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Abstract: [ Objective] To improve traffic safety of 20-km scale expressway mountain tunnels, and to fill the
gap in linear indicator specification of ultra-long tunnels in China, this study counted and analyzed the
domestic existing ultra-long tunnel alignment indicators. [ Method ] The heart physiological data, i. e.,
average heart rate growth rate, average blinking duration, and average pupil diameter variation, were

collected with driving simulation tests. The fatigue state was judged by using Karolinska sleepiness scale. The
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driving fatigue model was established by using fuzzy comprehensive evaluation method and multivariate
nonlinear regression equation. The influence of road alignment on driving fatigue was quantified. [ Result ]
Driver fatigue in tunnels is mainly affected by long straight lines and large radius circular curves, which are
the key factors leading to increased driving risk. Adjusting straight line lengths and curves radii in tunnels has
significant effects on alleviating driving fatigue, while adjusting curve lengths in tunnels has little effect on
driving safety. Based on characteristics of driver fatigue variation, the driving risk levels on straight and
curved sections in ultra-long tunnels are proposed. According to linear characteristics, the road sections are
divided into 5 risk levels, i. e., lower, low, medium, high, and higher. On the basis of specified values, 4
straight length thresholds are added, i.e., 4.3, 6.4, 12.0, 16.1 km; and 4 curve radius thresholds are
added, i.e., 5.6, 6.0, 6.4, 7.5 km. [ Conclusion] It is suggested that in actual constructions, the

maximum straight line length of road section in ultra-long tunnels should not exceed 6.4 km, and the

A2 %

maximum curve radius should not exceed 6.0 km.
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Fig.2 Schematic diagrams of test sections (unit: km)
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Fig. 3 Variations of various fatigue characterization

indicators

AR 57 46 b B B T 2RI 3 0 2 B TR
AR BT PR B, AN T3] DX BE PN 4552 55 415 A 1 22
PR B BR A 25 51, 408 1 mT 23531 488 1 A TR A 2
%ﬁ%EEOUD$%&%ﬁ% BT YN WN S

B, ORERRIFEZEE TR, XUl b T 5k
RhpR a2y Bl A, 2R B TEREAR, B R
FANYZE, BT RS, S B[ Y

ﬁﬁ% N ngE}\HjI}L, “gw_(ﬁ%” , ;E\%iﬁ%ﬁ
BT, U T i 2 I I R I



554

XIARE, 5. 20 TRGGHEA

I St STERE i Z 8 RN 199

2R TC T AT 0] SRR %LLA&ﬁ%
R T T X, %&ﬁﬁmF,
B NEIRB S BORAS AE, Bk, B

NG NP BERES, SOIRIETF, 03I KRRk
BTV, SRR AR RS, (S R E s
B — B R, AR R ] f B AT B2 B — O
AR 57 R, g BRI 57 R, S5
NHBL “ ZU557, DARIEEGE MR, ST
N, G RE T ST X,
3.2 BEELKETERKESH

NE— 03 B A RAESE R -5 25 Bl 55 72 2 1Y
FHESRZR, AR50 B S0 25 Bl 55 72 B2 70y v B
TS | EREIEOTIX 3 28, SRJT R BRI R g i
RPN A B0 B HE AT 32 WA 9 57 A JEE O
#r, Sig A HIE bR SRS bR, XF 28 gl 55 F2 2
HEATHE . K& A B IE L K-means F2E 5017,
SEBEIE L2 B A IR B A 3 2 57 %5 S Y B (BT
M, WIEHES BRI SPIRA, ME 1 PR, 34
S5 FaAR A] DA AT i RAE 2 3l 55 9 A8 4k, (B T
AR bR Y AL AR BE A —, T ¥R v 0 AR JBOAS [7] B
dREY %&ﬁﬁf%£#@ PR it A BIF 5 45 A
PITRE B, SR AT 255 PPAN 7 6 X AN [l
JEHA S 5 AT AE, AR KEHL
14725 e 57 FR K

x1 BRESEEREGHE
Table 1 Driving fatigue metric threshold

ES=¢ist T o R 55 R 5T
TR R /%  5.156~7.70  0.965~5.156 — 1.30~0. 965
SEEIZ AR FFLERTIAL /s 0.139~0. 145 0.145~0.155  0.155~0. 167
- H i L B AR/ mm 3.71~3.82 3.60~3.71 3.47~3.60

MR B BRI, e 25 Bl 55 12 )8 H)
RALT (0, 1) X, Hr 0 £x2 %Airﬁé
HIEALRA; 1 FR B3 ATEREIRES; 0~1 Z 8]
B RR %A&?%ﬁﬁﬁ&uo%%3l
TR 5T FRALFE B o0 45 2R AR 572 B 57 7F 5T
R, VIPHE 3 B B 57 S O I A IO L
mE 2 PR,

x2 EFERNETE
Table 2 Fatigue level range

9% 57 F T rp R 9 ENER 0
A 0~0.4 0.4~0.8 0.81~1.0
EHIE 0.2 0.6 0.9

TEX 7395 5 55 G HUELYE R A BE Al L, 5 25 b
i I SEN S

U:{ul,uz, u3f, (3)
AP, w, RO R A, w, NPz IR (A
uy NPRIREAL EAR,

BT 5 5 IBE T AT R AR, w0 E H e 2

B 57 AR AR TP IR A
V={1)l Uy, ”3% (4)
A, v, IEBDIRES; v, W IR, v, WE

Eﬁﬁﬁ*

— 2L 3 AT 2 B AR 2 Bl 55 R A4 ) g
ﬁoﬁﬁﬁﬁ%ﬁ%ﬁ%AEHME%ﬁEﬁﬁﬁ
L, BRI BRI A8 PR R AR R 1) 1A .

