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Abstract.  In the present study, a new assessment simulation of ride safety based on a new 
wind-traffic-pavement-bridge coupled vibration system is developed considering stochastic characteristics of 
traffic flow and bridge surface. Compared to existing simulation models, the new assessment simulation 
focuses on introducing the more realistic three-dimensional vehicle model, stochastic characteristics of 
traffic, vehicle accident criteria, and bridge surface conditions. A three-dimensional vehicle model with 24 
degrees-of-freedoms (DOFs) is presented. A cellular automaton (CA) model and the surface roughness are 
introduced. The bridge deck pavement is modeled as a boundless Euler-Bernoulli beam supported on the 
Kelvin model. The wind-traffic-pavement-bridge coupled equations are established by combining the 
equations of both the vehicles in traffic, pavement, and bridge using the displacement and interaction force 
relationship at the patch contact. The numerical simulation shows that the proposed method can simulate 
rationally useful assessment and prevention information for traffic, and define appropriate safe driving speed 
limits for vulnerable vehicles under normal traffic and bridge surface conditions. 
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1. Introduction 
 

In most countries, road accidents are usually causing more injuries and casualties than any 

other natural or man-made hazard. Among various causes of crashes, excessive speeds and adverse 

environments were found as the two dominant causes to the road accidents (Chen and Feng 2010). 

In addition to direct safety threats, frequent vehicle accidents will also cause serious congestions of 

the whole highway network in normal situations. Therefore, it is critical to accurately predict the 

crash risk and further advise appropriate driving speeds under complicated adverse driving 

environments. Ride safety of the moving vehicles have been caught much attention by the 

researchers, especially for the situation of the vehicles moving on long-span bridges in windy 

environments (Xu and Guo 2004, Chen and Cai 2004, Yin et al. 2011, Cai et al. 2015).  

In most existing studies, significant efforts have been given on simulating vehicle dynamics 
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and accidents with engineering simulation models, from the simple rigid body model to the 

complicated spring-mass multiple-degree of freedom model (Clough and Penzien 1993, Deng and 

Wang 2014, Han et al. 2015). However, extensive works on vehicle accident risks, which 

considers the coupling among the more realistic three-dimensional vehicle model, stochastic 

characteristics of traffic, vehicle accident criteria, and bridge surface conditions, is still very 

limited. To study the ride safety based on wind-bridge-vehicle coupled interaction, either 

simplified the stochastic traffic flow with multiple vehicles distributed with assumed patterns 

(Chen and Cai 2007) or modeled the traffic flow as a simplified statistical process (Chen and Feng 

2006). Recently, the stochastic characteristics of traffic flows were studied and significant effect 

was found on the dynamic performance of long-span bridges (Chen and Wu 2010, Deng et al. 

2014, Liu et al. 2016). However, the contribution of pavement response was still not considered in 

these studies. For example, the pavement was simplified as a rigid base and the deformation of 

pavement was ignored (Chen and Wu 2010, Yin et al. 2011, Yin et al. 2016, Han et al. 2016). In 

reality, when a vehicle travelling on the pavement, the wheel forces are generated and applied to 

the pavement, which in turn induces an increment in pavement response and affects the amount of 

distress produced by the vehicle.  

This paper presents a new assessment simulation of ride safety based on a new 

wind-traffic-pavement-bridge coupled vibration system. Compared to existing simulation models, 

the new coupled system focuses on introducing the more realistic three-dimensional vehicle model, 

pavement simulation, stochastic characteristics of traffic, vehicle accident criteria, and bridge 

surface roughness. A three-dimensional vehicle model with 24 degrees-of-freedoms (DOFs) is 

presented. A cellular automaton (CA) model and the bridge surface roughness are introduced. The 

bridge deck pavement was modeled as a boundless Euler-Bernoulli beam supported on the Kelvin 

model. The wind-traffic-pavement-bridge coupled equations are established by combining the 

equations of motion of both the vehicles in traffic, pavement, and bridge using the displacement 

and interaction force relationship at the patch contact. The numerical simulations show that the 

proposed method can simulate rationally provide useful assessment information for traffic, and 

define appropriate safe driving speed limits for vulnerable vehicles under normal and busy traffic 

conditions. 

 

 

2. Method of wind-traffic-pavement-bridge interaction analysis 
 

2.1 Equations of motion for a three dimensional wind-traffic-pavement-bridge vibration 
system 

 

Based on the vehicle model of 12 degrees-of-freedoms (DOFs) in Yin et al. (2011), in the 

present study, a new full-scale vehicle model with 24 degrees-of-freedoms (DOFs) was developed 

including a three-dimensional driver seat model and the longitudinal vibration of the vehicle (Figs. 

