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1.0 INTRODUCTION 

This report provides a summary of preliminary findings 

concerning the interrelationships between the acceleration 

characteristics of highway vehicles and highway design 

policies. The report has been prepared by the University of 

Michigan Transportation Research Institute (UMTRI) as a step 

towards presenting a discussion on acceleration and 

deceleration characteristics to be included in a section or 

appendix of the final report for Project 15-8 conducted 

under the auspices of the National Cooperative Highway 

Research Program (NCHRP). 

The main thrust of Project 15-8 addresses stopping 

sight distance; and, in that regard, ongoing work is 

examining the influences of vehicle deceleration 

characteristics on braking distance. The work on braking 

distance will provide the foundation for discussing 

deceleration characteristics at a later time. 

The discussion of acceleration characteristics may be 

conveniently separated from a discussion of deceleration 

characteristics, because acceleration and deceleration are 

achieved using entirely different mechanical devices, namely 

the engine and the brakes. Nevertheless, both of these 

devices are controlled by drivers, thereby adding elements 

of driver skill and "taste" to the performance of the 

driver/vehicle system--the system of interest to the highway 

engineer. In some situations, the performance of the 

driver-vehicle system is limited primarily by vehicle and 



highway characteristics, for example, climbing a steep grade 

with a heavy truck. In contrast, driver comfort (or taste) 

determines driver/vehicle system performance in acceleration 

maneuvers that do not challenge the performance limits 

imposed by the mechanical properties of vehicle components 

or the friction available at the tire-road interface. 

Furthermore, traffic conditions influence how a particular 

vehicle is operated. Within this discussion of the 

acceleration subject, an attempt is made to distinguish 

situations in which driver and/or vehicle factors contribute 

to the findings presented. 

Part of the material presented pertains to vehicle or 

component performance. This performance can be predicted 

more accurately than the performance of the driver/vehicle 

system. Generally representative observations of the 

performance of the driver-vehicle system may be difficult to 

make and they frequently involve uncertainties that require 

statistical evaluation. The approach taken here has been to 

apply ( 1 )  principles of physics, and ( 2 )  data from component 

measurements to predict vehicle performance, Where 

possible, these predictions are compared (and sometimes 

"calibrated") using the results of full scale vehicle tests 

or observations of vehicles in use. 

The subjects discussed with respect to acceleration 

characteristics are: 

( 1 )  the basic physical factors influencing acceleration 

performance; 



( 2 )  those aspects of the proposed AASHTO (American 

Association of State Highway and Transportat ion 

Officials) geometric design policy [ I ]  involving 

acceleration (propulsion); 

( 3 )  comparisons between the numerical values used in 

the design policy and numerical values based on the 

acceleration characteristics of the current vehicle 

fleet, and 

( 4 )  suggestions or insights to be considered in 

developing new design charts. 



2.0 ACCELERATION 

2.1 Basic Factors Influencing Acceleration Performance 

The acceleration performance of pneumatic-tired 

vehicles depends upon the difference between the power 

available from the engine and the power required to overcome 

resistance to motion. So called, "natural" sources of 

retardation include rolling resistance in the tires, 

aerodynamic drag, and rolling resistance or inefficiency in 

the driveline e ,  chassis friction). In addition to 

overcoming natural retardation, the engine supplies the 

power needed to increase velocity and/or climb hills, that 

is, the power needed to increase the the kinetic and/or 

potential energy of the vehicle. 

The engines employed in highway vehicles may be roughly 

considered as nearly constant torque devices when operated 

at typical ranges of engine speed. As illustrated in the 

following simplified development, an interpretation of the 

implications of constant torque (or, an upper bound on 

power) is fundamental to understanding the relationship 

between vehicle speed and acceleration capability. 

