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Abstract

With the development of China’s economy, the demand for highway heavy cargo transportation has
increased rapidly. Such transportation activities involve special requirements, including overweight,
oversized, and overlength cargoes. To clarify the dynamic interactions among risk factors from a
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fundamental perspective, this study applies complex network theory and a coupling model to con-

duct a quantitative analysis of highway heavy cargo transportation safety risks. Based on collected

data on domestic highway heavy cargo transportation accidents, grounded theory coding was employed,
and the 24Model was integrated to identify 84 causal factors, 8 accident types, and 254 causal chains.
Complex network theory was then introduced to construct a risk coupling network, and the results

indicate that the network exhibits both scale-free and small-world characteristics. The N-K model was

further adopted to quantitatively analyze risk coupling. The findings show that the coupling value in-

creases as more risk factors participate in the coupling process. Moreover, the subsystem composed

of “unsafe human behaviors” and “unsafe conditions of objects” demonstrates particularly strong

interactions, suggesting that the coupling effects between these two dimensions should be prioritized

inrisk prevention. Based on the concept of risk decoupling and the identified coupling process, this

study proposes corresponding risk decoupling strategies, providing a reference for safety risk man-

agement in highway heavy cargo transportation.
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1. 5|8

BEE E R HIE . REIR CREATEAE Bt g Rt , A RERIFIZ A oR UG K [1], Bhixt 5
BRI . BRI FEEREER A Sl s, AR Is T K
Bhge, T SRR BN AFRREAT . SEAN., BUAIRIEMN DU B S AN, AR L
fi ZE#8 AT RE T A e Al IS f Ak AT SOl AT Ak AR R A5 i th 2> ik — D I s i s A 2] I 4R
K, ABERPFEEFES AL, REEEAI IR R - RREEEINSR, AT N 5%
POIRA . BRI L 22 4 PO 5 22 R R B SRR IS R R RIER 28— BE s &
KEZ, WREHE— S XGAE RGP . BIMATEOR, A SHHEORA. Bk, HEHA RS
DR AL 3R 2 TR R R IR R A ARG B LA, 36 T MOGHE T mUA % 3 AR N TR Tz 4 2 A BUK-P BT HL 2
B

HET, FEpshed RSN Haim 2 mgur g rige s, EEEhEamAN, 2a2gH, #
WA 7M. PR Sz BT SO AE T T [3]-[5]. EWTFETTi% b, JRIRITIE . BB LR & PRI S
JHZ TR S 0, B TG B, BRAE AR s s 2 e R . S AT SO KA
B AP A S BRI AL T S, (A2 HOSCR AT O T R XU R 2R R e A U PR, X
FIEABES < ARG A 3R DR IR0 L LA K 22 TR 3R M 5 28N ) 22 A AN A2 5 i DS e JRURS A B2 2% 32 i R 4t
PR BNnS B RE.

BT, AR BRI H OV IR 5, 45 G 4LIRELIR AT 24Model TR F i EUA R 2 K B
ok, IFIINRIRMS B R 2 XA S I 2%, K Fl B R R A SR R O 2% 55 5, 5 A
R IE R TR RO 1032, ARG T2 i 20 i RS R 3R 2 R F) SR I Ok R AR RS AL . £ U
SEAt b, IR R A e RIEREEE IR IME R U O RS NGB AL AR AR, IR & N-
K AR B AR B AL & A S8, O A & KL . Beda, SR o0 RO mi il & R P2
RS EAR SRS, DRI i Al A M R T AR 2 i O @A AL VR ST 5 i R T T B
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PEEACIRE,  HEB) KA i 22 22 B o 20 6 4 W ) 50 S AR TE B 2 22
2. RFEHMESEE S
2.1. EEEERNE SEHUHE

AR NS BTV A TR BUR, BT RGE . SR AR . A SOOI DA S Ak 3R At P A R
SEIRIE, gk 2015~2023 SEEA 94 A KIS F RG] ROIE S EEAIEEIN R g, Y
FHIE EIRE . EEM . N DUTO8. B EREE R F U RS 280, MR Y 45%, DIE
REML) W 28%, TCIFATHRFNL L 12%, =HWMREEFHRA,; [N, ZREBEERKE,
FRiA R 60%, Ui WK IF iz Ha SR A W 1 BE A% M 2 B R B -

