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Relationship between multi-mode failure probability and single-car crashes for
combination sections of vertical and horizontal curves
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Abstract: To promote the application of reliability analysis ( probabilistic geometric design) in highway safety
design and crash prediction, this paper develops crash prediction models to establish the relationship between the
multi-mode failure probability of cars and car crashes. Firstly, considering the multi-mode failure as the
breakthrough point, a multi-mode failure system was established based on three possible failure modes ( skidding,
rollover, and insufficient sight distance) of single-car on combination sections of vertical and horizontal curves.
Then, 10 241 single-car crashes on the combination sections of vertical and horizontal curves of highway in
Washington were taken as the research objects, and the multi-mode failure probability of the system was solved by
Monte Carlo and wide bound method. Finally, three crash prediction models including negative binomial model,
random effects negative binomial model, and random parameters negative binomial model were developed by taking
multi-mode failure probability and road factors as explanatory variables. Moreover, the relationship between multi-
mode failure probability and single-car crashes was explored. Results show that among the three models, the random
parameters negative binomial model outperformed the other two models. When the multi-mode failure probability was
considered, the influence of road geometric factors on the single-car crashes was weakened. Except for two exposure
variables, the multi-mode failure probability had the greatest impact on single-car crashes. The number of single-car
crashes was approximately linearly related to the multi-mode failure probability, and the intercept of the fitting curve
was not 0. The results can be used in the reliability design of highway.
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negative binomial model; random effects negative binomial model ; random parameters negative binomial model
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Fig.1 Force analysis of vehicles

TERAE y By 1) AR ) ) 43R
F;=—F0056—Gcosasin5 (3)
K, o YA, 6 BN
HERAE 2 Bh7 e B ] ) 5l
F;=—Fsin5—Gcosacosa (4)
BT y By 132 0P A Al
F.+F, = F1 =Fcos & — Gecos asind  (5)
2 F, NS 2 B AR g5 F |, M 45
SRR ] g A Ry & 30 25 T O Y —
HERAE 2 oy 1) B2 D0 A R
F,+F,=-F. =Fsind + Gcos a cos 8§ (6)
A FLFIF 53501 P42 2 R0 A 45 52 3] ) 2
8] 4y o
AT P BR B TRl R ) BE R R B

2
—cos 0 — gcos & sin O

fe F,+F, _R

' in + on V2
—sin 6 + gcos a cos O

R
HT T2 B A N 5 A AR B A R DS DR Ut
sin 8 =~e,sina ~i,cosa=1,cos 8 =1, eflis 5|
Dl e AR ] £, fRT A
B V? - gRe
Ve + gR

(7)

(8)

A0 5 | XS P 7% 4 = G R A A A T T
W, BEPRN T I TR 19 B R 2 0.4 1 B T F 2L 1Y
B ZR B S, o DU A0 RO A N P A FRAR 25 D
pRECZ,

Zy=f, ~ 1 (9)

1.2 DUEARPRAR S Th e SR &L

TR Y B B AT 7O IR,
E PN FR MU A4 Y e ] 33 A A e A% | M2
A7 30 ) 2 1) T3 2R TG 0, PR A ) 2 1) )
AN Y NZESS A EE 1) 798 O B 2 A R )
IS AR R I A RIR S , DA A M 2248
55 TR 42 i s A R R R A

, .+ B
FB+Fh, =~ [F[2 = (h,~h)el =0 (10)

AP b, AR E & B AR 0 R M
Wi, 0 =r, - [V2/(gR) ] ;r, A A, Ry
OE
HNMZGEAE RRRHGE RS, WA F, = 08X (2) ~
(4) FRAZ(10) , I Afe 4 30 LK 8 24 ik B s 1) 1
S SEY)
R, =R =f(V,0,8,h, h B,r,) (11)
R Ry BT ITFE A 25 W i B BT A2, DU
Ze R D0 A A FRARZS T RE R B Z,
Z, =R, - R, (12)
1.3 MERBRBRIRASII6E R
15 AR T B BT I B A
B B 45 AR BE A FE 2 T Pz S B R A A8 T Y
ATRBIE S Ak B 1 45 A WL 1Y 2 R AT
AR B B2 R S s 5 5 IT 1R 30450
SEAF IR R AT B i R IR T
Y BT B I, 25 YO B 32 RS A (49 L
TR R A ST A AR ) | LR G\ T A o A
A SR 2 i N AL W oy 5 B4 A i R
AR SCHR [ 5] 259 s By i A n ] IR Ly, FIRT
TR Lgg, 53510

d
L, =2R X cos (1 - f) (13)

