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Abstract

According to the defects of fuzziness of index of fire risk evaluation and the complexity of structure consistent pair-wise comparison
matrix, the fuzzy consistent matrix was introduce, by doing this, the influence of subjective factors could be reduced effectively. The
paper established a Fuzzy Analytic Hierarchy Process model which aimed at assessing the tunnel fire risk assessment of subway by
combining the fuzzy consistent matrix and AHP. Then a subway tunnel was selected for example, considering the hierarchical model of
the complex index system carefully, Firstly, building it’s fuzzy consistent matrix which tolerate ambiguity and vagueness, calculating the
weight of various factors with the fuzzy theory; Secondly, quantifying the fire risk of subway tunnel with the aid of the fire risk index
method and the grade of the fire disaster danger grades could be drawn. Thirdly, the weak link of the system could be found by assessing
the weight of various factors which can guide the fire safety work during designing, constructing, operating and so on. The inconformity
of the pair-wise comparison matrix could be avoided by using this model. This model would shows greater superiority over the
engineering.
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Nomenclature

n number of factors

i factor

i factor

k factor

r pair-wise number

Rijx  fuzzy consistent matrix
Q quantitative results of fire risk
P; the score of the factor i
Greek symbols

® weight of factor
Subscripts

i index

i index

k index
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1. Introduction

In recent decades, one of the most profound trends of our time is the mass migration of the world's population into urban
areas, which directly results in the improvement of urbanization level. At the end of 1996, China's urban population
accounted for forty-two percent of china's total population. Economic changes rapidly, this will results in many problems,
such as traffic jams, environmental problems, pollution problems and so on. Traffic jams is one of the most important
problems. To reduce the rises in road congestion, more and more cities had been set up to constructing subway. The subway
could gain such cities’ favor due to it’s advantages, such as environmental protection, high-speed, low-energy, large
capacity, on time and so on. People had accelerated the speed of construction of the subway since the nineteenth century.
With rapid development of the economy, people show more attentions on the traffic safety, especially the subway tunnel
due to it’s differences with traditional traffic, one of the differences is that the subway tunnel is a limited in narrow space,
once the fire broking out, it would release numerous smoke due to the incomplete combustion. Another difference is that it
was constructed under the ground and hard to get out of it. So fire was one of the most serious disasters. It’s urgent for us to
create a new method or model to assess the fire risk of the subway to solve the subway fire safety problems.

2. The model of fuzzy consistent matrix

Nowadays, the researches on the assessment of fire risk of the subway tunnel are relatively rare. Up to now, Analytic
Hierarchy Process (AHP) which was proposed by Saaty [1] was one of the most common methods. Most of the researches
are around it. Whiling using this method, there are several problems haven’t been solved perfectly [2]. The first problem is
that the judgment criterion of consistence of the index score currently used was lacks of supports. The judgment criterion
CR<0.1 is the most commonly used criterion, but it had not been proven yet. The second problem is it’s complexity, whiling
using this method, people should checking and adjusting the consistence of the pair-wise comparison matrix again and again.
Last but not least, there is always a certain mismatch between pair-wise comparison matrix based on the Expert Scoring
Method and logic thinking of humans.

YAO Min and HUANG Yan-jun [3] had discussed fuzzy consistent relation, fuzzy consistent matrix and generalized
defuzzification strategies. Yao Min[4] had discussed the application of the fuzzy consistent matrix in the determination.
Huang Jianyuan [5] had established a multi-level and multi-factor optimum selection method based on the concept and the
operation properties of fuzzy consistent matrix.

So the fuzzy consistent matrix was introduced. This kind of matrix could meet the following conditions:

The fuzzy consistent matrix R=(r;;)nxn could meet that: V i, j, k, the conclusion could be drawn in the Eqgs.1:

Ij; = Tk - Tk +0.5 (1)

Once determining using this method, A method was needed to create the fuzzy consistent matrix. The matrix could be
created by following the theorems and rules [6]:

Theoreml. V i (i=1,2...n), it can meet 1;=0.5.

Theorem2. V i, j (i,j=1,2,...n), it can meet rj+r;;=1.

Theorem3. The matrix which we draw by removing any row and the corresponding column form a fuzzy consistent
matrix is always a fuzzy matrix.

Theorem4. The matrix R is a fuzzy consistent matrix is the investable condition of that the differences between the
corresponding elements of any two rows is a constant.

Theorem5. The matrix R is a fuzzy consistent matrix is the investable condition of that the differences between the
corresponding elements of any of the specified row and the rest is a constant.

By following the theorems and rules, we could get a fuzzy consistent matrix. Whiling using AHP, the weight of various
factors could be calculated without checking the consistence of the fuzzy matrix.

