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Study on Reliability Design of Expressway Longitudinal Slope Length
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Abstract: According to Chinese current Design Specification for Highway Alignment (JTD D20—2017) ,
only the maximum longitudinal slope and maximum slope length are restricted in the expressway longitudinal
slope design. By analyzing the influencing factors of the road longitudinal slope design and considering the
vehicle actual motion state during uphill driving process, the functional function of slope length is
established. By introducing the reliability theory, taking reliability probability and failure probability as the
indicators to characterize reliability, the failure probabilities of supply values of different slope lengths under
the conditions of the maximum longitudinal slope at the design speeds of 120, 100, 80 km/h are calculated
by using Monte Carlo method, and the design indicators with hidden dangers are pointed out. Then,
according to the Unified Standard for Reliability Design of Highway Engineering Structures (JTG 2120—
2020), in order to meet the reliability requirements of the corresponding safety levels of expressway, the
degrees of reliability with different slope lengths are calculated independently, and the slope length with a
reliability probability greater than 95% is taken as the recommended value of the safe slope length, thereby
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providing the limit requirements for the slope length within the range of step slope. The result shows that (1)
under the condition of the same given slope length, the reliability probability of the longitudinal slope
decreases with the increase of the slope; (2) when the design speed is 120 km/h, the maximum slope length
reliability probability corresponding to the maximum longitudinal slope of 3% is 95.581%, and the
recommended safety slope length calculation value is 900 m, which is consistent with the specification; (3)
when the design speed is 100 km/h and 80 km/h, the reliability probability of the maximum slope length
corresponding to the maximum longitudinal slope of 4% and 5% is 86.555% and 74.874%, and the
recommended safety slope lengths corresponding to the maximum longitudinal slope of 4% and 5% are 700 m
and 500 m respectively, which are all smaller than the specified value. Finally, the relationship between the
accident rate and the failure probability of the design value is studied with an engineering example. It shows
that the greater the failure probability of the design value, the easier it is to cause traffic accidents. The
implementation of the calculated longitudinal slope length value based on the reliability theory for expressway
design can improve the road safety.

Key words; road engineering; probability of failure; reliability; longitudinal slope length; traffic safety
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Tab. 1 Calculation parameters of representative vehicle

types
o B Eip| hh B e PH B v,/
ozms  BMP BHO BBV (men)

Vil 1.209 -3.03E-05 1.93E-03 2.23E-02 41.68

X 1.138 -1.47E-05 1.17E-03 1.73E-02 53.53

X 1.097 -7.49E-06 7.23E-04 1.36E-02 68. 15

XI 1.070 -3.86E-06 4.32E-04 1.05E-02 88. 12

X 1.055 -2.23E-06 2.65E-04
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8.25E-03 112.54
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Tab.2 K-S inspection table of vehicle speed at entrance of

expressway slope

Bt g/ (km - h™h) 120 100 80
A& 313 248 239
s S {1 80. 894 78.597 74.779
PR 22 7.072 7.147 6.575
i X 0.03412  0.003 369  0.046 22
wImES  IE 0.02455  0.003369  0.046 22
i -0.3412  -0.02563  -0.4143
KR sit 0.03412  0.033 69 0. 046 22
W 0.2 0.2 0.2
R 2 KT 0. 847 0.932 0. 669
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Tab.3 Maximum slope lengths of different longitudinal slopes

P/ (km - h™h) 120 100 80
3%k E 900 1 000 1 100
A% 700 800 900
WK/ m
5%k F — 600 700
6% Ji — — 500

g Ak, CHLIE ) B2 i @y 120, 100,
80 km/h B e 8 23 B foe KNI BT 48 B A 50 90
3%, 4%, 5%, TEiB 3T O ECH AR IR LR

x4 ABRIERNEKEBITFEE
Tab.4 Minimum slope length and allowable speed of
highway longitudinal slope

