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ABSTRACT 

The research addresses the acceleration impact in vehicle safety during tractive mode for control road 

geometry parameters and vehicle speeds at and below the suggested relevant design speed values. 

Instrumented field measurements on speed distance data and pavement friction supply were collected 

utilizing a FWD C-Class passenger car and correlated against an existing dynamic model in order to 

examine the interaction between vehicle dynamics and road geometry. 

Aiming to quantify the potential safety hazard during vehicle acceleration at impending skid 

conditions on curves, the analysis revealed that the conventional approach of addressing vehicle 

safety based on posted speed management seems inadequate. Even when the speed of the vehicle is 

less than the relevant posted value, the acceleration effect which depends on the utilized horse power 

rates may result in vehicle skidding. 

Among other important findings, stands also the necessity for monitoring friction supply as 

well as the fact that vehicles equipped with excessive amounts of horse power rates must be driven 

very conservatively, especially on sharp curves combined with poor friction supply. 

The authors believe that besides data on speed, pavement friction and road geometry, the 

provision of additional information on vehicle horse power utilization, incorporated in more 

sophisticated intelligent speed adaption (ISA) process of vehicle advanced driver assistance systems 

(ADAS) in the near future, will deliver integrated and more comprehensive, in terms of safety, 

guidance to drivers. 
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INTRODUCTION AND PROBLEM STATEMENT 

In existing road design practice (e.g.1-4), vehicle motion during curve negotiation is examined under 

steady state cornering conditions. Moreover based on a rather simplified approach, the vehicle is 

simulated as a point mass, following the curve centerline, where from the equilibrium in the lateral 

direction of travel the minimum horizontal radius is derived. 

In terms of potential safety violations, the above generalization actually fails to assess the 

impact of the acceleration effect during cornering. 

During the past 20 years, a number of research studies addressing vehicle safety 

considerations with varying analysis levels have been released. In one of these, Harwood and Mason 

(5), utilizing the point mass approach concluded that regarding passenger vehicles, existing design 

policy provides adequate margins of safety against both skidding and rollover. However more 

recently, many researchers have pointed out the necessity of more sophisticated models to simulate 

vehicle’s cornering process (6-10) especially in cases where steep grades are present (11-15). 

Regarding vehicle motion under tractive mode, research (e.g. 11, 15-16) revealed that steep upgrades 

reduce the margin of safety. Moreover, the superelevation impact of a steep upgrade road section 

under certain conditions may be critical as well (17). 

Since road crashes are the result of three contributing factors, despite the above simplified or 

more advanced interaction of road – vehicle parameters, drivers’ behavior characteristics should be 

assessed as well. Therefore, driving operation ability and driving workload should be adequately 

considered in order to reduce the possibility of driving operation errors (18). Design consistency, 

defined as the balanced relationship between the geometric characteristics of a highway and those 

conditions the driver expects to encounter can serve this requirement. A number of researches             

(e.g. 19-22) have pointed out that if design consistency is present, the successive elements of a 

highway system act in a coordinated way and therefore, road safety may be improved significantly. 

The most common means utilized to assess the design consistency of a road is the operational 

speed (23), which consists a crucial parameter in road geometric design since it is quantifiable (it can 

be measured). Substantial differences between operational speeds or between design and operational 

speeds in successive design elements, especially between approaching tangents to horizontal curves 

(24), may increase erratic maneuvers and crashes (23, 25).  

However, in terms of assessing safety during vehicle motion on curved paths, solely the 

examination of the vehicles’ speed variations before entering the curve seems inadequate. For most 

models, through field measurements, spot speed values are collected at specific and/or random points 

during the vehicle motion on the approach tangent to the curve, but on the curve steady state cornering 

conditions are assumed. This assumption has been proved false by many researchers since 

acceleration – deceleration rates are present on curves as well (26-28). Moreover, certain studies       

(29, 30) have concluded that deceleration and acceleration rates increase with curvature on two-lane 

rural roads and that their determination based on operating speed profiles underestimates the actual 

rates experienced by the drivers (31). 

In most of the aforementioned research, although an appreciable effort was made to assess the 

interaction between road geometry and vehicle dynamics, the determined vehicle speed was not 

related to the vehicle’s actual ability since the following conditions should apply concurrently: 

 incorporate in the equations, but also define, the vehicle’s acceleration at impending skid 

conditions for different speed values as a function of road, vehicle and tire friction parameters 

 calculate the longitudinal and lateral friction demand for each tire and associate these values 

to the friction supply in order to prevent skidding 

 associate the vehicle motion to the available horse power rate on the wheels and more 

specifically to a horse power utilization factor (%/100) since a vehicle cannot always be driven 

at its nominal horse power rate 

 

The above concerns have already been addressed in previous research of the authors (15, 32) 

where aiming to assess vehicle safety from the highway engineering point of view, vehicle skidding 
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conditions were simultaneously associated to vehicle acceleration as well as its horse-power 

utilization rate.  