To first approximation engine power is the product of 

propulsive force and speed, i.e., 

where P, is power 

F is propulsive force 
P 

V is forward velocity 



Second, force equals mass times acceleration, 

F = M A  

where F is force 

M is mass 

A is acceleration 

At the beginning of this development, ignore any natural 

retardation and grade influences such that F=F P. 
(Natural 

retardation and grade influences will be considered later, 

after basic notions concerning power to weight ratio have 

been presented.) By combining equations ( 1 )  and ( 2 )  with F P 
= F, the following result is obtained: 

A = I (P) 
V M 

As illustrated in Figure 1 ,  equation 3 shows that the 

maximum upper bound on acceleration falls off (decreases) in 
. - 

a manner that is inversely proportional to the forward speed 

of a vehicle of a specified mass equipped with an engine 

with a given power c'apability. 

For a particular vehicle, the power-to-mass ratio 

"scalesw the acceleration-to-velocity relationship (see 

Figure 1 ) .  This power-to-mass scale factor (often referred 

to as a horsepower-to-weight ratio) provides a first order 

indication of the relative acceleration capabilities of 

various highway vehicles. 

Clearly, the actual acceleration performance of a 

vehicle depends upon its natural retardation. The net 

propulsive force, F is opposed by rolling resistance, F r ,  
P' 



\ Passenger Car 
0.025 hp/ l b 
(40 Ib/hp) 

\ Typical Heavy Truck 
0.004 hp/ lb 
(250 Iblhp) 

01 1 1 I I I 1 

0 1 0 2 0 3 0 4 0 S O 6 0  V mph 
( I mpha 1.61 Km/h) 

Figure 1. The influence of velocity on acceleration as 
determined by power-to-weight ratio. 



and aerodynamic drag, Fa, in straightline motion on a level 

roadway (see Figure 2 . ) .  

F i g u r e  2 .  Force ba lance  f o r  s u s t a i n e d  speed. 

For zero acceleration (the condition for sustaining speed), 

the net force on the vehicle is zero, that is, 

F = F a + F ,  
P ( 4 )  

Figure 3 presents curves showing how FpI Fa, and F, vary 

with velocity. The point at which the total drag (Fd = Fa + 

Fr) equals the net propulsive force, F determines the 
P' 

maximum sustained speed, V, (see Figure 3). 

In Figure 3 natural retardation has been broken down 

into 3 components: 

( 1 )  Frt, a tire rolling-resistance force that depends 

upon vertical load but is independent of velocity 

( 2 )  Frc, a chassis friction term that is conventionally 

represented as a linear function of velocity, and 

( 3 )  Fa, an aerodynamic drag force that depends upon the 

velocity squared. 



Figure 3. Influence of velocity on force components. 



In addition to these components, upgrades produce another 

drag force that depends upon vehicle weight but is 

independent of velocity. Obviously, the maximum sustained 

speed on an upgrade is less than that on a level road; 

however, the amount of speed reduction caused by an upgrade 

varies (to first order) in a manner that is inversely 

proportional to the levels of velocity involved because of 

the relationship between propulsive force and velocity. 

When the forces are balanced a vehicle sustains speed, 

neither accelerating or decelerating, however, when the 

forces are unbalanced, the vehicle will accelerate by an 

amount depending upon the inertias involved. There are two 

types of inertia to consider: ( 1 )  the mass of the vehicle, 

and ( 2 )  the rotational inertia of the drive system. In 

acceleration analyses, these two types of inertia are often 

combined into a single effective mass, me (or an equivalent 

weight, We). At highway speeds the contribution of the 

rotational inertia to me may be approximately 3 to 4% of the 

total; while at low speed the effective mass may be on the 

order of 1.5 times the actual mass. Due to the high gear 

ratios associated with low gears (that is, high effective 

mass), the low speed acceleration capability of a vehicle 

may be much less than that implied by the power-to-mass 

ratio. 