According to the researches of the literatures [7,8], the weight of factors could be calculated using the eqs.2,3,4.

rij=0.5+a(o)i—o)j) (2)
o=1/n-1/2a+(1/na)¥ rye 3)

a>(n-1)/2 )



Jun-peng Gao et al. / Procedia Engineering 71 (2014) 591 — 596 593

We could get the weight of various factors by using the method combined by the fuzzy consistent matrix and AHP, the
solution procedure of this models could divided into these important steps. The first step is constructing the hierarchical
model. The second step is creating the fuzzy consistent matrix. The third step is skimming the ambiguity off and drawing
the weight of various factors.

3. The model of assessment of the fire risk of subway tunnel

As we all know, the occurrence and the loss of the fire are determined by the characters of the tunnel, the capabilities of
fire resistance and fire extinguishing and the capabilities of the resistance and fire extinguishing of the train of the subway.
Meanwhile, fire management can’t be ignored.

3.1. Construction of the hierarchical model of the subway tunnel

In this paper, the fire risk assessment hierarchical model was constructed by analysing the mechanism of the fire disaster,
fire-fighting process, and the post-disaster relief after the fire of the tunnel. The detailed hierarchical model and various
factors were represented in the Fig.1.

Fire risk of subway tunnel

v v

The characters of the Fire management of the Fire extinguishing system and
tunnel and trains BL tunnel B2 evacuation system of subway tunnel B3
[
The characters of The characters of | | The rules of fire || The implementation of the Fire protection Fire brigade
tunnel C1 trains C2 management C3 rules and the inspection G4 | | facility system C5 C6
T A ) A
|| The characters of the tunnel | | Fire detecting system
D1 D11

The Ien%th Oflth)EZSUbWBY | [ Fire resistance of the subway | Autorr;atlcsgrm The facilities of the nearest fire

unne train D8 system brigade D18

| | Gas fire extinguishing
system D13

— Fire resistance of the | | The reliability of the subway train

structure of the tunnel D3

The distance between the

D9 tunnel and the fire brigade D19
| The evacuat}o:hm?del Olfl;r:‘\le || The capability of fire | Smoke co;lt;ol system The capability of the obligatory
passenger in the tunne extinguishing of the tunnel D10 fire brigades D20
Burning properties of the | | Fire hydrant system
electric circuit D5 D15
Fire resistance of the cable | | Fire extinguishing
duct of the tunnel D6 system D16
|| Numbers of the passengers | | Emergency lighting
D7 system D17

Fig.1. Fire risk assessment hierarchical model of the subway tunnel

The model was divided into four layers. The first layer was the target layer, the only factor was fire risk of subway tunnel.
The second and third layer was criterion layer, the second layer include four factors. Every factor contain it’s subset of
indicators. The last layer was index layer, the model includes twenty indexs. We could see the index in detail form Fig .1.

3.2. Creation of the fuzzy consistent matrix

Once the hierarchical model was builted, the pair-wise comparison fuzzy consistent matrix could be determined from top
layer to bottom layer by using expert scoring method. We compared index pairwise from the same subset. Lin Junchang and
Xu Zeshui [9] had presented a new scale in fuzzy AHP and used it to construct relatively complemented judgment matrix.
The expert rating scale was shown in the table .1.
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Table 1. Rlationship between fuzzy numbers and linguistic scale of importance

Fuzzy number for FAHP Linguistic scale of importance
0.9 Absolutely preferred
0.8 Very strongly preferred
0.7 Fairly strongly preferred
0.6 Weakly preferred
0.5 Equally preferred
0.1,0.2,0.3,0.4 Opposite

According to the relationships between fuzzy numbers and linguistic scale of importance, the fuzzy consistent matrix
could be builted. The results of the pair-wise comparison of the target layer were shown in the table.2. Result of subset
C1,C2,C3,C4 were shown respectively in the table .3,4,5,6.

Table 2. Fuzzy consistent judgment table of the criterion layer

R1 Bl B2 B3
Bl 0.5 0.6 0.5
B2 0.4 0.5 0.4
B3 0.5 0.6 0.5

Table 3. Fuzzy consistent judgment table of subset C2 the characters of the tunnel

R2 D1 D2 D3 D4 D5 D6 D7

DI 0.5 0.2 0.4 0.3 0.4 0.4 0.2
D2 0.8 0.5 0.7 0.6 0.7 0.7 0.5
D3 0.6 0.3 0.5 0.4 0.5 0.5 0.3
D4 0.7 0.4 0.6 0.5 0.6 0.6 0.4
D5 0.6 0.3 0.5 0.4 0.5 0.5 0.3
D6 0.6 0.3 0.5 0.4 0.5 0.5 0.3
D7 0.8 0.5 0.7 0.6 0.7 0.7 0.5

Table 4. Fuzzy consistent judgment table of subset C2

R3 D8 D9 D10
D8 0.5 0.3 0.3
D9 0.7 0.5 0.5

D10 0.7 0.5 0.5

Table 5. Fuzzy consistent judgment table of subset C5 fire protection facility system

