium Higher i
é 03} E ﬁ 03F E
02} E 0.2F 4
i
0.1F E 0.1F 4
0 -’j" *\'n .-f K‘-. 0 L L -/ L \NS( L L L L
-6 ) -4 -3 -2 -1 0 0 5 10 15 20 25 30 35 40 45 50

Annual average ground temperature ("C)

FIGURE 3: Average yearly ground temperature cloud model.

3.3. Inference Rules. Based on the clustering analysis of the
existing data and the experts’ experience, the inference rules
between the evaluation parameters and distress degree are
established. Three evaluation parameters exist; each evalua-
tion parameter has three levels, and any evaluation parameter
is arranged at any level, with a total of 3 x 3 x 3 = 27
combinations. This article uses the rule of “and” to connect
the evaluation parameters. Limited by the length of the paper,
only some of the rules are showed. Table 5 displays the details
of the inference rules.

The rules inTable5 are primarily displayed as the
fuzzy concept of the qualitative linguistic value; the highway
distress degree of the characteristic parameters of the cloud
object after treatment is shown in Table 6. Limited by the
length of the paper, only some inference rules parameters are
shown in Table 6.

3.4. Multidimensional and Multirules Qualitative Reasoning
Algorithm. The cloud model rule generator was constructed
based on the X-condition cloud model and Y-condition cloud
model [31]. By providing the three digital characteristics of
the cloud model and the specific values “x” in the domain, the

Ice content (%)

FIGURE 4: Ice content cloud model.

X-condition cloud model is formed by the cloud droplets, as
formulas (7) and (8).

P, =R, (E, H,) )
_ 2
w=eo (-3 (252 ) ®

« »

When specific values “u” are given, the cloud droplets form
the Y-condition cloud model, as formulas (9) and (10).

P, =R, (E,H,) )

y; = Ey + \/—ZInyPi (10)
A plurality of three-dimensional X-conditional cloud gener-
ators and a plurality of one-dimensional Y-conditional cloud
generators form the highway distresses degree prediction
generator, which was based on the multidimensional rules
cloud model qualitative reasoning, as showed in Figure 7.

In Figure 7, CG 4, CG, ... CG,,, are three-dimensional
X-conditional cloud generators. C,;,Cy,...Cy,, are three-
dimensional cloud models. CGyg,;,CGy,...CGy, are one-
dimensional Y-conditional clouds generators. Cy;, Cp,...Cy,
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TaBLE 3: Digital characteristic of evaluation parameters cloud model.

° 0, 0,
Digital characteristic e Wi% X1%
L M H M H L M H
E, -4.50 -2.50 -1.00 10.00 18.50 36.00 2.50 7.00 10.00
E, 0.50 0.50 0.33 3.33 2.17 4.67 0.83 1.67 1.33
H, 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
TaBLE 4: Digital characteristic of highway distresses degree cloud model.
Digital characteristic Distresses degree (D)
VS S RS M RB B VB
E, 0.150 0.200 0.350 0.500 0.650 0.800 0.850
E, 0.050 0.067 0.033 0.067 0.033 0.067 0.050
H, 0.001 0.001 0.001 0.001 0.001 0.001 0.001
1 r Ca1
{
0.9 b Drop(T,W,X,u;)
CGy, s
0.8 1 - Drop(x;,41)
10 5
< osl ] Cro O
\;3/ . Drop(T,W,X,u5)
= rop(L,W, X,
F%g 0.6 | 4 CGy, P H2 e
. Drop(x,,44;)
E 0.5 F Medium 4 Cpr—CGry P(X2,H cclls
2 04F E +
5 03 ; Can
= i .
Drop(T,W,X,u,,) *
0.2 ) CGAn P( £ i/"n
01t i C CG
Bn —) Bn
O h I T W X Drop(xn’yn)
0 12 14 . ' .
Frozen-heave factor (%) F1GURE 7: 3D and multirules for uncertainty reasoning generator.
FIGURE 5: Frozen-heave factor cloud model.
The specific multidimensional cloud model based on the
. regulations of qualitative reasoning process is as follows:
09 | 1 (1) Provide the digital characteristics of each evaluation

08 F s

Membership degree ()
(=]
w

VY

b \
0 01 02 03 04 05 06 07 08 09 1

Distresses degree

.vj 4:‘/ ed w 1

FIGURE 6: Distresses degree cloud model.

are one-dimensional cloud models. CG™" represents the
method of generating output values; it is described in step (6)
of the subsequent reasoning process.