The objective of the present paper is to assess the acceleration impact in vehicle safety during 

tractive mode and more specifically quantify the potential safety hazard at impending skid conditions 

for control road geometry parameters and vehicle speed at and below the suggested relevant design 

speed value. Moreover, the authors intend to highlight the importance of vehicle horse-power 

utilization in order to incorporate such information in a more sophisticated intelligent speed adaption 

(ISA) process of vehicle advanced driver assistance systems (ADAS) in the near future.  

For this purpose, in order to assess and further clarify aspects related to vehicle acceleration, 

field measurements were carried out on a curved graded road section, where besides geometry 

elements, data related to vehicle dynamics as well as tire – road friction values were collected and 

correlated against an existing vehicle dynamics model. As a second step the authors deliver upper 

values of horse power rates for various control road geometry parameters, vehicle speed and tire - 

pavement friction values. 

 

METHODOLOGY 

A previous vehicle dynamics model developed by the authors (14, 15) was utilized where all forces 

and moments applied to the vehicle were analyzed into a moving three dimensional coordinate 

system, coinciding at the vehicle gravity center and formed by the vehicle’s longitudinal (X), lateral 

(Y) and vertical (Z) axis respectively (Figure 1a). Through these axes, the influence of certain vehicle 

technical characteristics, road geometry and tire friction were expressed. 

The model takes into account variables related to vehicle steering and tire sideslip angles (33), 

the actual wheel load due to the lateral load transfer as well as the corresponding alteration of the 

lateral force on each wheel, thus creating a four-wheel vehicle dynamics modelling (33-35). The 

model’s outputs were validated against the known data derived by two other distinct cases: the final 

climbing speed of a truck travelling on a grade (14) and the output data from the well-known 

CARSIM Simulation Software (32). Both cases revealed a satisfying match. 

In order to assess the ability of the vehicle to negotiate a curved path and moreover define the 

breakpoint where safety violation occurs, certain considerations should be further clarified. The 

following paragraphs provide a brief discussion on how these concerns were addressed. Further 

details are available through references (14, 15, and 32).  

The available tractive effort of the vehicle (driving force minus rolling resistance) acting on 

the front or rear axle (depending on the driving configuration) should be associated to the vehicle’s 

speed as well as the net power available at the driving wheels. Since a vehicle cannot always be driven 

at 100% of its available horse-power rate, and having in mind that the actual percentage of the horse-

power ratio delivered by the driven axle is around 94% of its nominal value (5), the vehicle’s tractive 

force and horse-power utilization factor (n), are related as follows: 

       (1) 

where : 

Fx : tractive force (Nt) 

P : net engine horse-power available at the driven axle, 94% of the nominal value (hp) 

v : vehicle speed (m/sec) 

n  : horse-power utilization factor (%/100) 

 

In order to understand the interaction between the vehicle’s tractive force and acceleration, 

the example of a front wheel drive (FWD) vehicle on a tangent (not curved) but inclined surface is 

utilized (Figure 1b), where it is assumed that the vehicle’s drag (Ad) and rolling resistance (Fkf, Fkr) 

forces are negligible (36). 

 

n
v

P
6.745Fx 
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Note: Ui (longitudinal forces); Si (lateral forces); Pi (vertical forces); Uf, Sf (forces in front axle) 

(a) Vehicle Coordinate System 

 

 
(b) Vehicle Motion on a Tangent and Inclined Surface 

 

FIGURE 1 (a,b) Vehicle Coordinate System and Vehicle Motion on a Tangent and 

Inclined Surface 
 

By taking moments around the front and rear vehicle axles, the vertical forces acting on the 

front and rear axle are as follows: 

Pf = mg(
lr

L
coss −

h

L
sins) − ma(V)

h

L
    (2) 

 

Pr = mg(
lf

L
coss +

h

L
sins) + ma(V)

h

L
    (3) 

 

where (sins ≈ s, coss ≈ 1): 

Pf , Pr : vertical forces acting on front and rear axle respectively (Nt) 

m : vehicle mass (kgr) 

h, lf, lr : distances of position of gravity from the road surface, the front and the rear wheel axle 

respectively (m) 