1 and 2) (Liu et al. 2016, Yin et al. 2016). The total DOFs include the longitudinal displacements 

(xt),vertical displacements (zt), lateral displacements (yt), pitching rotations (θt), roll displacements 

( t), and yawing angle ( t ) of the vehicle truck body, and the longitudinal displacement (xal
1
, xar

1
, 

xal
2
, and xar

2
), vertical displacements (zal

1
, zar

1
, zal

2
, and zar

2
) and lateral displacements (yal

1
, yar

1
, yal

2
,
 

and yar
2
) of the vehicle’s first to second axles; and zsu(xsu, ysu) and zss(xss, yss) represent the 

vertical(longitudinal, lateral) displacement of the occupant mass msu and suspension seat mass mss 
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of the driver seat, respectively. In the subscripts, the “t” and “a” represent the truck and axle 

suspensions, respectively; “l” and “r” represent the left and right on the axles, respectively; and 

“su” and “ss” represent the occupant mass and suspension seat, respectively.  

The equation of motion of the vehicle model can be written as (Liu et al. 2016, Yin et al. 2016) 

              v v v v v v G v-p vwM U C U K U F F + F                (1) 

where  vM ,  vC , and  vK = the mass, damping, and stiffness matrices of the vehicle, 

respectively;  vU  = the vector including the displacements of the vehicle;  GF  = gravity 

force vector of the vehicle; and  v-pF  = vector of the wheel-pavement contact forces acting on 

the vehicle; and vwF = vector of the wind forces acting on the vehicle.  

 

2.2 Equations of motion for pavement and bridge models  
 

Based on the pavement studies (Mamlouk 1997, Andersen et al. 2001, Cao et al. 2011), the 

pavement can be modeled as an Euler-Bernoulli beam supported on the Kelvin model, as shown in 

Fig. 3. 

 

  

Fig. 1 A new full-scale vehicle model 

 

  

Fig. 2 A three-dimensional driver seat model 
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Fig. 3 Pavement model 

 

 

The equation of motion of a pavement model can be written as 

 G v-b kE I F F ( ) ( ) ( )p p p p p p p p b k p by m y c y x vt K y y C y y        
     

(2) 

or 

P P P P P P p-v P-b[ ]{U } [ ]{U } [ ]{U } { } { }   M C K F F
              

(3)
 

where
p

  M ,   pC , and   pK  are the mass, damping, and stiffness matrices of the pavement, 

respectively;  pU  is the displacement vector for all DOFs of the pavement;  pU  and  pU  

are the first and second derivative of  pU  with respect to time, respectively; and p-vF  is a 

vector containing all external forces acting on the pavement;
  p-bF  is a vector containing 

interaction forces between bridge and pavement.  

The equation of motion of a bridge structural model can be written as 

( ) ( )b b b b b b b k p b k p bE I y m y c y K y y C y y     
              

(4)
 

or  

          b b b b-pU U U  b b bM C K F
              

(5)
 
 

where  bM ,  bC , and  bK  are the mass, damping, and stiffness matrices of the bridge, 

respectively;  Ub  is the displacement vector for all DOFs of the bridge;  Ub
 and  Ub

 

are the first and second derivative of  Ub  with respect to time, respectively; and b-pF  is a 

vector containing interaction forces between bridge and pavement.  
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2.3 Simplified quasi-steady wind forces on a three-dimensional vehicle model 
  

Wind action on a running vehicle includes static and dynamic load effects. The quasi static 

wind forces on vehicles are adopted (Baker 1991, Chen and Cai 2004) 

2

 R D

1
( )

2
 xwF AU C ; 2

zw R L

1
( )

2
 F AU C ; 2

 yw R S

1
( )

2
 F AU C ; 

2

 w R R

1
( )

2
 x vM Ah U C ; 2

 yw R P

1
( )

2
  vM Ah U C ; 2

 zw R Y

1
( )

2
  vM Ah U C

     
(6) 

where Fxw, Fyw, Fzw, Mxw,Myw and Mzw are the drag force, side force, lift force, rolling moment, 

pitching moment and yawing moment acting on the vehicle, respectively. 
 is the are density. CD, 

CS, CL, CR, CP and CY are the coefficients of drag force, side force, lift force, rolling moment, 

pitching moment and yawing moment for the vehicle, respectively. “A” is the frontal area of the 

vehicle; hv is the distance from the gravity center of the vehicle to the bridge surface; and UR is the 

relative wind speed to the vehicle, which is defined as 

2 2 2

R [( ( , ))cos ] [( ( , ))sin ]U U u x t S U u x t     
 

( ( , ))sin
tan

( ( , ))cos

U u x t

U u x t S









 
 

(7) 

where S is the driving speed of vehicle; U and u(x, t) are the mean wind speed and turbulent wind 

speed component on the vehicle, respectively;  is the attack angle of the wind to the vehicle, 

which is the angle between the wind direction and the vehicle moving direction; and  is usually 

between 0 to .  