2.2. MEEZEIRA

AR FE MR R A RGN, A SCE AR BAS X WO AR AT RMAL[6]. iYL FEAS B R ITFS
SR, B S WA T RIS KIS AL A SRS, TR IR A EEBEAZ OVEE . AR
“ANHINLEATAP)” “DRIAZEIRESC)” “ARIFEE)” “EHEFES)” TUSSERZ LTEsE, L
o “EHMETIA)” SRV, SAZ 0708 K FEUBEIR 1 n, FMEREREERR LR AL

Table 1. Core categories of accident causation in highway heavy cargo transportation

= 1. Kt EmENBE R OTEE
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AR RETRE) B E R A BL TN N T

TSR B E O WA B
P THAREE, WA A SIS

KR, R, ZE. BHRA.

WA 2 2R (C) LR, BEMARRES. ARTA

A RIF(E) BRI BB

AT H] 32 PR 4
EHRIA(S) BRRFRGE ZREHAL. MAF  ZEHENLE. BERK. BT EZAEH,
= & AR WYL AR AL YEP ARG, MR EA R E
I s Nasy/=—= DRI R N

RE L TPE . A ATE

2.3. EF 24Model BOZ E 5132

TE RS PR 22 R 28, A4 A 24Model (12 2008 5 B 5 R SR 85 [ 7). 24Model K 5 B R &)
SSRGS BRI R MERR I AAMEINMESEZ K, & TS MO )= B 5 R B B AT N EK
WIAS IR R AL BE AR 7] 0 BN OC RS G I (] S8 /5 . @ OIS SCRe = AN R A e T 1
# B, HARYHESK. BIGBON B R EEVLERME, WEVARRKR A—~B; #HHAKEF AL
—FH P I E HOUE S B EHEE, WAESED; H2ANRELFEERTE—Z%, W aET
FRINZEE R ML X THMObR R IR I “ 2307 “IERC7 Rl R B SRR
KFR, WIELETE T H; HRRRIGR “HLUE T - MEGES) - AT AEIE - HigER”
1) 2 2R e33R 4 7 4 T o

MEEARRHAE , & BRI AR M AT N 2, AR 2T N MBI 2 4RGN0 2 KN
TR EEMERE. G, FRPel 2B E AL gk, Bl a2
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A H AR H R, R R, PR “S6 (ZAaEHE L)~ (B R)—~P31 (WEH Z)—~
P2 (RIRFFZ A FH)—~ Al (RlifE)” BUREE. AHARTT R R BIVE N M P A il [F—RREA
F S EE R, CLRTHH IR E N E . WERRRE S, BB O TS i s, A
ANGAAT RGP 2 AR A M 22 R BN HOR A 7 0 B B R R 3R (55 2).

Table 2. Summary of accident causation chains in highway heavy cargo transportation

2. AtEMEHBERLE

Fe BRI R ) KSR e B CTT R R) RAEATIR
1 56_’SS_’S9C_Z’OSE)_C’5Pf;P28_’P43 | 43 P19 — P43 — €22 — A2 1
2 S6 — S8 — S9 — S10 — S4 — P4 — Al 1 44 Cll — A2 1