L: wheelbase distance (m) 

s: grade (%/100) 

dv/dt = a(v) : acceleration (m/sec2) 
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The Newton’s equation on the longitudinal axis is expressed as follows: 

 ∑Ui = ma(V)       (4) 

Fx −mgsins = ma(V)      (5) 

 

The vehicle’s tractive force at impending skid conditions is achieved when the whole 

longitudinal friction is utilized: 

Fx,skid = PffT,max       (6) 

where: 

       fT,max: maximum longitudinal friction  

    

From Equation (2), Equation (5) and Equation (6), the vehicle’s acceleration reaches its 

impending skid value as follows: 

 
a(V)skid

g
=

lrfT,max

(L+hfT,max)
− s      (7) 

 

By utilizing Equation (2), Equation (6) and Equation (7), the tractive force of the vehicle at 

impending skid conditions can be expressed as follows: 

Fx,max = mgfT,max(
lr

L+hfT,max
)      (8) 

 

As a result it can be seen that although the impending skid vehicle acceleration is grade 

dependent, the relevant impending skid tractive force on the driven axle (Fx) is independent to the 

road’s longitudinal grade. 

The same applies for a vehicle motion on a curved path, where assuming the proposed vehicle 

dynamics model, the equations from the interaction of the forces in both lateral and longitudinal 

direction are far more complicated. By taking moments about the front and rear vehicle axles and by 

using the equilibrium around the vehicle’s longitudinal (X) axis, the vehicle’s longitudinal 

acceleration (dv/dt) can be expressed as a four degree polynomial equation, for which the parameters 

A through E are expressed as functions of vehicle technical characteristics and road geometry values 

as follows (14, 15): 

 
(9)

   
 

On the other hand, pavement friction reserves are distributed to the longitudinal and lateral 

direction of travel (37). During a curve negotiation, the portion of friction experienced in the 

longitudinal direction, is engaged by the friction demanded laterally and the following equation 

applies, the upper value of which is known as impending skid conditions: 

                (10) 

where: 

      fT      : longitudinal friction demand 

   fT,max: maximum longitudinal friction  

   fR     : side friction factor 

   fR,max: maximum side friction  

 

By applying laws of mechanics, the vehicle’s instant deceleration can be expressed as a 

function of vehicle’s instant speed as well as driven distance, thus forming the following differential 

equation which is resolved by applying numerical Runge-Kutta method (38). 
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v
dd

dv
)v(a                                                                                     (11) 

where: 

a(v) : acceleration (m/sec2) 

v :  speed (m/sec) 

d : distance (m) 

 

The solution of Equation (11) delivers the vehicle speed variation as a function of the required 

distance. This procedure takes place at impending skid conditions utilizing Equation (10) both in 

longitudinal and lateral direction of travel for every wheel by adapting each time the horse-power 

utilization factor ‘n’ from Equation (1). 

As already stated above, based on the proposed vehicle dynamics approach, during vehicle 

cornering under acceleration mode, although the equations describing the vehicle motion are far more 

complicated, still the tractive force reflecting impending skid conditions is independent to the road’s 

longitudinal grade. However, as expected in this case the longitudinal friction engaged is less than its 

peak value. 

The critical wheel in the examined vehicle motion was always the inner front wheel to the 

curve (FWD vehicle), which means that the vector sum of the longitudinal and lateral demand in 

friction for this wheel were at the limit of the peak friction utilized. In other words since the vehicle’s 

speed variation is performed at impending skid conditions, the model delivers for every integration 

the vehicle’s “best” possible performance. It must be stressed that under the term “impeding skid 

conditions”, the model delivers data for the critical wheel. This means that not necessarily vehicle 

skidding will occur; instead a transition to an unstable vehicle motion is evidenced, which is in every 

case undesirable. 

As a result, by accelerating the vehicle at impending skid conditions, the vehicle’s horse-

power utilization can be defined. This approach is far more complete compared to the conventional 

according to which on a given curve the driver should solely comply with the posted speed limit. 

Even if a driver negotiates a curve with speed values below the design speed, depending on the 

acceleration rate, which is a result of the horse power utilization, critical safety concerns might rise.  

Such an assessment is carried out in the following sections where the vehicle motion is 

examined for a range of control design parameters and vehicle speed at and below the suggested 

relevant design speed values.  

 

FIELD MEASUREMENTS AND PARAMETERS DESCRIPTION 

The field measurements were carried out on a steep upgraded (s=7%) 2-lane service road section of 

the major PATHE motorway located at Agios Stefanos area near Athens (Figure 2). The horizontal 

alignment was formed by a right curve of R=95m, followed by a left curve of R=190m.  