 

2.4 Wind forces on bridge in modal coordinates 
  

The dynamic model of long-span bridges can be obtained through finite element method using 

different kinds of finite elements such as beam elements and truss elements. With the obtained 

mode shapes, the response corresponding to any point along the bridge deck can be evaluated in 

the time domain. The structural nonlinearity is typically considered in the static analysis before a 

dynamic analysis is conducted. Equations of motions in the three directions including vertical, 

lateral, and torsion of the bridge with the mode superposition technique a can be obtained and can 

be rewritten in a matrix form as (Clough and Penzien 1993, Chen and Cai 2004) 

            b b b b b b bwM U C U K U F                     (8) 

where  bM ,  bC , and  bK  are the mass, damping, and stiffness matrices of the bridge, 

respectively;  bU  is the displacement vector for all DOFs of the bridge;  bU and  bU  are 
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the first and second derivative of  bU  with respect to time, respectively; and  bwF  is the 

vector of the wind forces acting on the bridge. 

 

2.5 Assembling the vehicle-pavement-bridge coupled system 
 

Vehicles traveling on the pavement are connected to the pavement via patch contacts. The 

interaction forces acting on the pavement  p vF 
 and the interaction forces acting on the 

vehicles v pF 
 are actually a pair of action and reaction forces existing at the patch contacts. In 

terms of finite element modeling, these interaction forces may not be applied right at any nodes. 

Therefore, the interaction forces need to be transformed into equivalent nodal forces  eq

bF  in the 

finite element analysis. This can be done using the virtual work principle, which states that the 

work done by the equivalent nodal forces and the actual force should be equal. Thus, it can be 

expressed as 

 _ _{ }T eq

p nodal px contacty F y F                         (9) 

where 
_{ }p nodaly is the displacement vector for all the nodes of the element in contact; 

_px contacty
 

is the displacement of the element bearing the tire spring load at the contact position x ; eqF  is 

the equivalent force vector applied at all the nodes of the element in contact; and F is the real force 

acting at the patch contact.  

The
_px contacty  can be expressed using the displacement at each node of the element as  

_ _[ ]{ }px contact e p nodaly N y                     (10) 

where ][ eN  is the relationship function of the element in contact. From Eqs. (9) and (10), the 

relationship between the equivalent nodal forces and the interaction force acting on the element in 

contact is expressed as 

  FNF T

e

eq  ][                         (11) 

  To be consistent with the size of the force vector  eq

pF in the analysis of the full pavement, 

Eq. (11) can be expanded to a full force vector form as 

  [ ]eq T

p pF N F 
                       (12) 

where eq

pF  is a vector with the number of elements equal to the total number of DOFs of the 

pavement. It should be noted that, for two interaction forces acting upon different elements of the 

same pavement, the relationship function of the pavement [ ]pN  for the two forces would be 

different though the element relationship function ][ eN  may be the same, because the 

corresponding DOFs of the non-zero terms in the two force vectors are different. 
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In a pavement-vehicle system, the relationship among the vertical displacement of vehicle body
i

vy , pavement deflection at the contact position y
i
px_contact , the radial deformation of ith  tire 

spring 
i

tyxU at the position x , and road surface profile ( )ir x , can be rewritten as 

_{ [ ( ) ] } / cosi i i i

tyx v px contactU y r x y    
 

( / 2) (1 cos )i j j i

v a j ay y s R      , 1,2j   

(13) 

The first derivative of Eq. (13) can then be obtained as  

θyxryU px_contzct
iii

v

i

tyx )/cos)((                         (14) 

where 
i

vy is the velocity of the vehicle body in the vertical direction; 

( ) ( )
( ) ( )

i i
i dr x dx dr x

r x v t
dx dt dx



  , where ( )v t  is the vehicle traveling velocity; and _

i

px contacty , 

according to the definition of the relationship function of the pavement in Eq. (10), can be 

expressed as 

   _ _[ ] [ ]i i

px contact e p nodal p py N y N y                       (15) 

The interaction force acting on the ith tire can be obtained as 





























/2lx

/2lx

i
i

p

i

pp

i

i

pi

v

i

ty

/2lx

/2lx
p

i

p

ii

v

i

ty

i

dty

i

ty

i

pv

ty
i

ty
i

ty
i

ty
i

dxtv
dx

dr(x)
yNytv

dx

]Nd
ycdxyNxryk

FFF

)(}{[}){(
[

})]{)(( [
 (16) 

Compared the length of 
tyl with the total length of the bridge, the 

tyl is small. Therefore, the 

value of 
py and vy can be assumed as a constant in the length range form / 2i

tyx l to / 2i

tyx l . 