A=(a,, a,, a;)=(0.547, 0.291, 0.162), (5)
K, ay, ay, ay AN FEORERE SFHIIZ
WRAFLEIS ] | P24y L EAR TR AR A AL
PN FRAEHE b 1 114 SF i B8 AR RN
Tn T T
R=|ry 1y 713, (6)

Krpr, ﬁ%iﬁ%ﬁ?ﬁﬁ%f?ﬁ GsRIR R, MR
f%Aﬁﬁ%ﬁ%ﬁfﬁm b 0% 55 S5 9 B AE

o BRE A 57 RALFE AR 4T N A W PEIE, BIAS
H %ﬁﬁ#ﬁ%i@goéﬁ@ﬂ?ﬁfﬁ Y
BIETERENE, ro=1, B r, =

MR S J 3 o %H %ﬁﬁﬁfﬂﬁﬁ%
BV A RN
B=AXR-=(a,, a,, a;) -
Ty Ty Ty |=(by, by, by), (7)

KA by, by, by 530 R0 R A
FRELIF ] | -1 FL AR PR & i M .
PR 2 e A 298 57 RS BRI Rl A ~F- 24
EAE R A ) 2R
W= (w,, w,, wy) =(0.2, 0.6, 0.9)", (8)
5 RIS 2 T RO 25 5 PR AN TR B 2K i
Y 55 H8 BT AR
F=WxB-=(u,

P E 1z iR

, wy)' X (by, by, by)o  (9)
K, by, by, b ﬁ%ﬁ%ﬂuzﬁkz B R
FELEET ] %ﬁfﬂﬁé BRI A BLME

SR FH ST 0428 B 9% 57 D1 A5 70 X S [ A5 A A
Bs 0 2 3% 57 Fe B AT IR, AT AR RLA,
PEF BRI (10), ANRHEE L T 23 55 15 4L
AL AN 4 B,



200 AN I 4 542
0.033 - 0.052L>* + 0.046L — 0.017L"” + 0.002L° .
= = o T, —~H% ~R=6000m
1 - 1.237L"° + 0.584L - 0.124L> + 0. 010L 210 - R=8 000 m —R=5 000 m
= E%%%%%ééé%%% ~ R=7000 m — R=4 000 m
(10) s
K, FOSBREOTREG LOVBEEN HARRKE 8 g "
e 2
Ry 1%
Lo £ s R <
0 2 4 6 8 10 12 14 16 18 20
sl Bt K B /km
il (a) T LI K H AL
= © 018 —H% ——R=6 000 m
9 061 = ~~R=8 000 m —R=5000 m
iR = 0.16 ——R=7000m — R=4 000 m
,f-%( #HK
= 04 s
= 0.4 %‘é 0.14 =
w012 ;
0.2 w
B 0.10 ‘
2 4 6 8 10 12 14 16 18 20
. . . ! BETE G /m
0 3 10 15 20 (b) “THIZ MF SR T A
BE T8 B 28 K /km
E4 ARKEEZTEWESEHTNK

Fig.4 Driving fatigue indicator variation with
different straight line lengths
HilE 4 AL, AT Ead e b o7 R E BRI B
55 1 Bok i RB—E R, T S LR Y I Y
&, BRSO B —E R R FTR
H2 B ST R, ARG FREM, IKIRTA H Rk
FUNMRIBE S5 W BR AR08 25 B 57 1 45 B0 9 B 22
Pl i3 B E HAR BRI 4.3, 6.4,
12.0, 16. 1 km, fEtxyEEiE ALK BRI MK, £
fi&. . B 5 A, XA RIKE R
BT MR EAT VRS, Ik 3 B, T RS
FE, M ELARK R YA TR, 2
NBELABF IR ST A B 55, P 20 TR %
TR [ LU U 6 T e R PR K AN EL AT 6. 4 km,
x3 ETERESHBEELKERRITEN
(BfL: km)
Table 3 Tunnel straight line length risk assessment

based on driving fatigue (unit: km)