Moreover, instrumented speed distance data were recorded solely inside the circular arcs for 

various initial speed values under free flow conditions. The objective was to drive aggressively, 

beyond driver’s comfort, in terms of utilizing as much as possible the available horse power of the 

vehicle without braking. In order to avoid errors due to vehicle handling, all runs were performed by 

the same driver. When the driver felt uncomfortable, he was asked to release the acceleration pedal. 

There were cases where the driver felt some kind of lateral drifting. Cases with braking were also 

reported but excluded from the analysis.  
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FIGURE 2 Plan View of the Curved Road Sections 

 

In total 4 runs per curve were adopted satisfying the above criteria (no braking, driver feeling 

uncomfortable). The 8 in total runs more or less revealed the same findings. In order to make sure the 

recorded runs were inside the circular arcs, every run had different starting and ending points. 

The recording device for the speed distance data was the Vericom VC4000 accelerometer 

(39). The device was also utilized to measure the peak pavement friction, based on the braking 

performance for various runs of the test vehicle; a C-class, ABS equipped passenger car (KIA 

Proceed). For this purpose, the tangent road section between the two curves, which retained the 

constant grade value of 7% was selected.  

The friction supply for the entire road section was measured on the upgrade tangent area 

between the two curves, under dry road surface conditions, where fMAX=0.78 was delivered as peak 

friction. More information regarding both speed distance and friction recording procedures can be 

found in a similar research of the authors (15). 

The parameters inserted in the model from the vehicle point of view, are shown through     

Table 1. Although an effort was made to provide the utilized vehicle parameters from the vehicle 

industry, most of them were taken from the literature (34). In Table 1 the parameters inserted in the 

model, from the vehicle’s manual are bolded. Please note that although the actual horse-power rate 

available on the wheels is slightly higher, the 100hp were used in order to have a more clear view of 

the utilized rates as a percentage as well.  
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TABLE 1  Vehicle Parameters Inserted to the Model 
NOTE: The Parameters in Bold Refer to the Vehicle’s Manual. 

L (m) 2.650 Wheelbase 

 tf (m) 1.538 Front track width 

 tr (m) 1.536 Rear track width 

 m (kgr)  1300 Vehicle mass 

 lf (m) 1,161 Position of GC from front axle 

 h (m)  0,620 Position of GC from surface 

 Kφf (Nm/rad)  27502 Suspension roll stiffness (front) 

 Kφr (Nm/rad) 14324 Suspension roll stiffness (rear) 

 Caf (kp/rad) 2295.7 Cornering coef. (front) 

 Car (kp/rad) 2120.7 Cornering coef. (rear) 

 muf (kgr)  92 Unsprung mass (front) 

 mur (kgr) 120 Unsprung mass (rear) 

 hRf (m) 0,020 Roll center height (front) 

 hRr (m) 0,410 Roll center height (rear) 

 rdyn (m)  0,290 Dynamic radius 

 Af (m )  1,850 Frontal area 

 cN  0,280 Lift drag 

 cd 0,360 Aerodynamic drag 

P (hp) 100 Horse power 

 

VEHICLE PERFORMANCE AGAINST MODEL’S OUTPUTS 

Vehicle runs with various speed values were performed on the selected upgrade road sections under 

free flow conditions. The runs were performed only at the upgrade section, since in a recent research 

(15), steep upgrade road segments were found to be more critical at impending skid conditions. The 

reason is that on upgrades more friction is engaged in the longitudinal direction of travel resulting to 

less friction availability in the lateral direction. 

The objective of the vehicle runs was to negotiate the curves by exceeding driver’s comfort 

and utilizing as much as possible the available horse power of the vehicle without braking. Therefore, 

cases of impending skid occurred where lateral drifting was reported. 

Figure 3 shows various runs performed for both curves where the measured speed distance 

data (VRUNS) are compared against the relevant data from the model’s outputs (Vmodel). It can be seen, 

as expected, that since the model’s data are extracted at continuous impending skid conditions, the 

relevant vehicle speed values are always greater. However, in certain cases the speed values from 

these two different approaches seem rather close implying that the vehicle was driven near impending 

conditions too. 

In order to make certain all the measured speed data were inside the curve, the relevant 

recorded distances per run had different starting and ending points. Therefore, the data shown on the 

distance axis (horizontal) are informative only. From the speed distance correlation between the 

model’s outputs and the measured data, it can be seen that the measured speed values referring to the 

curve with the higher radius value (R=190m) seem more conservative. The reason is that in addition 

to the posted speed (Vlimit=50km/h), the driver didn’t feel comfortable from the speeding point of 

view and not due to potential vehicle skidding. 