Eq. (16) can be further written as 

    
/2 /2

/2 /2

/2 /2

/2 /2

( )
( ) ( ) { } ( )

( )

i i
ty ty

i i
ty ty

i i
ty ty

i i
ty ty

i i
x l x l pi i i i i i i i i i

v p ty v p p ty v p p p
x l x l

x l x l
i i i i i i

ty v ty ty p
x l x l

d N dr x
F k y r x N y dx c y v x y N y v t dx

dx dx

k dxy k r x dx k N dx

 


 

 

 

                  
 

      

 

    
/2 /2 /2

/2 /2 /2

/2 /2

/2 /2

( )

( )
{ } ( )

i i i
ty ty ty

i i i
ty ty ty

i i
ty ty

i i
ty ty

i
x l x l x l pi i i i

p ty v ty p
x l x l x l

i
x l x l

i i i i

ty p p ty
x l x l

d N
y c dxy c v t dx y

dx

dr x
c N dx y c v t dx

dx

  

  

 

 

   

   

   

 

  (17) 

where i

pN  
 is the relationship function of the bridge for an interaction force between the i th tire 

and the pavement.  
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The N interaction forces can be expressed in a vector form as 

}{}]{[}]{[}]{[}]{[}{}]{[

}{}{ 21

crvppvpcpvv

N

vvppvrvv

N

vv

TN

pvpvpv

N

pv

FyCyKyCyKFyK

FF    FF












  (18) 

where N

v vK 
  

and N

v vC 
  

 are the stiffness, and damping matrices for N tires, respectively; and 

v pK 
   ,  rvF 

,
v cpK 

   , 
v pC 

   , and  crvF  are obtained from Yin et al. (2016). 

 As discussed earlier, the interaction forces acting on the pavement, p vF  , are the reaction 

forces of that acting on the vehicles,  v pF  . Therefore, the following relationship holds 

   p v v pF F                              (19) 

Substituting Eqs. (17) and (19) into Eq. (12), the transformed equivalent nodal forces due to the 

N interaction forces can be obtained as  

 

 

 

1

/2 /2 /2 /2

/2 /2 /2 /2

/2

/2

[ ] ( )

( )

[ ]

( )

i i i i
ty ty ty ty

i i i i
ty ty ty ty

i
ty

i i
ty t

N
eq i T i

p p v p

i

x l x l x l x l
i i i i i i i i

ty v ty ty p p ty v
x l x l x l x l

i T

p i
x l pi i i

ty p ty
x l x l

F N F

k dxy k r x dx k N dx y c dx y

N
d N

c v t dx y c
dx





   

   



 

  

    

 
   



   

  

             

/2 /21

/2 /2

( )
( )

i i
ty ty

i
y ty

N

i
x l x li i i i

p p ty
x l

p v v p r p vp p p v v p cp p p p p p cr

dr x
N dx y c v t dx

dx

K y F K y C y K y C y F

 



      

 
 
 
 

     

                        


 

    (20) 

where 
p vK 

   , 
p vpK 

   , p rF 
,

p vC 
   ,

p cpK 
   ,

p pC 
   ,and p crF 

are obtained from Yin 

et al. (2016).  

The interaction forces acting on the bridge, p bF  , are the reaction forces of that acting on the 

pavement,  b pF  . 

Substituting Eq. (18) into Eq. (3) 

}{}]{[}]{[}]{[}{}]{[

}]{[}]{[}]{[}]{[

crvppvpcpvv

N

vvrvppv

v

N

vv

N

Gv

N

vv

N

vv

N

v

FyCyKyCFyK

yKFyKyCyM












     (21) 

Since  eq

pF  in Eq. (19) is actually the equivalent force vector of the external force vector 

 p-vF  in Eq. (3), after substituting Eq. (19) into Eq. (3), the following can be obtained 
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             

             [ ] [ ] [ ] [ ]

p p p p p p p v v p vp p p r p v v

p cp p p p p p cr b p p p b b b p p p b b

M y C y K y K y K y F C y

K y C y F K y K y C y C y

   

      

                            

           
   (22) 

The equation of motion of a bridge structural model can be written as 

}]{[}]{[}]{[}]{[}]{[}]{[}]{[ bbpppbbbpppbbbbbbb yCyCyKyKyKyCyM 
       (23) 

 
 
3. Equations of motion for wind-traffic-pavement-bridge vibration system  

 

3.1 Traffic flow simulation  
 

The traffic simulation using the CA traffic model can capture the basic features of the 

probabilistic traffic flow by adopting the realistic traffic rules such as car-following and 

lane-changing, as well as actual speed limits. One of the most important CA models is NaSch 

model (Nagel and Schreckenberg 1992). Though NaSch model is simple, it can describe some 

traffic phenomena in reality, such as phase transition etc. In recent years, the CA traffic model was 

introduced and verified to study the vibration of bridges under the traffic flow (Chen and Wu 

2010). However, all those aforementioned CA models above do not take into account the influence 

of the next-nearest neighbor vehicles, though this influence exists in real traffic and cannot be 

ignored (Kong et al. 2006). In this paper, an improved CA model considering the influence of the 

next-nearest neighbor vehicles in Kong et al. (2006) is introduced and used to simulate the traffic 

flow.  