It can predict the highway distress degree under the given
conditions, according to the rules extracted from the data.

parameter of the cloud model and the highway distress degree
cloud model with different conditions.

(2) For every single rule, use the (Enyy;, Eng,j Enysy)
as the expected value, (Heyy;, He o, j, He ;) as the standard
deviation, generating a three-dimensional random num-
ber (Ennyy;, Enny,j, Ennyy) that complies with the three-
dimensional normal distribution.

(3) According to the given specific value (T, W, X), obtain
the activation degree of every single rule, as formula (11).

Hi

— e_((T_ExAli)z/2EnnAlxz+(W_ExA2j)z/ZEnnAZjZ+(X_EXA3k)2/2EnnA3k2)

(11)

(4) Take the maximum p in y;, the corresponding indi-
vidual laws, according to the given digital characteristic
(Exy, Eny, Hey) of the postcondition of the relevant rules.
Subsequently, use En, as the expected value, He, as the
standard deviation, generating a one-dimensional standard
random value Enn,.
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TABLE 5: Inference rules table.
Rule T w X D Rule T w X D Rule T w X D
1 L L L VS 10 M L L VS 19 H L L VS
2 L M L VS 1 M M L S 20 H M L M
3 L H L VS 12 M H L RS 21 H H L RB
4 L L M VS 13 M L M RS 22 H L M S
5 L M M S 14 M M M M 23 H M M B
6 L H M S 15 M H M M 24 H H M VB
7 L L H S 16 M L H RS 25 H L H M
8 L M H S 17 M M H M 26 H M H B
9 L H H RS 18 M H H RB 27 H H H VB

(5) According to the formula y = ¢ (P ~Ex) 2B [y o

Ex; + Enny, x 1/-21n p is obtained.

(6) Because the given specific amount (7, W, X) may
activate the rising edge or falling edge of each cloud model,
three output cases exist.

(a) If T, W, and X are all activating the rising edge, i.e.,
T < Exyy, W < Exp,, X < Exys, subsequently, D = Ex;, —
Enny, x +/=21n p.

(b) If T, W, and X are all activating the falling edge, i.e.,
T > Exy, W > Exp,, X > Ex s, subsequently, D = Ex;, +
Enny, x /=2In p.

(c) If T, W, and X are activating both the falling edge and
the rising edge, a total of six cases are included: (T > Ex,,
W > Ex,y, X < Exps), (T > Ex,W < Ex5,X < Exys),
(T > Ex;,W < Ex 5, X > Exy3), (T < Exy,W < Ex,,X >
Ex3), (T < Exp;,W > Ex 45,X < Exy3),and (T < Ex 4 ,W >
Ex 45,X > Ex 3).

Use the (T' > Ex,,W > Ex,,,X < Ex,;) as examples,
similar to others. If T > Ex,;,W > Ex,,,X < Exg,
subsequently calculate according to formulas (12)-(18).

Uy = e—(T—ExAl)Z/Z(EnnAl)Z (12)
D, = Ex;, + Enny x \|-21ny, (13)
U, = e—(W—ExAz)Z/Z(EnnAZ)Z (14)
D, = Ex;, + Enny, x \[-21n , (15)
Uy = e—(X—ExAS)Z/Z(EnnAa)Z (16)
D; = Ex;, — Enny, x \|-21n p, 17)
D= Dy, + Dyt + Dy (18)

W+t s

Use D as the output. The process goes back to step (2), looped
several times, and the average of all the cloud droplets is
used. This is the predicted value of highway distress degree
in permafrost regions.

4. Case Verification

We use the example of the K3030+000-K3080+000 section of
the Qinghai-Tibet highway with common frozen soil distress
as the experimental highway section, as showed in Figure 8.
Total road mileage is 50km with an extensive amount per-
mafrost covering this area, and the terrain condition is better
overall. The average annual ground temperature along the
experimental highway section is between -5°C and 0°C, and
the permafrost types are dominated by ice-rich soil. The
characteristic of the frozen soil in the permafrost regions
changes, obviously. Some typical highway distresses such as
subgrade settlement, net-shaped cracks, wave, and rutting
had occurred. The experimental highway section shows an
active representation.

The experimental highway section is divided into 10
equidistant sections; the number is one to ten. The statistics
were supplied by the CCCC First Highway Consultants
Company. The original data of each evaluation parameter
were adequately collected and matched with the measured
data of highway distress. The detailed data are presented in
Table 7.