 

2
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FIGURE 3 Speed – Distance Data Measurements against Model’s Outputs   

 

On the other hand, the speed distance correlation between the model’s outputs and the 

measured data on the sharp curve, (R=95m, lower set of curves in Figure 3), revealed that the driver 

experienced impending skid conditions from the entrance up to the middle of the curve, where the 

vehicle’s speed was slightly decreased. 

Based on the latter correlation it is interesting to analyze in more detail the variation of certain 

vehicle dynamic characteristics extracted from the model. In order for the findings to be more clear, 

although this investigation was carried out for all the 8 runs (4 and 4 runs for both curved road 

sections), in Figure 4 only 2 runs regarding the sharp curved road section (R=95m) are analyzed. The 

reason is that for the curve with R=95m, the vehicle was driven at impending skid conditions from 

different initial speed values where the only common parameters were road geometry and friction 

supply of the pavement. 

Figure 4a and Figure 4b illustrate the (same) model’s speed distance outputs on the primary 

(left) vertical axis, where the variation of the vehicles’ horse power utilization and acceleration are 

shown on the secondary vertical axis respectively. More specifically in Figure 4a it can be seen that 

the horse power utilization, which has a parabolic variation, reaches its peak value (86.0hp) for the 

same vehicle’s instant speed value of 63.5km/h. At the same time the acceleration seems continuously 

decreasing, which is not surprising since speed is increasing, and reaches the value of 1.75m/sec2 at 

the same peak horse power utilization value of 86.0hp (Figure 4b). 

As a result, it can be concluded that during vehicle acceleration on curved road sections and 

continuous impending skid conditions, every speed value can be paired to a certain horse power 

utilization rate. This assessment is mostly critical in terms of safety, since beyond this rate vehicle 

skidding occurs. Moreover, there is a certain point where the vehicle reaches a peak horse power 

utilization, where even though it decreases after, the vehicle’s speed still increases until the 

acceleration reduction reaches zero [point of vehicle’s maximum attainable constant speed (15)]. 

Therefore, it is essential to investigate the acceleration impact in current practice by 

quantifying the potential safety hazards for control road geometry parameters and vehicle speed at 

and below the suggested relevant design speed value. 

The conventional approach of addressing vehicle safety on curves based on posted speed 

management seems inadequate, since, even when the speed of the vehicle is less than the relevant 
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posted value, the acceleration effect which depends on the utilized horse power rates may result in 

vehicle skidding. 

Such information incorporated in more sophisticated intelligent speed adaption (ISA) process 

of vehicle advanced driver assistance systems (ADAS) in the near future will provide integrated and 

more comprehensive in terms of safety guidance to drivers.  

 

 
(a) Speed and Horse Power Utilization Variation vs Distance 

 

 
(b) Speed and Acceleration Variation vs Distance 

FIGURE 4 (a,b) Speed, Horse Power Utilization and Acceleration Variation vs Distance 
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ACCELERATION IMPACT INVESTIGATION IN CURRENT PRACTICE 

The impact of vehicle acceleration during cornering was examined for design speed values ranging 

from 50km/h – 90km/h and the corresponding control horizontal radii based on AASHTO 2011 

Design Guidelines, where the superelevation rate was set to 6% for all examined cases (Table 2). 

 

TABLE 2  Control Horizontal Curvature  based on Design Speed Values 

Vdesign 

 (km/h) 
Rmin (e=6%) 

(m) 

50 79 

60 123 

70 184 

80 252 

90 336 

 

As far as pavement friction values are concerned, besides the values adopted by AASHTO, it 

is evident that the sliding friction coefficient and consequently the relevant peak value are subject to 

marginal variations in terms of wet-dry pavement conditions as well. For this reason, in the present 

analysis the vehicle motion was examined under 3 values of peak friction coefficients (supply 

friction) for each of the above design speed values, namely; 0.35, 0.50 and 0.65 in order to assess 

pavements with poor friction performance under both wet (0.35) and dry (0.65) pavement conditions. 

In order to assess more sufficiently the acceleration impact during vehicle cornering, besides 

vehicle motion under the design speed, speed values of 10km/h and 20km/h below the design speed 

were used as well for every set of control parameters, in accordance to Table 2. As already stated, 

during an accelerated curve negotiation at impending skid conditions, the tractive force reflecting 

impending skid conditions is independent to the road’s longitudinal grade. 