For the purposes of the highway engineer, acceleration 

performance is often described through graphs or tables of 

velocity versus distance. The velocity versus distance 



performance of a vehicle can be derived from acceleration 

versus velocity information as follows:' 

(a) Use Newton's laws of motion to find acceleration; viz., 

A = dV - F 
dt -m,  

where A is acceleration (or deceleration if A<O) 

V is velocity 

F is the net force which is a function of 

velocity 

me is the effective mass 

and d/dt represents the time rate of change of a 

variable 

(b) Solve (5) to obtain velocity as a function of 

time, (This can be done theoretically, if F is a simple 

function of velocity, or it can be done numerically.) 

(c) Since 

that is, velocity is the time rate of change of distance, d, 

integrate (6) to obtain distance as a function of time. 

(d) Using time to find corresponding pairs of speed-distance 

points, construct curves of velocity versus distance. 

In summary, once the acceleration versus velocity 

characteristic of a vehicle has been determined, knowledge 

of elementary calculus can be used to obtain velocity and/or 

distance information. 



Although the acceleration capability of a vehicle 

changes with velocity, first order estimates of acceleration 

performance for small speed changes are often made using a 

"constant" acceleration analysis. In this type of analysis 

an average acceleration is used to approximate the portion 

of the acceleration function existing between two speeds. 

The equations resulting from this type of analysis are 

readily derived from simple integrations with respect to 

time. The results are: 

( 1 )  with respect to elapsed time, T, 

where Vf is the final velocity 

vi is the initial velocity 

A is a constant level of acceleration (or 

deceleration) 

(2) with respect to total distance, d 

(Equation 9 can be interpreted and derived from a work/ 

energy balance, i.e., - n 
L L 

Work = Fd = MAd = mVf - mVi 
- - = change i n  k i n e t i c  ene rgy . )  

2 2 

In closing this general discussion two observations aid 

in providing a perspective with regard to (a) driver 

controlled acceleration performance and (b) braking 



performance. First, clearly the constant acceleration 

analysis applies to situations in which the driver chooses 

to use something less than the acceleration capability of 

the vehicle, Provided information on "normalw acceleration 

is available, the performance of the driver-vehicle system 

can be analyzed per equations (71, (8), and (9). In 

particular, the acceleration used from a standing start is 

usually chosen by the driver. In this ' case, the 

relationship between distance traveled and time elapsed is 

given by the following version of (8): 

a = 1/2  AT^ 
where A is the driver's acceleration characteristic for the 

type of vehicle involved. 

Second, the foundation brake used in motor vehicles is, to 

first order, a constant torque (or brake force) device when 

a brake line pressure is applied, Hence, a constant 

acceleration analysis is often used in estimating braking 

performance. A version of 9 )  commonly employed in 

estimating stopping distance, is as follows: 

where d is the stopping distance 

Vi is the initial velocity 

D is deceleration (D = -A) 

2.2 Those Aspects of Geometric Desiqn Policy 
Influenced by Acceleration Characteristics 

The 1981 AASHTO Policy draft [ 1 1  has been reviewed to 

identify road designer needs for acceleration and 



deceleration data. (This work was performed by Prof. D.E. 

Cleveland of the Civil Engineering Department at the 

University of Michigan [2].) The "standard" applications, 

in which acceleration characteristics are used, include (a) 

enhancing the uniformity of vehicle operating speeds on 

grades, (b) determining the length of acceleration lanes for 

entrance terminals, (c) providing adequate sight distance 

for accelerating across intersections, and ( d l  providing 

adequate sight distance for passing on two-lane highways. 

Different types of acceleration data are employed in 

these applications. For studying vehicle-operat ing 

characteristics on grades, design curves relating (a) speed, 

(b) magnitude of grade, and (c) length of grade are 

presented for recreational vehicles and trucks (see Figures 

111-26, 111-27A and B, 111-30, and 111-31 from reference 

[ I ] ) .  (The results for significant upgrades apply to 

situations in which the vehicles are actually decelerating 

because of a lack of power, Nevertheless, we have chosen to 

include these cases under the heading of acceleration since 

the driver is using the engine in an attempt to increase or, 

at least, maintain speed.) The acceleration characteristics 

for passenger cars are not required in this application 

since cars are believed to have enough power to readily 

negotiate grades as steep as 7 or 8 percent (see [I ]  page 

111-96). 