Distress degree of highway sections in Table 7 is predicted
using the method proposed herein. For example, in highway
section 8 in Table 7, the inputs T=-3, W=15.9, X=5.3 were
used in the three-dimensional and multirules cloud model
for the qualitative reasoning generator; the qualitative rule
of maximum activation intensity was rule 14; the activation
strength was 0.17. According to step (3) of the reasoning
process above, two cloud droplets PI and P2 can be obtained,
as showed in Figure 9. Because T, W, and X are all activating
the rising edge, subsequently D= 0.376.

In Table 7, Y is the actual value of the distress degree. D is
the result of the prediction. Figure 10 displays the comparison
of the exact distress degree and the predicted distress degree.

Using the regression analysis algorithm of SPSS, the
relational model between the exact distress degree (Y) and
the expected distress degree (D) is established, as formula
(19). The exact distress degree (Y) is dependent variables; the

expected distress degree (D) is independent variables.
Y = 0.675D + 0.233 (19)

As showed from the relational model (Table 8), the regression
analysis of the actual distress degree and the predicted distress



TABLE 6: Inference rules table.
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Rules T/I°C Wi% X/% D
EX EVl HE Ex EVl He Ex EYI He EX EYl He
1 -4.5 0.5 0.01 10 3.33 0.01 2.5 0.83 0.01 0.15 0.050 0.001
2 -4.5 0.5 0.01 18.5 217 0.01 2.5 0.83 0.01 0.15 0.050 0.001
3 -4.5 0.5 0.01 36 4.67 0.01 2.5 0.83 0.01 0.15 0.050 0.001
25 -1 0.33 0.01 10 3.33 0.01 10 1.33 0.01 0.50 0.067 0.001
26 -1 0.33 0.01 18.5 217 0.01 10 1.33 0.01 0.80 0.067 0.001
27 -1 0.33 0.01 36 4.67 0.01 10 1.33 0.01 0.85 0.050 0.001
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degree is calculated by the method proposed herein, R*
0.738; therefore, the error is permitted. It shows that the plan
proposed herein can reflect the actual highway distress rate in

permafrost regions and proves that this approach is feasible
and practical.

5. Discussion and Conclusion

The following conclusions are derived from this study:

(1) The study proposed a feasible and automatic way
to predict the potential distress sections of the newly built
highway on permafrost regions, based on the qualitative
reasoning of multidimensional and multirules cloud model.

Highway section

-a=- Y

—=— D

FIGURE 10: Relationship between actual distresses degree and pre-
dicted distresses degree.

The establishment of the cloud model considers both the
fuzziness and randomness to overcome the inherent defects
of the fuzzy set theory. Thereby we hope that the study
would help policymakers in China and many other countries
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TABLE 7: Sample sections prediction.

Highway Section T/°C W/% X/% D Y

1 -5 12.6 2.2 0.161 0.230

2 -5 19.0 4.8 0.176 0.400

3 -5 20.0 7.2 0.216 0.320

4 -4 17.2 4.9 0.267 0.350

5 -4 18.4 4.3 0.226 0.340

6 -3 21.5 3.9 0.217 0.410

7 -4 39.4 12.5 0.358 0.610

8 -3 15.9 53 0.376 0.570

9 -2 274 8.2 0.535 0.670

10 -1 31.8 7.3 0.842 0.710
TABLE 8: Analysis result of relational model. data used to support the findings of this study are available

5 from the corresponding author upon request.
R R Error
0.859 0.738 0.08986

to better plan their infrastructure project, so as to avoid
environmentally vulnerable regions.

(2) The study established the inference rules between the
evaluation parameters (annual average ground temperature,
ice content, and frozen-heave factor) and distress degree
in various modes, and formed positive cloud generator to
establish the specific multidimensional cloud models for
evaluation parameters and distress degree. We hope that the
study offers a basis for exploring impacts of permafrost on
roads.

(3) The study utilized the 10 equidistance sections of
the Qinghai-Tibet highway as a case and predicted distress
degrees using the multidimensional cloud models. Our
results show that the distress degrees of the road sections
are uneven in spatial distribution, and the relevance between
the actual distress degree and the predicted distress degree
is 0.738. Thus, more maintenance should be applied to
potentially higher distress sections in road operation. In
addition, we are now working on more parameters, aiming
to improve the assessment accuracy and to provide better
suggestions on the infrastructure construction and planning.

(4) The method proposed in this paper has a wide
range of application which is suitable for multidimensional
and multifactors. It could predict highway distress not only
in permafrost regions, but also in areas where there is
dense population, infrastructure construction. In addition,
problems with quantitative expressions could be converted to
quantitative analysis referring the cloud model adopted here.
Further research is required to address the limitations of this
prediction model considering more parameters and explore
the application of cloud model.
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