In the present analysis, the breakpoint where the vehicle reaches a peak horse power 

utilization, after which it decreases, was found for speed values beyond the design speed and therefore 

it was not further investigated. 

The vehicle’s horse power rates for the examined cases are shown through Figure 5. For every 

colored set, the three different shapes (box, partial pyramid and cylinder) represent horse power rates 

extracted for vehicle motion under the design speed, 10km/h below and 20km/h below (Vdesign, Vdesign-

10km/h, Vdesign-20km/h) respectively. This process was performed for every utilized value of peak 

friction coefficient. 

During vehicle cornering on control alignments under the above conditions, if the driver 

attempts to utilize more horse power rates compared to the values shown in Figure 5, the vehicle will 

skid.  

From Figure 5 it can be seen that vehicle acceleration at impending skid conditions under 

speed values below the respective design speed are more critical. As a result, during curve negotiation 

the safety performance of a vehicle may be violated if the driver attempts to accelerate the vehicle 

more aggressively at such speed values. 

When the vehicle accelerates at impending skid conditions under the design speed value and 

on poor wet friction pavement (fmax=0.35) the horse power rates are 1hp-3hp and 6hp-8hp higher 

compared to speed values 10km/h and 20km/h respectively below the design speed. For fmax=0.65, 

the respective horse power rates range between 7hp-9hp and 19hp-20hp.  

Another interesting finding is that vehicle performance in terms of horse power utilization for 

pavements with friction supply between fmax=0.35 and fmax=0.65 can be increased by approximately 

80%. Therefore, it is very important to monitor friction supply and schedule friction improvement 

programmes on a regular basis. 

Moreover, as already stated on a similar research of the authors (15), among the most 

important findings is the fact that vehicles equipped with excessive amounts of horse power rates 

must be driven very conservatively, especially on sharp curves combined with poor friction supply.      
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FIGURE 5 Horse Power Utilization at Impending Skid Conditions for Control Values 

 

 

CONCLUSIONS 

The present paper investigated the acceleration impact in vehicle safety during tractive mode for 

control road geometry parameters and vehicle speeds at and below the suggested relevant design 

speed values.  

Speed – distance of a C-class FWD passenger car along with pavement friction supply were 

collected on two upgraded curved road sections and correlated against an existing dynamic model in 

order to examine the interaction between vehicle dynamics and road geometry. The vehicle runs were 

performed on the basis of exceeding driver’s comfort and utilizing as much as possible the available 

horse power of the vehicle without braking. As a result, in certain runs the driver experienced 

impending skid conditions. This finding was confirmed from the speed distance correlation between 

the model’s outputs and the measured data on the sharp curve.  

Aiming to quantify the potential safety hazard during vehicle acceleration at impending skid 

conditions, the authors examined alignments with control road geometry parameters based on 

AASHTO 2011 Design Guidelines and vehicle speeds at and below the suggested relevant design 

speed values which ranged from 50km/h to 90km/h. This assessment was performed for three values 

of peak friction coefficients in order to assess pavements with poor friction performance under both 

wet and dry pavement conditions. The analysis delivered specific horse power rates for every 

examined case, beyond which the vehicle will skid.  

Among other important findings, stands the necessity for monitoring friction supply and 

scheduling friction improvement programmes on a regular basis as well as the fact that vehicles 

equipped with excessive amounts of horse power rates must be driven very conservatively, especially 

on sharp curves combined with poor friction supply.      

The conventional approach of addressing vehicle safety on curves based on posted speed 

management seems inadequate, since even when the speed of the vehicle is less than the relevant 

posted value, depending on the utilized acceleration cases of vehicle skidding may occur. 

Such information incorporated in more sophisticated intelligent speed adaption (ISA) process 

of vehicle advanced driver assistance systems (ADAS) in the near future will provide integrated and 

more comprehensive in terms of safety guidance to drivers. 
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Although the contribution of more specific driver assistance systems on road safety and traffic 

efficiency is something still under consideration and research, such integrated systems may support 

a closer collaboration between "intelligent" roads and "intelligent" vehicles. 

However, since only a certain passenger car type was examined which definitely is not a 

representative of the passenger car fleet, further investigation for the entire vehicle fleet (SUVs, heavy 

vehicles etc.) is required. In addition, it should not be ignored that the human factor during the 

acceleration process, might impose additional restrictions and, consequently, affect vehicle’s safety 

performance. 