In the car-following model, most researchers usually consider the influence of the vehicle 

ahead using the following equation (Kong et al. 2006) 

1( ) ( )   n n nx t T x x                          (24) 

where T is a response time lag,  is the sensitivity coefficient, nx  is the acceleration of the  nth 

vehicle, and nx  is the velocity of the nth vehicle , +1nx  is the velocity of the (n+1)th vehicle. The 

model shows that the response of the following vehicle is in direct proportion to the stimulus 

received from the leading vehicle. Considering the influence of the next-nearest neighbor vehicles, 

the Eq. (24) can be changed to 

1 21 1 2 2( ) ( )       n n n t T n n t Tx x x x x                 (25) 

where T1 is a response time lag of the nearest neighbor ahead, T2 is a response time lag of the 

next-nearest neighbor ahead, 1 and 2 are the sensitivity coefficients of the nearest neighbor and 

next nearest neighbor vehicles, respectively, and both of them are confined between 0 and 1. 

Driving strategies are based on the double-look-ahead model for the acceleration step in the NaSch 

model. According to Eq. (25), suppose 1 > 2 , the acceleration of the vehicle is written as  

1 2( 1) ( ( ), ( 1))     n n nx t x t x t                     (26) 
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where 
1 n 1 n 2 n 2 n
( x ( t ) - x ( t ) ) ( x ( t - 1) - x ( t - 1) ) 

 
  .Using Eq. (26), the rule of the acceleration 

/deceleration can be changed in the NaSch model.  

 

 

5. Equations of motion for traffic flow-pavement-bridge-wind vibration system  
 

In the present study, the vehicle is modeled with 24 DOFs of the three dimensional vehicle 

models, light truck is used with the single DOF of vehicle model to be computationally efficient.  

The 24 DOFs and single DOF vehicle models are shown in Figs. 1 and 2, respectively. Using 

the displacement relationship and the interaction force relationship at the contact patches, the 

vehicle-bridge coupled system can be established by combining the equations of motion of both 

the bridge and vehicles. Eqs. (21), (22), and (23) can be combined and rewritten in a matrix form 

as 
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(27) 

where N is the number of vehicles traveling on the bridge, 
N

vM ,
N

vC ,and
N

vK are mass, 

damping, and stiffness matrices for the vehicle, respectively; 
N

b-vbC and 
N

b-vbK  are damping 

and stiffness contribution to the bridge structure due to the coupling effects between the N vehicles 

in the vehicle and the bridge system, respectively; 
N

b-vC and 
N

b-vK  are the coupled stiffness and 

damping matrices contributing to bridge vibration from the N vehicles in the vehicles, respectively; 
N

v-bC and 
N

v-bK are the coupled damping and stiffness matrices contributing to the vibration of 

the N vehicles, respectively; 
N

v-vC and 
N

v-vK are the coupled damping and stiffness matrices of 

induced by other vehicles in the vehicles, respectively. Eq. (27) can be solved by the New-mark 

method in the time domain. 

As discussed by Chen and Cai (2007), the traffic flow-pavement-bridge-wind coupled Eq. (27) 

can consider various types and numbers of vehicles at any location on the bridge. When the real 

traffic flow is simulated, the dynamic model of each vehicle will be substituted into Eq. (27) for a 

“fully coupled” traffic flow-pavement-bridge-wind dynamic interaction analysis. In order to 

simplify the vehicle models in traffic, all the vehicles are classified as three types: (1) v1-heavy 

multi-axle trucks; (2) v2-light trucks and buses; and (3) v3-sedan car. Only heavy trucks are 

modeled with 24 DOFs of the three dimensional vehicle models, light trucks and sedan cars are 
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used with the single DOF of vehicle model to be computationally efficient. Mechanical and 

geometric properties can be obtained from Yin et al. (2011) and Chen and Cai (2007). 

 

 

6. Criteria of wheel being lifted up or sideslip  
 

6.1 Lifted up  
 

As in Chen and Chen (2010), when the weight transferred between the left and right wheels is 

larger than a half of the vehicle weight minus a half of the vertical wind force, lift force, there is no 

reaction force existing on one side of wheels. In addition, the roll angle between the sprung mass 

and the suspension system typically cannot exceed 6° or 7° due to the mechanical restraints of the 

suspension movements (Chen and Chen 2010). Thus if either of the following two criteria is 

satisfied, the wheel is believed to be lifted up.  