P EE/ (km - h™') 120 100 80
/MK /m 300 250 200
U/ (km » h™!) 60 55 50
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Tab.5 Traffic volumes during 2019—2021 Spring Festival

travel periods

GEitaEpy 2019 2020 2021

A/ T 70.576 1 65.308 1 72.192 7
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Fig. 1 Probability distributions of slope climbing reliabilities
with different given slope lengths
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Tab. 6 Calculated reliabilities of given slope length at

different design speeds

100 km/h, GAIEIE LRy 4% 0 AN B, TESR UK
KAH 800 m B, RAAMEAH 13.445%, FIEEMEARN
86.555% ; BEITEEE A 80 km/h B, ZABE I BE K 5%
MR A B, TESR U K AH 700 m B, 2R3 2
H25.126% , FIEEMER Sy 74. 874%

SCHR [20-21] 7EZSG ATAEBEMFEA T AL AN 25
R EPE (B TRESS A v S T 58— A i)
(JTG 2120—2020) 5| AHIFHEEA, 150 A HITHE
5. B, AHESE ook IE B A R A AT A
JEBRAL S 25 2 b 1 KT B T 25 0 B bR PT SE BE A AR
A, MR T PR,

xKT AAREEZMNEMFIEE
Tab.7 Reliability of different safety levels

LR TR —4% —% =%
YN RIS HE A — N YN
H bl $E05E/ % 95 90 85

DAL T 4544 2 A 55 0 D — 2% 1 ek 2 B R A0
FAR ST BT 95%, 1 2431k 100,
80 km/h X RLER KM 4%, 5%, n]FEREARI /N

PO/ (km - ™) B /m ATRER % SRR % F 5%, KB —R B2 EH, RPIMITHHEL
300 99.986 0.014 TR A A [ 5310 B 7 3 2 B S
400 99.962 0.038 KT 800, 700 m AIFEPEAR AL, T E i — kAL
500 99.858  0.142 PR i S S 16 B ARR BT SR 35 25
120 600 9.660  0.340 S, DU AT KT 95% il L A, 55K
700 99.078 0.922 T BE T X IO B A B T 010 0 2 A K
800 97. 880 2.120 HHF3 8,
900 95. 581 4.419 ®8 BEABRMEREWKITHEE
250 99. 990 0.010 Tab.8 Calculated safe longitudinal slope length of
300 99.917 0. 083 expressway
400 99. 854 0. 146 PeiFdiE/ (km - h™") 120 100 80
100 500 99. 082 0.918 A SERE % 95 95 95
600 97. 440 2.560 I RS B % 3 4 5
700 94. 587 5.413 RRPSE A HE/m 900 800 700
800 86.555 13. 445 RS PARATSE/m 900 700 550
200 99. 951 0. 049 2.4 WHWEREWKEINE
300 99-636 0364 HI T 7E SE PR I i BB I — A 25 R e K
" W0 e 0 SRR R IR AL A, LA B — 2 T A
WO o 2 FEARIAR P R 3 A R o B
00 saR 1L L NI B BT 752 4 T HE 22 B B4 53 4
700 74. 874 25.126

M1 6 WA, B EE 120 km/h, I3y
3% )R H, FESAR IR KA 900 m B, R
RN 4.419% , ] FEAE R K 95.581% ; T E R

F, AR SRR R AN R 3 26 (R AN TR 35
RBLARE R W] S8 PEAT S T, S R ai
AR, Bl SRR T 95% Iy ss K b 45 fELAR
OB ASBCRE UE, iy LA Y A6 3 B2 Y TR P 3
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Fig.2 Probability distributions of slope reliability at different

design speeds with different slope lengths
WG 2 iz, AE B EE 23 ) O 120,100,
80 km/h B, B A HE B KT 95% M3 K AL 45 (6 1E A
AE, BEPRAE 9 R