0.039V*
a + 9.81:
s o AT ShIBGE L, m/s® s ¢ Dy 25 BN A S A
il BB ] s 5 d SR 3R 250E O 43
DL E B YIRS, m,
DNIAILEE AN JE 2 A% B 1 FRAR 25 T
E V)

d
Zy =Ly = Lgsy = 2R x cos™'(1 - E) -

Ly, =0.278V x ¢ +

(14)

N



1| =S S %55 %

- 112 - MoK O T
0.278V x 1 + ()039vﬂ_ (15)
a + 9.81:
1.4 DhEER#EHPMTE
A SO T RE PR RE S T R A g AR
B P A (2 B N T ) A S AR B
DA BN ] 2 s N6 B R TE | I8 TH 46 1P 19 2 0 56 )

1) 3 NS HD RIS AT 4 ﬁﬁﬂzﬂﬂﬁ. N1 N
FA) SRR R 20 S5 I st ] 400 kg B AL AR FFHDEW’“
I NBARE A BT SCHk [ 26 ] A R4 42 427
BT TS E50 (F O N o w8 BE T 4B HE )
FHZEARKR, HARSZ EWH R 2, K I, 48 30K A
[ EAR B, e AR & b /b, BUE R 0.5, r, BUH
0.1 B/(2h ) M1,
2500 N B SRR 1) 3 5 17 s [ 6 45 %25 s A ) ol
Bl SN FERA T ) 21 PR A B[], B2 e A B2 3 1 B 15
SRR T g SR [ N1 P A N 1 = NG B 3 it
Tk A BRAIE RS A2 S R R W52, SR, A BRI
THRILYE 25 Bl 1 J 0 A Bl s I B ] A0 Sk
E7 AR IR AR B T, X ROE 25 4
A S A iR iz AR T R RN 1.5 s,
PRifEZEHR 0.4 s,

TR IB AT A AR 1Y A e R B B B Y
SEBRATRE AR % A N R (A BRI I I
FRIE BRI SOAE) 290 AR (PR AR 220
PSS ) EWPIRM 2 ER R, 3T
HR [ 28 ] X625 4 5 B A 7 3 A 2 2 e sl ) T 9, 25 00 e
B E ARG IES oM, 817 £ #FHHE
Ves 2 RbRIER S, 4k

100.87 - (2 720.78/R), - 9% < i < 0

=1106.30 - (3 595.29/R) ,0 < i < 4%

96.64 — (2 744.49/R) ,4% < i < 9%
(16)
S, =0.14 -V,
K. Vs 4 85 S i I km/hy R M F- il 4k
& ,m; i WAL,

il S R A AR A T g AR P G R
WA TR 2 BB G LR R T s B SZ
TS 2 B A SN R TR) | AR PE R S R R Y
SO RSO AR A TR s IR
AATHIBIE R 4.2 m/s? ARAEZEH 0.6 m/s%,

1.5 ZEAXNRFERBEEKE
MRAEL (1) 5 kAR A FRAR S D) B R
¥z icH
Z, =f(u, uy,u,),k=1,2,3
Ao b AR FRARAS D BE pRE L
WSS e b RO ) R S R

(17)

Py = Pr(Z, <0) (18)
F T A SCHE ST AR FROIR 25 20 RE o R A A e e
BER R, DIRE R B RN B SRk, TR, A~ 2R A%
PR RO 1) SRR T 24 R0 O i B4
RIRTNE B OH XN BRI REREL Z = £,(U)
H R REALE ST REA LR, i R (E T D RE
BREUE Z 47 Z < 0, FnTER R S R R — 1K
PRI T NIK,Z < 0 MILT N, 0, B4, SR
AATHER R
N N;
Pp = N (19)
R k R R RS 0, Rl
0,=f(U) <0,k=1,2,3 (20)
Y I B A A Y S8 T 8 H — ARk
BT 1S , o nT AE b 2 Fh RSSO UL R DR e 52
TSR K A e R GRS Y B AT B
I, PLRSIOBE AN B 5808 R, AT 5 — Tl 2R S8 = s
B, 23 B ASl F T e A B, DR R LR G
MO EECR G M 2R R ROR G R A
0 FmH
0=0,U 0, U O,
KRB ARG RN