,/ 2 / 2trans V W ZW M g F                           (28) 

or  

, ,

cri cri

t t f t t ror                             (29) 

where 
t and ,

i

t f  are absolute roll angle of sprung mass and un-sprung mass, respectively; 

cri is maximum allowable relative roll-over angle due to the mechanical restraints (e.g., 7
o
); 

transW
=the weight transfer ratio between the left and right wheels,  and  =sideslip angle 

and heading angle; and u=active roll torque.  

 

6.2 Sideslip  
 

According to Gim and Nikravesh (1990), the lateral force of a pneumatic tire-bridge surface 

interaction can be considered as a resultant force composed of three components of force ysF , 

yF  , and yF   
due to the tire running with an “S” shape, slip angle  , and camber angle  , 

respectively. The lateral force can be obtained as (See more description and definition in Gim and 

Nikravesh (1990)) 

  y y y y sF F F F                                 (30) 

2 2 3sign( ) [ + (1 3 2 )]y n y z n n

v b

C S
F C S l F l l

F

 

   


 
      

 
          (30a) 

sign( )yF C S                                (30b) 

_ _[ ( ) ( )]     i i i i

ys ty a ts bx contact ty a ts bx contact trF k y y y c y y y l
        

 (30c) 

where C
is the cornering stiffness; S

is the absolute value of the lateral slip ratio syS ; a 
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non-dimensional contact patch length 
nl is defined as /n tyl l l ，where lα is the length of the 

adhesion region from the front extremity to the breakaway point for the sliding region of the 

contact patch, therefore, lα is varied from 0 to the value of tyl is the patch length of the wheel; μy 

is the tire-bridge surface friction coefficient in the slipping region; 
zF  is the tire vertical force 

acting on the bridge surface and equals
v bF  ; C is the camber stiffness; and S is the absolute 

value of the lateral slip ratio due to the camber angle γ and defined as: sinS  . Based on the 

studies in Gim and Nikravesh (1990) and Yin et al. (2011), the slip angle can be varied from
o10

to 
o10 , and the camber angle varies from -8

o
 to 8

o
. Furthermore, tyk and tyc are the tire lateral 

stiffness and damping coefficients per unit length of the wheel; i

ay is the lateral displacement of 

the vehicle axle; 
tsy is the tire lateral displacement due to tire running with an “S” shape ; and 

_

i

bx contacty  is the bridge dynamic lateral deflection at the contact position x .  

The problem of simulating the tire running with an “S” shape is very complex. In this study, to 

simplify the model, the “S” shape was assumed as a “Sine” shape with a random amplitude and 

random phase angle, similar to the assumptions made in Fujii and Yoshimoto (1975) and Fujii et al. 

(1975). As a result, 
tsy can be expressed as 

2
( ) sin( )ts s s

s

x
y x A

l


 

                        (31)

 

where
sA is the random amplitude;

 sl is the wavelength; and 
s is the initial phase angle. Based 

on the studies (Fujii and Yoshimoto 1975, Fujii et al. 1975), sA can be assumed to follow a 

symmetrical distribution from 2.5 mm to 5 mm; sl can be obtained from a symmetrical 

distribution from 6.65 m to 10 m; and s can also be assumed to follow a symmetrical distribution 

from 0 to 2π (Fujii and Yoshimoto 1975). The front or the rear wheel will start to sideslip when the 

actual lateral tire forces Fy, quantified with Eq. (3) exceeds the corresponding sideslip critical 

friction forces.  

y zF F
                           

   (32) 

where  is static lateral friction coefficient; zF is vertical reaction force on the axle.  

 

6.3 Critical driving speed and critical sustained time 
 

Critical driving speed (CDS) is the highest allowable driving speed without causing any type of 

accidents under a specific combination of environmental and vehicle conditions. Some researchers 

studied using different vehicle models in some existing studies (Baker 1991, Chen and Cai 2004, 

Guo and Xu 2006, Chen and Chen 2010); another critical variable which was discussed by Chen 

and Chen (2010) is the “critical sustained time (CST).” CST is the minimum time period required 

to sustain the specific combination of the adverse environments e.g., wind speed and the driving 
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conditions e.g., specific driving speed.  

According to the Green book (AASHTO 2004), the median reaction time of drivers is 0.66 s 

based on the data from 321 drivers. In the present study, the “median reaction time” 0.66 s will be 

used. If the CST is larger than the reaction time of the driver, the driver may have sufficient time 

to take appropriate actions e.g., reduce speeds to possibly prevent the occurrence of accidents. 

Obviously, CDS suggests the appropriate driving speed assuming the driver has sufficient time to 

react while CST discloses the information about whether the driver has enough time to react under 

a particular driving condition.  