R4 D11 D12 DI3 D14 D15 D16 D17

DIl 0.5 0.5 0.6 0.5 0.7 0.7 0.6
DIz 0.5 0.5 0.6 0.5 0.7 0.7 0.6
D13 0.4 0.4 0.5 0.4 0.6 0.6 0.5
D14 0.5 0.5 0.6 0.5 0.7 0.7 0.6
DIS 0.3 0.3 0.4 0.3 0.5 0.5 0.4
D16 0.3 0.3 0.4 0.3 0.5 0.5 0.4
D17 0.4 0.4 0.5 0.4 0.6 0.6 0.5
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Table 6. fuzzy consistent
judgment table of subset C6

RS D18 D19 D20
D18 0.5 0.5 0.6
D19 0.5 0.5 0.6
D20 0.5 0.5 0.6

3.3. Skimming off the ambiguity and draw the weight

Based on the theorems of the fuzzy consistent matrix and the characters of the hierarchical model, the fuzziness could
be skimmed off, the weight of factors could be drawn. Selecting a matrix for demonstration, the number of factors of R1
was three. So using the Eqs.2 and Eqs.3, thewg;, mp,, mp; could be determined. The weight of the subset R1was

©'=(0.367,0.266,0.367)

Using the same method, the weight of other subsets also could be calculated, details are shown follows:
©°=(0.090,0.190,0.124,0.158,0.124,0.124,0.190)

®°=(0.200,0.400,0.400)
®'=(0.170,0.170,0.139,0.170,0.106,0.106,0.139)
©°=(0.367,0.367,0.266)
According to the hierarchical model and the weight of every layer, the weight of every factor could be achieved. The
weight was shown in the following:
®=(0.017,0.035,0.023,0.029,0.023,0.023,0.035,0.036,0.073,0.073,0.120,
0.146,0.038,0.038,0.031,0.038,0.023,0.023,0.031,0.053,0.053,0.039)

4. Example of fire risk assessment of a subway tunnel

We could not quantify fire risk of the subway tunnel only based on the weight of the factors. So we combined the FAHP
with the fire risk index method, with the aid of it, the quantity of the fire risk could be initially identified.

The process of this method could be divided into two methods. Firstly the score and the weight of each factor of a certain
subway tunnel should be determined with the aid of the expert scoring. Secondly, confirm the scale of the fire disaster’s
danger grades according to the circumstance of a certain tunnel and the rules and standard of the industry.

The computational formula of Fire Risk Index method was shown in Eqs.5

Q:Z(DiPi 5)

The relationship between the fire disaster’s danger grades and the scale [10] was shown detailed in table.6:

Table 7.The scale of the fire disaster’s danger grades

The fire disaster’s danger grades Excellent Fine Middle Bad
The scale [90,100]  [75,90] [60,75] <60

Then an certain had been selected for example.[11,12] The tunnel was equipped with the fire detecting system, automatic
alarm system, ventilation system evacuation system which was designed well and so on. The train running in the subway
tunnel was fitted with perfect Fire extinguisher system, Fire hydrant system, Gas extinguishing system, Emergency lighting
system, ventilation and smoke extraction system and so on. What’s more, the resistance of fire and reliability of the train
also have been designed well. In addition, strict fire management also had been formulated.

595
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According to the score and weight of every index, the assessment of the fire risk of the subway tunnel could be done
perfectly. Based on the expert’ conclusion, the quantitative results of the tunnel was 81.875. Compared with table.6, the fire
disaster’s danger grades could be limited in good.

5. Discussion and Conclusion

This paper was aimed at the security issue of subway tunnels. The index of subway of tunnel could be determined by
analyzing the mechanism of the fire disaster and fire-fighting process. The hierarchy model could be constructed according
to the fuzzy consistent matrix and analytic hierarchy process (AHP). After these efforts, a more reasonable subway tunnel
fire risk assessment model has been constructed. The following conclusion could be obtained by using the FAHP to assess a
certain subway tunnel:

Firstly the defects of the Analytic Hierarchy Process could be avoided by using the model FAHP, due to its’ superiority.
It can provide a reliable basis for the process of constructing and operating. Meanwhile, those important factors could be
found from the weight of various factors in order for the operators to pay much closer attention.

Secondly the conclusion shows that the most important aspect is the hardware facilities of the tunnel which including the
characters and the facilities of the subway tunnel. So the safety should be demonstrated whiling the subway tunnel was on
design and on construction.

Last but not least, the conclusion pointed out that the management of the security also account for a great component. So
the management should be ruled before design and construction of the tunnel. During operation of the subway tunnel, the
inspection system should be carried out regularly.

Thought the FAHP model has been improved greatly, there are also many shortcomings. Firstly, a lot of defects exist on
the process of skimming off the fuzziness. Secondly, the index of the subway tunnel has various inadequacies due to the
complexity. So the fire risk of subway tunnel needs further researches.
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