KU 5% i% AR L L= 5]
Li<l< 4.3<L< 6.4<L< 12.0<L<
3N 16. 1<L
4.3 6.4 12.0 16. 1

VDTN (BEY /ML
3.3 KELBNMKESIEIRTLE

MR 3.2 Al A, 20 ATE 20 km 4> KR I B
B LATORES S5 A 2 g 55, HOASIR] X [R] PN 2 B
FPREARR, BT EZEMEHZIE, FRERD
G B 9 () 7 A, e RO T AR D) G i
QR 5F A A S T S T AR X Bl A A B
(A5 M) L 7 A 500 b B, 065 T 7 B 4 B

8B

R=8 000 m —
——R=7000 m — R=4 000 m

8 10 12 14 16 18
B 1B km
(o) ML EAR L
B 5 1 kmBERAE LS REFTRIEEREZNL

Fig.5 Variations of fatigue characterization indicators with

——

20

different curve radii on 1 km section
=B

B K5+000 Zbifi AR SR, iE4 728 30l
R, LA km )RR EBCEE RS HTS 45 5 s 9%
FTEARECE R Z AT 12 B 0 A B, R [ R
PR S RAFFE AR B I S Frs, Bl R A
R,

M4 EBBA L, Tl ATRME, EARZ
TV 12 B 57 1) 4 ELIX B N, 25 3 TR T 3 PR AR
WERAAME, BRE 58] T &M, IR E AR
A2/ T 8 km B, BIREFEA IR ARSI 55 2%
FR POV, 25 B AT s il 2k Bk A 2R B S s i ik
A 57 BRI 57 Y 0% 57 e ff—I% 57 BRI
SEME BT AR R, (K B AR AR & S5
AN—, B3 NEHEA BB fe i e AR —
B, DAHZRBERTIS 500 m 253 O R K R e | 12
AR )i | L AR R T K AR
[ S EM L% 55 R FE B, A&l 6 i,

K 6 nl A, BEEMA ML L ERENE R, O
FHRK AR I MR FFZEmTa) | L BRSO
INEERE R A 2K LR A A 0 5 R 2R AR A
KIF, BRI MR AN B3, 25 0 A AR iR
FU, BILE 2R BB B — o i Z M o5 /EH, 3



554

XIARE, 2. 20 TR mE A I

W % T 2R A 1 D5 vk 201

AL KA %

i 4 2 ko
(@ LA KR

—=— FEIE N 2K ] km
| e BENEAAKR2 km
—— BEiE M B2 K E3 km

TR MR AR S ] 38 /%
|
o

B4 i £ 244 /km
(b) "V EIHZ IR KRS ] A2 Ak
—— [BIE N HAACE T km

—o— PEIE N H K E2 km
—— [i518 N B LK E3 km

3.0
251
20
1.5r
1.0

S HAR I /%

0571

I3 Hh £ 4 /km
(o) Tyl EAR AL
Bl 6 ARH&SHIEFEBEREN
Fig. 6 Variations of fatigue relief indicators with different
curve parameters
TR, TR ih £ % B 2 BN o Btk e AR
U7, YR AR E BN, 2 K
LI AR BB N R A, 55 B ORI
Al g s h 2 BeJm, 2 B AN REIR B BLUr Y« e
P RS, A IR R il 2 i 72 B N0 A PR Hl
EIhZe B AR I —E R RN, PO R K AN
o, MR BNmE, BEE M2 K, 23 A
ORI RORIT R, 2R AR BRI, Bl 2k
REESE, 23 ORI R R RN, X UK
FLAAR AR [ i AR BN, 55 R OB
B, TR BAT RIS (]G, 9% 55 78 B2 T [
PRy K ELAR AR LR AR BRI, e I S % B
AT B e, 9% 55 e AR B T 22

3.4 KELEEMEZSBITERKRSSH

WA 3.3 4T, OFIGK A I IRRFLER )|
M FL ELAE 350 B S [ R 32 e i it K B 2R 47 AN R S 4
i 2 B B 1) 28 % 57 SR R RR R, A 0 R 55 % i A
FERINE, i, IEMXCR, H5OoRHEKEME IR
FREzmfRIAH L, A ) 2 550 4R I B 1) R L B AR %
B —E R BENLYE , RIS 2507 R FRHE %8 bR
BB ARG A 5 7 MR RR 22 ] [B) FRAF 2 3% 55 5%
F R (A B DG R IR ORI I, M LB A 4548 B 1 AL
i, AFSER I GE 5 05 75 0 52 AN [ A5 A5 1 [
(BN S W28 B g 55 2% fp AR R 45, il 3.3 AN
[ S H M 2 0 R 1 K R AT IR R 22l (m) A, 2l
BRI R S 17 IR R i [A] R0 3 43 A an
K7 fis

100 -
90 b
80 b
70
60 b
50 b
40 +
30
20 b
10 -
0

R %

=20 -10 0 10 20 30
S48 00K A 8%
(a) LRI K BRUTR A A

BB/ %

T 10 9 8 7 6 -5 4 3 2
PR RZ IR RS TR B /s
(b) Rz AR FFS2S ) RAUIER 53 A
B7 BiAOFRERKESERSERERIHNES S
Fig. 7 Cumulative frequency distribution of drivers’

heart rate growth rate and blink duration
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