 
6.4 Modeling of bridge surface 
  

The bridge surface profile is assumed usually to be a zero-mean stationary Gaussian random 

process and can be generated through an inverse Fourier transformation based on a power spectral 

density (PSD) function (Yin et al. 2011) as 

1

( ) 2 ( ) cos(2 )  


  
N

i

k k k

k

r x n n n x      (33) 

where k is the random phase angle uniformly distributed from 0 to 2; () is the PSD function 

(m
3
/cycle) for the bridge surface elevation; and kn is the spatial frequency (cycle/m). In the 

present study, the following PSD function (Yin et al. 2011) was used 

)())(()( 21

2

0

0 nnn
n

n
nn                    (34) 

where n is the spatial frequency (cycle/m); n0 is the discontinuity frequency of 1/2 (cycle/m); 

φ(n0) is the roughness coefficient (m
3
/cycle) whose value is chosen depending on the bridge 

condition; and n1 and n2 are the lower and upper cut-off frequencies, respectively. The 

International Organization for Standardization (ISO) (1995) has proposed a bridge roughness 

classification index from A (very good) to H (very poor) according to different values of φ(n0).  

 
 
7. Numerical studies  
 

7.1 Description of the cable-stayed bridge 
   
As a prototype bridge used in the present study, the Jinyu Highway Bridge, located at the 

border of Hunan province in China, is an unsymmetrical hybrid cable-stayed bridge with a box 

section, double towers, double cable planes, and with spans of 80 m+208 m+716m+70 m+2x65 m 

from the north to the south, as shown in Fig. 4. Based on the configuration of the bridge, the 

bridge girders, tower, and railings were all modeled with solid elements. The cable was modeled 

with link element, and a rigid connection was assumed between the cable and bridge girders. A 

rigid connection was also assumed between both girder and diaphragms and between girder and 

bridge deck. The pavement parameters are: Young’s modules Ep=1.5 GPa, thickness hp=9.5 cm, 

Poisson’s ratio 0.25, and per-unit-length mass mp=8778 kg/m. A numerical model was created 

using the FE method with ANSYS software, as seen in Fig. 5.  
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Fig. 4 The Jinyu Highway Bridge (cm) 

 

 

Fig. 5 The full bridge model 

 

 

7.2 Critical sustained time of accidents  
 
When the truck is driven on a road or bridge with dry road surface, rollover accidents are found 

in Fig. 6, which shows the relationship between CST of rollover, the wind speed U, and the vehicle 

speed V. The median reaction time of drivers is 0.66 s based on the data from 321 drivers is a 

horizontal line shown in the figure. It can be found from Fig. 6 that the CST of rollover decreases 

when U or V increases, and some CST of rollover are larger than the median reaction time, thus, 

the accident may not actually happen. For instance, when the wind speed is 50 km/h, the truck and 

the light truck or sedan moving with a speed of 120 km/h, the truck will take 0.68 s to roll over, 

and the light truck or sedan will take 1.04 s to roll over. Because the times to roll over are larger 

than the median reaction time, the accident may not actually happen for the truck and light truck or 

sedan. When the wind speed is 80 km/h and the truck moves with a speed of 20 km/h, the truck 

will take 0.61s to roll over, and when the light truck or sedan car moves with a speed of 50 km/h, 

the light truck or sedan car will take 0.63s to roll over. As compared to the median reaction time 

(0.66s), the 0.63s and 0.61s are usually too short for most drivers to react and the rollover 

accidents are very likely to happen. Therefore, the CST of accidents is an important assessment 

criterion for the ride safety, and the effect of wind speed on the CST of rollover is very significant. 

When road surface is covered by snow, Fig. 7 shows the relationship between the CST of 

sideslip and the driving speed V when the vehicle moves on a snow-covered road surfaces, along 

with different wind speeds. From the Fig. 7, the sideslip accidents usually happen. It can be found 

from Fig. 7 that the CST of sideslip decreases when U or V increases. For instance, when the wind 

speed is 50 km/h, the truck moves with a speed of 50 km/h, the truck will take 0.64 s to sideslip, 

and the light truck or sedan will take 0.62 s to sideslip with a speed of 70 km/h. As compared to 

the median reaction time (0.66s), the 0.64s and 0.62 s are usually too short for most drivers to react 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 6 CST of rollover accident on the dry surface of bridge 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 7 CST of sideslip accident on the snow-covered surface of bridge 

 

 

and the sideslip accidents are very likely to happen. Therefore, the effect of the CST of sideslip on 

the accident is very significant. 
 

7.3 Critical driving speeds of accidents 
 

As the simulation of the Figs. 6 and 7, based on the CST of the results, Figs. 8 and 9 show the 

CDS of the truck, light truck and sedan car under different wind conditions on surface of bridge 

and snow-covered surface of bridge. Fig. 8 shows the CDS of rollover accident on the dry surface 

of bridge, and Fig. 9 shows the CDS of sideslip accident on the snow-covered surface of bridge.  

It can be found from Fig. 8(a) that a rollover accident will not occur when the wind speed does 

not exceed 50 km/h. When the wind speed is more than 90 km/h and even the truck moves with 

V=10 km/h, it will have the risk of being blown over. Compared to the truck, the rollover 

possibility of light truck and sedan car is much littler than that of the truck. From Fig. 8(b), it can 

be found that when the wind speed does not exceed 70km/h, a rollover accident will not occur. 