S6 — S8 — 89 — S12 — S11 — P24 — P39
3 — P10/P9/P13 — P15 — P41/P42 — P2 — 1 45 S13 — Cl4 — Al 1
P25 - P1 — Al
4 S6 — S8 — 810 — S1 — C1 — A2 1 46 El - P7 —> Al 1
5  S6—S8—C20—Pl —Cl7—PI8 > A3 1 47 C18 — A4 1
6  S6— S8 — S10— C9 — P50 — P20 — Al 1 48 S2 — E5 — P34 — P22 — A4 1
7 S6—S8— Sli)_f,’zlfizss/fl_’ Cl3—P31 49 P34 — E5 — C16 — A4 1
8 S6 — S8 — S12 — €23 — P34 — AS 1 50 P31 — P8 — P21 — A6 1
9 S8 P39 >Pl5—C22 P45 P17 A3 | 51 P31 — P29 — Al 1
10 S8 — S11 — P32 — AS 1 52 P31 — P8 — A6 1
11 S8—>SI1 —>Cl5—>P38>P22 >P37 A5 | 53 P31 — Al 2
12 S8 — P5 — P18 — C25 — P21 — Al 1 54 P31 - P3 — Al 1
3 S8—ST—S9-PRPIPIZ—-C0—P6 s P49 s PAL > CI] s A2 .
— P4 Al
14 36_’37_’39_’311A_1’C20_’C13_’Pz_’ 1 56 P8 — C25 — P21 — Cl16 — Al 1
|5 S6—S87—SI2—-S1l >P39 P33 —ES 57 S4—PB3 PN PIToPAE—
— A4 A4
16 S6 — S7 — P44 — S10 — P25 — Al 1 58 C24 — A2 1
17 S7 — S2 — P33 — (22 — C10 — A2 1 59 E7 — C16 — C8 — A4 1
18 S9—S2 —S3 — P34 — C25 — P21 — AS 1 60 E7 — C16 — A4 1
19 S6 — S2 — P48 — A8 1 61 E6 — C28 — A2 1
20 S6—>SZ—>P47—>P2ATP46—>P4—>C14—> . 0 C6 s P26 > P27 s AG .
21 S6 — S11 — S2 — P31 — P7 — Al 1 63 P29 — Al 1
) S6—>Sll—>_}C§(1)3—>_}Pé113—>_]}321—>P2—>C12 | 6 O3 A2 .
23 S6 — S13 — P35 — C9 — A5 1 65 P4 — Al 1
24 S3 — P43 — A8 3 66 E4 — P2 — P20 — P34 — A4 1
25 S3 — P16 — A8 1 67 P18 — P21 — P4 — A6 1
26 S3 > P15 — A8 1 68 S10 — P44 — P31 — P4 — Al 1
27 S2 — P32 — P31 — P46 — P1 — A5 1 69 P16_’P19_’C3&C19/C21/C22_’ 1
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gk
28 S2 — P28 — A8 1 70 P41 — A8 2
29 P21 - P23 — C16 — A6 1 71 P15 — A8 2
P15 — C19/C22/C21/C20 — P2
30 P21 — A6 1 72 L C9/C10 — Al 1
31 P21 — A6/Al 1 73 P2 — A3 1
32 P21 — P8 — A6 1 74 P40 — P17 — A2 1
33 E2 - C4 — A2 1 75 P12 — A8 2
34 P43 — Cl16 — Al 1 76 P10/P13 — P46 — C22 — A2 1
35 C22 —» A3 1 71 C2 — A4 1
36 C20 — A3 1 78 E8 — C20 —» P31 - P5 — Al 1
37 C22 — A2 1 79 El - P5 — A2 1

S6 — S5 —S7 — S11/89 —» S13 —
38 C21 —» A2 5 80 P39 — C26 — A5 1

39 C20 — A3 1 81 P36 — P23 — A4 1
40 C20 - E3 - P88 — C12 — A4 1 82 C27 — A6/A2 1
41 P19 — C20 — A8 1 83 C27 — A6 1
42 P19 —» P12 - P11 — A8 1 84 Cl16 — P31 — A7 1

3. RENEBESMEHESHIMN
3.1. ERMEIRIRER,

ML BT SR 28 R G4 M ELAE IR R IV E 259, Wi G 5l id 24t h AR
AME BRI R FEMLERBAT, B G=(V,E)y&mMgs, b VT sidis, ENLSESE. ik
AR A TTRMBE, W& 2 NA M RS ISR 6] [8].