<0)=Pr(0)= iPr(Ok) -

> Pr(0,0,) +Pr(0,0,0,)

1<ism<3

SRESYEXNVEZ B W V¢ RSN L XN
R, A EFR AR AR AL, ASCRA
$6 A BRBSR R AR G A

B R A Z RIE ARG, BIRZCFH 4 0, A
0, WX R p,, > 0, BHH Pr(0,1 0,) =
Pr(0,) 5 k D RBIREMER T p, = Pr(0,) 5
FE BRI A5 R GE I Ay

(21)

3
pPr= Pr(kgl Z,

(22)

lqgm\w\l—H<rmm (23)

ASORE A I A EAE R 25 R G R A0
WA E p,

IIE?X /k+(1 _H(l P/k))

Py = 2 <24)

2 FRSEARBMR N FHTNER

PIELEZ S WA ¢ R SEKERTTINE T A i
ARSORE AR B A g A i [ HLAt 2 %
R[S B4 1 ' vl ey N i D] S AU B Y o
T BEMLS I — R IR 3 SRR HEA TR AR
e H B UL, 4254 22 15 R B R 5 5 3 s BT




53

A, 5 BB AU AMER S R R U R <113 -

FHERR KR,
2.1 REE

AN [F) B b S & A SR B ALY /MBS H
FRCE 22 W 2R T IE AR S R A, T
TGOS RS AT PR R AN ] 8% B b Sk i A A, 7 30
RN B IR A, Fonh

A =exp(BX; +¢&,) (25)

Krhe e MIRZED X, HBEE @ B REAS 1 ) 5, B N
s S8 &,

PEEL i AR RN

_F(yi, +0) 6 o A, Ji
f””‘yf@)(m+J @wﬁj (20)

A, () B gamma PREL, 0 Mt B HECRER

o f AR B EN 1) T TR | Greene ™ JF &
TR RS BN AT B R A R T A i
() ZHAEAN [FDILIN A 2 [6] 22 Ak, LA R 7] RE A7 7E 1)
LI ) Y S PR TR 3R B AL S8 — TR AL () 2

B, =B + o, (27)
A o, HEEHLI R,
BEALS R0 — TR (1 S B AH I 9 % LR
Al o, =exp(BX, + &) (28)
1= In[g(0)P(y,| ©)do, (29
Vi

K g(+) h o, BIMERE KA,
WRSHAG TR 22 A, H 2, WX
SHCNBEILSEL, N 5w S5
F i 2 1 300 = R B BEAL S 500 A Lk
PR BRI BEAIL 2 85t — SR (1) B R ABL R
it E 4, A SChSEEAE TR NLOGIT
AR AT Al T, BEHL S B0 Al 11 i Halton
B BEALIMEE 6 7 A 25 A 8 10 2
BLEY , IS ALY fi £ A BEATL A, T — IAR A
22 REGIY
AR SC P TR R A 0L O B A PEAG SR AR
M BOE I (A, ) FZE 95 p* Y B LA
JEFR A5, A L BN o7 BORERGT . AN HE BRI R IR
KXH
A == 2LL(B) + 2gq (30)
2 _ g _ LL(B)
LL(0)
s ¢ IS ECO B AR BRI s LL(B) N
RUXTEUERAE s LL(O) A A 55 A 88 80 20T 1) 1)
XTESRAE
SRS T UL P B P SR FH - 38 48 ) g 2

(31)

(M) FETIARRZE(R,) PIERR, My, AR, /)N
(LY S i AN SN W

I < ,
My =—23 |y =il (32)
i=1

L R U EEES

sy, RS BR 4 B Oy, AR A BT
DU 2 4 B A2 SRR n S i B B 4
2.3 S
AR SCAG T T 45 M R AR 2 1 S T AT A5
T 15 XoF PRI b 4 5 W R E ) o S e ) S
— iR i AR AL — 8 A3 L (A A B AR Y
{H) , AL A 53 L, S A Ak
N A, o
E’ZJJ)T (34)
o, AR BB j MR R R E,
TS RS B WA
E, =B x, (35)

i1, B, WH ARSI TGS x, Fm TR
At x, BFAME,
B BV o (B A A O
L 23 2K
exp(ﬁ/) -1
E=——7-"——
! eXp(Bj)