When the wind speed is 90 km/h, the light truck and sedan car will have the risk of being blown 

over moving with 50 km/h.  
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 8 CDS of rollover accident on the dry surface of bridge 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 9 CDS of sideslip accident on the snow-covered surface of bridge 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 10 Effect of pavement on the CST of rollover accident on the dry surface of bridge 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 11 Effect of pavement on the CDS of rollover accident on the dry surface of bridge 

 

 

It can be found from Fig. 9 that when the vehicle moves on the snow-covered surface, the 

sideslip accident may happen very easily, and it is easy to find that the sideslip accidents will 

happen when U and V are not high. When the wind speed is more than 50 km/h, sideslip accidents 

will happen when the truck moves with 42 km/h. When the wind speed is more than 80 km/h, even 

the truck in still V=10 km/h will have the risk of being sideslip. By comparing Figs. 8 and 9, it is 

obvious that sideslip accidents will be more prone to occur first than rollover accidents when the 

road kinetic friction coefficient decreases. 

 

7.4 Effect of pavement on the CST and CDS of accidents  
 

As discussed earlier, the effect of pavement on the ride safety is significant. Using the present 

model of wind-traffic-pavement-bridge coupled vibration system, the effect of pavement and 

traffic flow on the CST and CDS of accidents were studied and plotted in Figs. 10 and 11.  

Figs. 10 and 11 show that the effects of pavement on the CST and CDS of accidents. It can be 

found from Fig. 10 that the pavement can decrease the CST of accidents, for instance, when the 

pavement is considered for the truck, the CST of accidents diseases from 0.82s to 0.71 s for the 

wind speed is 50 km/h and vehicle speed is 100km/h. It can be found from Fig. 11 that the 

pavement can increase the CDS of accidents, for instance, when the pavement is considered for the 

truck, the CST of accidents increases from 55 km/h to70 km/h. Therefore, the effects of pavement 

on the CST and CDS of accidents should be considered for giving the more precisely simulating 

results.  

 

7.5 Effect of traffic flow occupancies on the CST and CDS of accidents  
 

The Transportation Research Board classifies the “level of service” from a driving operation 

under a desirable condition to an operation under forced or breakdown conditions (Chen and Wu 

2010). In following sections, two traffic flow occupancies, including the median traffic  =0.15 

and busy traffic flow  =0.3 (Chen and Wu 2010), are used to study the CST and CDS of  
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 12 Effect of flow occupancy on the CST of rollover accident on the dry surface of bridge 
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(a) Heavy multi-axle truck                (b) Light truck and Sedan car 

Fig. 13 Effect of flow occupancy on the CDS of rollover accident on the dry surface of bridge 

 

 

accidents of the bridge under the dry surface roughness. The CST and CDS of accidents are shown 

in Figs. 12 and 13.  

It is found from Figs. 12 and 13 that traffic flow occupancies play a not more significant role on 

the CST and CDS of accidents. For example, when the wind speed is 70 km/h, and two traffic flow 

occupancies, including the median traffic and busy traffic flow, are considered respectively, the 

CST of accidents are 0.62s and 0.59s cm, respectively, and the CDS of accidents are 55 km/h and 

52 km/h, , respectively. Therefore, from this numerical example, the changing degree of CST and 

CDS of accidents by considering the traffic flow occupancies is not more significant. 

 

 

8. Conclusions  
 

This paper presents a new assessment simulation of ride safety based on a new 
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Assessment of ride safety based on the wind-traffic-pavement-bridge coupled vibration 

wind-traffic-pavement-bridge coupled vibration system. Compared to existing simulation models, 

the new coupled system focuses on introducing the more realistic three-dimensional vehicle 

model, pavement simulation, stochastic characteristics of traffic, vehicle accident criteria, and 

bridge surface roughness. The numerical simulations show that the proposed method can rationally 

provide useful assessment information for traffic, and define appropriate safe driving speed limits 

for vulnerable vehicles under normal and busy traffic conditions. The following conclusions can be 

drawn:  

(1) The CST of accidents is an important assessment criterion for the ride safety, considering the 

CST of accident and median reaction time of drivers, some accident may not actually happen;   

(2) The effect of wind speed on the CST and CDS of accidents is very significant, the CST and 

CDS of accidents decreases with the wind speed increasing;  

(3) The pavement can decrease the CST of accidents, and the pavement can increase the CDS of 

accidents, therefore, the effects of pavement on the CST and CDS of accidents should be 

considered for giving the more precisely simulating results;  

(4) From this numerical example, the changing degree of CST and CDS of accidents by 

considering the traffic flow occupancies is not more significant.  
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