 

 

 



  

 

REFERENCES 1 
1. American Association of State Highway and Transportation Officials (AASHTO). A Policy 2 

on Geometric Design of Highways and Streets, Fifth Edition.  Washington, DC., 2011 3 

2. Ed.German Road and Transportation Research Association, Committee, Geometric Design 4 

Standards. Guidelines for the Design of Freeways, (RAΑ), Germany, 2008. 5 

3. Ministry of Environment, Regional Planning and Public Works. Guidelines for the Design of 6 

Road Projects, Part 3, Alignment (OMOE-X), Greece, 2001. 7 

4. Ministerio de Fomento. Instrucción de Carreteras, Norma 3.1 – IC “Trazado”, Spain, 2000. 8 

5. Harwood, D. W. and J. M. Mason. Horizontal Curve Design for Passenger Cars and Trucks. 9 

Transportation Research Record 1445, Transportation Research Board, Washington, DC., 10 

1994, pp. 22-33.  11 

6. Hassan, Y., Easa, S.M., and Abd El Halim, A. State of the Art of Three-Dimensional Highway 12 

Geometric Design. Canadian Journal of Civil Engineering, 1998, 25(3), pp.500–511. 13 

7. Kontaratos, M.,Psarianos, B., and Yiotis, A. Minimum Horizontal Curve Radius as a Function 14 

of Grade Incurred by Vehicle Motion in Driving Mode. Journal of Transportation Research. 15 

Rec., 1994, pp. 86-93. 16 

8. Macadam C.C., Fancher P.S. and Segal L. Side Friction for Superelevation on Horizontal 17 

Curves. Final Technical Report, DTFH61-85-C-00019, Federal Highway Administration, 18 

Washington DC, 1985. 19 

9. Chang, T.H. Effect of Vehicles Suspension on Highway Horizontal Curve Design. Journal of 20 

Transportation Engineering., 127(1), 2001, pp. 89-91. 21 

10. Bonneson, J.A. A Kinematic Approach to Horizontal Curve Transition Design. 22 

Transportation Research Board, 1999, Paper No: 00-0590. 23 

11. Psarianos, B., M. Kontaratos, and D. Katsios. Influence of Vehicle Parameters on Horizontal 24 

Curve Design of Rural Highways. Transportation Research Circular E-C003, 22:1-22:10. 25 

1998. 26 

12. Varunjikar, T. Design of horizontal Curves with Downgrades Using Low-Order Vehicle 27 

Dynamics Models. Master of Science Thesis, The Pennsylvania State University, 28 

Pennsylvania. 2011. 29 

13. Eck, R.W., and French, L.J. Effective Superelevation for Large Trucks on Sharp Curves and 30 

Steep Grades. West Virginia University, Report 153. 2002. 31 

14. Mavromatis, S., and B. Psarianos. Analytical Model to Determine the Influence of Horizontal 32 

Alignment of Two-Axle Heavy Vehicles on Upgrades. Journal of Transportation 33 

Engineering, 129(6), 2003, pp. 583-589. 34 

15. Mavromatis, S., B. Psarianos, P. Tsekos and G. Kleioutis. Investigation of Vehicle Motion on 35 

Sharp Horizontal Curves Combined with Steep Longitudinal Grades, Transportation Letters, 36 

DOI: 10.1080/19427867. 2015.1114748, 2016. 37 

16. Bonneson, J.A. Superelevation Distribution Methods and Transition Designs. NCHRP Report 38 

439.: Transportation Research Board, Washington, D.C., 2000. 39 

17. Torbic, D. et al. NCHRP Report 774: Superelevation Criteria for Sharp Horizontal Curves on 40 

Steep Grades. Transportation Research Board, Washington, D.C., 2014. 41 

18. Wang, X., J. Liu, A. Tarko, R. Yu and X. Yaug. Effects on Deceleration and Acceleration of 42 

Combined Horizontal and Vertical 3 Alignments on Mountainous Freeways: A Driving 43 

Simulator Study. Presented at the 96th Annual Meeting of the Transportation Research Board, 44 

Washington, D.C., 2017. 45 



  

 

19. Gibreel, G.M., Easa, S., Hassan, Y., El-Dimeery, A. State of the Art of Highway Geometric 1 

Design Consistency. Journal of Transportation Engineering, Vol. 125, 1999, pp. 305–313. 2 

20. Cafiso, S., G. La Cava and A. Montella. Safety Index for Evaluation of Two-Lane Rural 3 

Highways. Transportation Research Record, No. 2019, 2007, pp. 136-145. 4 

21. Lamm, R., B. Psarianos, T. Mailaender, E.M. Choueiri, R. Heger, and R. Steyer. Highway 5 

Design and Traffic Safety Engineering Handbook. McGraw-Hill, 1999, New York, USA. 6 