NEERF B KRG R R L B TERRIM A P A 2 HER M, B EER N
FAERRIE SR G R AR, BAA L. UGN EMERER IR AGRAL. K, A0k X
ANER SRR GO0 i, 4 KU DR 2 2 18] ) R F SR RS SO AT [0, 3 52 2 PR 4 i A TR S X
I8 1 AT RS % FE AR o

FER R GRS AE TR, TEAR LR R B DB 0 B B IE R e ), X R G FR L R A £
/INHE SR P ) 2 Y I 5 A A v SRR R A SR P 0 A, XU T AR50 o (B3R5 A DR A% [ 7] (8] 3X
PISRIRFAE RE S A RIS R WU “ RBET U A AL FRER AR PEIT 7 SR S EIR KT -

3.2. MRS MERE e

ARG R W 48 5058 9 TR U4 o 1 s LA XU PR 3R R MR A i, g mia R
7 P PR 22 TR B (A 3R 5 S R AR 2 T I R SR A% R R, I AR R AR 3 17, SRR
TINRS LR ZR A 2 M SR A1 R O A AR

B e T X NI Z AT N WA LSRG ARIEL, BRI HHCRR, 37 m
RN AL BEAT WS, A AR 3 I PR R S0 R A R A F R B . R R TR, XA
BARHA KON sl X EOE IR AT 9 BoR, B R RsEMa 9 iy 1 EAL AR AR [ R TSR TR 4
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Figure 1. Topology diagram of safety risk coupling network
B 1. ZERXGEIBEMEATINE

3.3. #RIMFES

NI T A B R AT I8 i 22 A A & P28 IO G5 RRRAE s A SCIBIO 48 3 B2 . 9 R B, Al
Ve IBCRSE R, PR John R AN SR PSS F R AR HEAT S0 4 70 A o AR MR B
SR A N 2 AR, TR RN Gephi BRIF, WENVA RN LS, M AT GE i DhRg i 5A %

fRbr. EELERIEL 3.

Table 3. Result of topological characteristics of the risk coupling network
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EiEgan ghR i A
2455 i 0.0204 Mé%%&%iﬁ%ﬁig;@gﬁﬁ%%%&ﬁ&%&
R SEEE 4.9; TOP3: P2 (18). C20 (18). P31 (14) P2, C20. P31 BB Mm-S
MR TOP3: C20 (10), P31 (9), S2 (9) XY SR B R S i e
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R P 6.1 AT A1 (28). €20 (25). P21 (22) R 155 2 2 AR BE A O
IECER 2 28 A 0.0974; EERETI: P3(0.5) P9 (0.5) JR S IR D) 3R 25 5 T R T RS
Hr L TOP3: P2 (0.18), S13 (0.15), C12 (0.12) TR f 7R KRS A 1 B A AE
B 4.304 JRRS: R 388 o A o AR 5 S T R G R
Tobm Rt A R2=0.7315 OB R SRR R
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DOI: 10.12677/0jtt.2026.155053 619

STESZN


https://doi.org/10.12677/ojtt.2026.155053

FER &

B 3 AT s, B S 48 %5 0.0204, 6B W28 BRSO, RS A% 7 32 AR /D B0k
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[FIS, M2 AR K A 4.304, HEA — 5@ TobR FERFIEA/NH FURFME, 2201 IXURS: B BE A 42 AN
AR, (ANE B R AR AR R, DB SO AR XU YRR A R IR . R, R R
R o3BT N B ROOCTE R . A CE RS TP T RS KRR, R E RS KR 2 S 1R R

4. BT NKEZRHREEESEES T

N-K BAUEH T 2R R AT 2R R ARIFRRME A B R, T T A B s i 45 22 il
ia k22 A R AR G T[]0 AR SO R AR IE i 22 4 AR 73 W NI 2 AT R(P) s DA 2 AIRES(C) A
RIES(E) A BB IA(S) UK F R G, FEH4 1 35 w2 1 0 B I R DR 25 4 5 9 D A7 — g RS « 451l
1100 FoR K FER ¥ % P A C, 1101 R FER 3% P CH1S.