AMEAR B, TER RIS ABE S EL AR AE T, HAIAT
E JIE AR R B SR R 8 DR T AR, &2 () WT

x99 TEEETREHKE
Tab. 9 Safe slope lengths with different slopes

Bt BE/ (km - h7h) i RE/ % G KEE/m

2 NI
2.2 N
2.4 1 700

120
2.6 1 400
2.8 1 300
3 900
3 1100
3.2 1 000
3.4 800

100
3.6 800
3.8 700
4 700
4 850
4.2 800
4.4 700

80
4.6 600
4.8 550
5 500

B, UL N 2. 2%}, AT EE AR R B I K L 4
AR fbA sz, HIFR AT RE R 2. 2% 3% B H i AR R 42
RITEZ S B EAT BN PR i B RN 35 456
29, UYWL R 3%, 4%}, LYK EE T
A2 900, 700 m, 53R 8 FRIHE LR - M
Yol Ry 5%, 2K #IE R 500 m, BE/NTF
F 8 JRAY 550 my X FAERER, KA A
AINTREAE, RUIBEX TAGRERM S, BT
CEEATENET BRI, 3t DN T 15 BA AE AT A
W, NS EIEF S AW MR, WA Tk
PRI R T, G ORI, T4 R B2 3L
LR BRI AT A 25K 118 BT S O R T
TEIN T I P B A 3 BH 2 L 2 A0 ik R e
PEo B, BT ARSI AL . B AR hRoxt T
8 FEPRPRITA —E S BN E, AR TR E R
Lok, [RIF, EEERT R S X PR 3 A
AT, XFTFRE B HELY R IR, st
M BEAE RN, BT FE I T35 S
2.5 T2

UL 3 5B m sl A B NG, bns 1-5, a5
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6-10, Fp'5 1115 735X B i i3 2 2 120, 100,
80 km/h F % Bt AR ZBEEC 1 a T R
W, ST BO A IR R T 2% 19 _E 3% B
AR LR Sl SR, B FHHCRRT 10 /km 1 %
B SO A g B, 91T 3 10, [/ A R
Wk B B BT BUE A R B, AR 5%k
HMER R R R, PhE e Bt H % 25
I
& 10 FiFEBIILBERWNRIEIT IR

Tab. 10 Longitudinal slope design indicators of statistical

accident section

Wk RE NI SR/

% m PR BEBE (K - km™)

1 K106+400-K107+350 2.5 950 & 3.15
2 K108+600-K109+400 2.6 800 " 6.25
3 KI14+910-K116+110 2.09 1 200 & 1.67
4 K117+440-K118+340 2.45 900 N 2.22
5  KI22+510-K123+410 2.00 900 " 1. 11
6  K920+350-K921+280 3.23 930 J& 12.90
7  K927+750-K927+730 3.29 980 I 14.29
8  K934+470-K935+070 3 600 & 3.33
9  K936+740-K937+670 3.5 930 J& 20.43
10 K941+440-K941+140 3.6 700 5 8.57
11 K81+000-K81+650 4.40 650 i 20

12 K83+100-K83+780 4.56 680 IE 17. 65
13 K85+010-K85+610 2.8 600 % 8.33
14 K86+360-K86+060 3.95 700 " 5.71
15 K87+450-K88+100 4.4 650 I 15.38

HIZ% 10 FPAAE R DUA Y, I B (e it i
SR ALV IR E W B R, (HBR AR B3P T A7 A
AN FEAT R BB, BT GEih i 15 AbY R T 2% /Y
YRR, HEOPUR BB 6 b AXMERBL, [F
— T RE T SO T I R Ry, AT 4R A
BOR; W EME AT TR K, TR %eki
MR . hR SR EE X 2 10 G e
B K BOTHE Y R R AR AT A, M AT g
Yo it Bk BRI B HE R A AT B4 R a3k 11
IR o

I 11 Al R, SR EOHUR B B BOHE R R
Bw, HABIE R T 3% i) % B 2y F o0k i
Be, HBOHE R R R ESR, (Al SR,

F 11 FitBREAFIZIHERSGTER
Tab. 11 Failure probability of longitudinal slope design

value of statistical section

g/ K/ BT NHEE U
b o W/ K/ RERHEK BIMEE

% m BB SR %

1 K106+400-K107+350 2.5 950 e 2.437
2 K108+600-K109+400 2.6 800 E 1. 569
3 K114+910-K116+110  2.09 1 200 & 0.041
4  KI117+440-K118+340 2.45 900 & 1.352
5 KI122+510-K123+410 2.00 900 E 0. 001

K920+350-K921+280  3.23 930 I 11.53
7 K927+750-K927+730 3.49 980 = 26. 69
8  K934+470-K935+070 3 600 e 1.12
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