22. Montella, A., L. Colantuoni, and R. Lamberti. Crash Prediction Models for Rural Motorways. 7 

Transportation Research Record, No. 2083, 2008, pp. 180-189. 8 

23. Sánchez, J. Metodología para la Evaluación de Consistencia Del Trazado De Carreteras 9 

Interurbanas de dos Carriles. Ph.D. Madrid: Universidad Politécnica de Madrid, Spain, 2012. 10 

24. Montella A., Galante F., Imbriani L.L., Mauriello F., Pernetti M. Simulator Evaluation of 11 

Drivers’ Behaviour on Horizontal Curves of Two-Lane Rural Highways. Advances in 12 

Transportation Studies: An International Journal, n. 34, 2014, pp. 91-104. 13 

25. Park, P., L. Moreno-Miranda, and F. Saccomanno. Speed-Profile Model for a Design-14 

Consistency Evaluation Procedure in the United States. Canadian Journal of Civil 15 

Engineering, Canada, 2010. 16 

26. McFadden, J., and L. Elefteriadou. Evaluating Horizontal Alignment Design Consistency of 17 

Two-lane Rural Highways: Development of New Procedure. In Transportation Research 18 

Record: Journal of the Transportation Research Board, No 1737, TRB, National Research 19 

Council, Washington D.C., 2000, pp.9-17. 20 

27. Park, Y. J., and F. Saccomanno. Evaluating Speed Consistency Between Successive Elements 21 

of a Two-Lane Rural Highway. Transportation Research Part A: Policy and Practice, 2006, 22 

40(5): pp. 375-385  23 

28. Figueroa Medina, A. M., and A. P. Tarko. Speed Changes in the Vicinity of Horizontal Curves 24 

on Two-Lane Rural Roads. Journal of Transportation Engineering, Vol. 133, No. 4, 2007, pp. 25 

215–222. 26 

29. Perez Z., A.Garcia, and F. Camacho Torregrosa. Study of Tangent-to-Curve Transition on 27 

Two-Lane Rural Roads with Continuous Speed Profiles. 87th Annual Meeting of the 28 

Transportation Research Board, Washington, D.C., 2011.  29 

30. Said, D., A. Halim, and Y. Hassan. Methodology for Driver Behaviour Data Collection and 30 

Analysis for Integration in Geometric Design of Highways. 4th International Symposium on 31 

Highway Geometric Design, Valencia, Spain, 2009. 32 

31. Montella, A., L. Pariota, F.Galante, L.Imbriani, and F.Mauriello. Prediction of Drivers' Speed 33 

Behavior on Rural Motorways based on an Instrumented Vehicle Study. Transportation 34 

Research Record: Journal of the Transportation Research Board, 2014 (2434): pp.52-62. 35 

32. Mavromatis S, B.Psarianos, M., D’Apuzzo and V. Nicolosi. Design Speed Ranges to 36 

Accommodate a Safe Highway Geometric Design for Heavy Vehicles. Transportation 37 

Research Board. 2nd International Symposium on Highway Geometric Design, Mainz 38 

Germany 14th-17th June 2000, pp.339-351. 39 

33. Gillespie T.D. Fundamentals of Vehicle Dynamics. Society of Mining Metallurgy and 40 

Exploration Inc.1992. 41 

34. Dixon J.C., Tires, Suspension and Handling. Second Edition. Society of Autimotive Engineers, 42 

Inc Warrendale, Pa., United Kingdom 1996.  43 

35. Heisler H. Advanced Vehicle Technology. Edward Arnold. A Division of Hobber & Stoughton, 44 

Germany 1993. 45 



  

 

36. Jazar R. Vehicle Dynamics, Theory and Application, Third Edition. Springer International 1 

Publishing AG, 2017, Switzerland.  2 

37. Krempel G. Experimenteller Beitrag zu Untersuchungen an Kraftfahrzeugreifen. Dissertation. 3 

Karlsruhe 1965.  4 

38. Edwards, C. H. Jr & Penney, D. E. Differential Equations and Boundary Value Problems: 5 

Computing and Modeling, Prentice-Hall, New Jersey, 1996. 6 

39. Vericom Computers. Vericom VC4000DAQ. Performance and Braking Test Computer, 7 

Rev.1.10. Vericom Computers Inc., 2010, Rogers, MN USA. 8 