EMEERL b, S A ERE S T H I BRI, AR N-K B8 i) 52 BLAR B AR BN [R] X
S AR A . RS EAK, UL Z RS LA 2 (R A8 FAE R , Bl 5 BT XU B 2 v 2 0 OG0
MHR G, UL G ERE AR T AR Y B 9 I ) B SRR

REBE MRS
WP A | BRGEE M RENR: n WA SIEFHRBA T RIS N SR A RS, &
Tl R 2L 10 R A R
P=n/N (1)
RCIECAE 94 BB AMHIZ IR, B N=94. B0 A AR 22417 R sl 3 5 S MO
220, M Py, =22/94=02340, 451 3R G AR RS & 10 R A VOSORER, 4R L3 4.

Table 4. Number and frequency of the occurrence of different coupling forms of risk factors in accidents

4. BPREERAERBEHRLERORB R IRR

e a7 V€ Ik
1000 (P) 22 0.2340
‘ R 0100 (C) 16 0.1702
RS 0010 (E) 0 0.0000
0001 (S) 0 0.0000
1100 (P-C) 11 0.1170
1010 (P-E) 3 0.0319
N 1001 (P-S) 16 0.1702
R 0110 (C-E) 4 0.0426
0101 (C-S) 2 0.0213
0011 (E-S) 0 0.0000
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1110 (P-C-E)
1101 (P-C-S)
1011 (P-E-S)
0111 (C-E-S)

1111 (P-C-E-S)

0.0319
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0.0319
0.0000
0.0106
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Table 5. Safety risk coupling values for highway heavy cargo transportation accidents
=5 AHEMERLENRIESE
ezt MmeEHE WaHE e
W 7 (p, ¢) 0.1536 3
W 7 (p, s) -0.0125 9
W Ts (p, e) 0.0862 4
PSS T» (c, s) 0.0350 6
PSS Ts (c, €) -0.0185 11
PSS Ts (s, e) 0.0043 7
=Sk T3 (p, c, 5) 0.2992 2
—N#E T3 (p, c, e) 0.0355 5
=1ES Ts (p, s, €) 0.0015 8
=M% Ts (¢, s, €) -0.0183 10
VUPH 2= Ts (p, c, s, €) 0.3897 1
DOI: 10.12677/0jtt.2026.155053 621 BB EEFW/N


https://doi.org/10.12677/ojtt.2026.155053

FER &

Hoeh, VWRZEMEMEE G, N 03897, BHIUAMALET N DA LIRS AR
FREG R AETERT, RGBT RBOR. (HZAEG I 1k, R BERBEGRE S, HEFRREA
AT W HEZT, T, e ) =HEME KA 13, HEN0.1383, HEMH N 0.2992, =5 BEMAE
PRI R 2E B, T BH A B SR T REE A R N L R AR R s RS — DB S OR A

HERHNEZRET, T (p, MBS ERE, N 0.1536, KWANKIAR LT NS 2 4R 2 1Ak
RENEE, K@it s, B AHES Y. WRRZ ., BEEHASESET NG, FES5%E
B R SRR AN . R IR A WS FE L, TS R . RS 4R AS
B, NIRRT HRFMORENEEEEMEAEE, MOAZERELEEHBEREFENEBRE,
B AR R TRZ R R B2 N AT AR B IR S

AR AAE TR R, P-C F P-C-S (1 il A (Al UK 28 31 ) 17 B 3L 80, T2 Fl P24 P31 €20,
S13 SECHENT i LM IS FHESh . B 24 N-K B ) ol £ 4 SRR gt T B AL R i 12
fiERE, N-K AR MR Z ISR TE TN R PSR 2 N 2R 2 11 B R BOR RN

5. RSB SR e

SR ER ST G RAR T, A B R A3 i 22 4 XU I 4 A7 A /D B s 1 5 i, KU R R — €
MISCHEYS RRBAFAE; N-K BRI AR — bR, “ NRARET N - KA ZEIRE” UL “A
WA Z 44T - WA L AR - B EOhRE 7 4L a BB IR Ik, XRS5 2 I B S Bt
IR PR 2 HH IR 26 FEL I i R 5 XU BR AR AN BT 2R G SR S RE 70 = AN J7 IR TT» T B i XS 5 7
e AR & JE A R R I B . FAASEIE I 6.

Table 6. Risk-decoupled prevention and control strategies
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Table Al. Nodes of the causal factors for highway heavy cargo transportation accidents
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