3 KN

3.1 HIEHEIR

AR S SRR RN BB R F % AN
SEB ARG, FREEEEH 2006—2015 4F23 25
I BB R A R A8 38 = BOBE B A BT S U
S FERECH , ARG AR — B0 LRI Hh O e
1 590 B2 3 i B BEMLEE 1 431 AN BE (5 B 5
P50 9/10) F T = i o A 78 (%) g S, AR 159 A
FEEL (N BB 1/10) TR 5, BT ST R
Ve [EI) ol A, 7 S0 S B 3 % 2 64 143 R A0 i, H:
HBAZE R 21 221, RO 13, R
Fll 12 224 81, H R EFBN 57.6%, R, A
W o B ER 2 D) B 4 A A U g
G RBUR SR B AR N B SRR
TS 22 T0KS 259 A A O R T B
RS, O o % B3 A e A A R B AR R 10 241
B, 21 PRI b B B 1 A G A OB
ARG I e B TS R 1 L LA ST A
RELFRGE ) 2455 3R B R 1) 3% S8 | I G T
fiE, 3¢ 2 B HUE B ST HRFAE

(36)



c114 - MR O T M ok % % R 555 %
R1 EETENGITESE
Tab.1 Statistical characteristics of continuous variables
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Tab.2 Statistical characteristics of discrete variables
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Tab.3  Estimation results and elasticity of continuous variables of single-car crash prediction models
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Tab.4 Estimation results and elasticity of discrete variables of single-car crash prediction models

i IR A

BERLSON, 51 — IR TR BERLS Rt — IRl

£ b izt 2 REC iRz REC bRER2E BRPERE
YIE I (1 Fon LR, 0 FoR BN E ) -0.051 0.047 -0.047 0.04 -0.059 0.038 -0.061
gL m (1 RoRZ2HE 0 Fm A ik 0.013 0.036 0.004 0.03 0.017 0.029 0.017
R sy BEal (1 #m a0 Fmt) 0.011 0.062 -0.011 0.05 -0.019 0.052 -0.019
BT (1 FRORTREE B 1,0 2R 1) 0.096* **  0.019 0.082* ** 0.02 0.086" * * 0.017 0.082
ok ok x| ow x| x SPRIFORIE 1% 5% 10%KF E R,
x5 HEABPSHEFMEREXILE
Tab.5 Comparison of goodness-of-fit and accuracy of models
iRy S bOp g E/NEN FHE p? Ay My Ry

1 IR 20 -3549.73 0.15 7139.5 2.963 6.388

Ff AL AR B — A 7 21 -3 505.65 0.806 7 053.3 1.804 4.147

Pt AL S H B — T 7 24 -3 483.93 0.807 7 015.9 1.548 3.52

DR AT LE S WA, AP 2 i s AR SCA i Y i
100 /% B (F IR B B 5 e 4 ) 3 /A8 0 )
LSS EMIZE €SO0 N N I T B = R R s R i
HR B IS TR S A i 2 (i TR ER) 5 PR R
BB 2 (D S 2k) B 5 T A MR, BREATLASRE £ — 0
B (SR 2R MIBEHLZ B — TR 1 (R 52
2e) P 2 5 S br OO R S B, T
SRS XU B BE (OB | BEBILAR L/ B HIL
SR IR AL T R 4R S 2
I 243 B e s ie— 20 . 534k, 2 RWTBEHL
SR TGRSR PN (L L BEATLAK N, 7 — IR R 1
PO E L S P F Ui, R, SO LS
W “ O AT AR S B, A0 3R 3 MR 4 e —
SR

80
20k — SRR
...... T AR '
5 O0F weee sty 52— A Y ‘\
2 50F — BLS RO
4 40
g
'\.}.1_30
i\“‘:zo i '
10 g
01 16 lé 28 3‘7 46 55 64 7I3 éZ 9‘1 160
BB T2
B2 SHEEMINGFEREENHSIREREN
Xtk

Fig. 2 Comparison between the predicted number of single-car
crashes and the actual number of crashes on
combination sections of vertical and horizontal curves
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