With regard to the length of acceleration lanes, 

acceleration characteristics for passenger cars are used [ 2 ]  



(see Figure 11-13 page 11-17 of reference [ I ] ) .  These 

characteristics are intended to represent the normal 

acceleration performance for a low horsepower passenger car. 

In practice this "normalw acceleration characteristic is 

more related to driver preferences than to vehicle 

capability. Even so, in certain situations, for example, at 

tight interchanges with grade separation, heavy trucks may 

not be able to accelerate to within 5 mph ( 8  krn/h) of 

typical running speeds in a distance determined by normal 

passenger car acceleration levels. 

In the case of accelerating across an intersection, the 

design policy provides information on three design vehicles 

(Figure IX-15 page 18-48), a passenger car, a straight 

truck, and a tractor-semitrailer vehicle. The information 

is given in the form of curves of accelerating time versus 

distance traveled for each type of vehicle. Unpublished 

data have been used to determine the assumed relationships 

for straight trucks and tractor-semitrailers [ I ] .  

Finally with regard to passing maneuvers, average 

acceleration levels are given for various speed ranges. 

(See Table 111-4 page 111-15 [ I ] . )  These values of 

acceleration are based on observations of traffic and, 

apparently, they represent passenger car performance. 

2.3 Characteristics of the Current Vehicle Fleet 
Applicable to the Design Policy 

The characteristics of the vehicle fleet are 

continually changing. An emphasis on fuel economy has 



brought about lighter and less powerful passenger cars. In 

heavy trucks, the trend has been towards heavier vehicles 

with more powerful engines. Vehicles now have more 

efficient aerodynamic shapes, tires with less rolling 

resistance, and more efficient engines and drivelines than 

they had 5 to 10 years ago. For trucks these changes in 

retardation are approximately equivalent to a 1 %  change in 

grade 1 3 1 .  That is, for heavy trucks, 3% downgrades are now 

effectively 4%, and 3% upgrades are now effectively 2% - 
clearly an acceleration advantage and, as it has turned out, 

a braking problem. The purpose of this section is to 

compare the acceleration characteristics of the current 

vehicle fleet with those used in the design policy. 

2 . 3 . 1  Heavy Truck Acceleration; Climbing Lane 

Criteria. In this study emphasis has been placed on the 

acceleration characteristics of the heavy truck. Early on, 

an attempt was made to acquire relevant data from various 

manufacturers. Although cooperation was obtained, the 

information received did not represent a comprehensive 

assessment of the nation's truck-fleet. In order to develop 

a uniform method for assessing truck performance, a review 

was made of the methods available for predicting the 

acceleration performance of heavy trucks. That review is 

included in this report (see Appendix A). Based on the 

findings of the review, we have concluded that ( 1 )  suitable 

models of the acceleration performance of trucks are 

available, and (2) a large body of pertinent information on 



heavy trucks is contained in the 1977 Truck Inventory and 

Use (TIU) Survey conducted by the Department of Commerce 

Dl.  

The draft design policy presents a set of curves 

showing a decreasing trend in weight-to-horsepower ratio for 

the vehicle fleet from 1949 to 1973. Data from the TIU 

survey have been superimposed on the information presented 

in the design policy (see Figure 4 ) .  The "1977" curve in 

Figure 4 was obtained from computerized files of the TIU 

information gathered from over 96,000 trucks. The weight 

used in the 1977 data is the maximum weight carried during 

1977 as reported by the vehicle operator. In this regard 

the weight-to-power estimates represent the average of the 

performance capability of the fleet in a heavily loaded 

condition (that is, the weight-to-power properties of 

vehicles when they are operating empty or partially loaded 

are not included here). Nevertheless, the 1977 curve falls 

well below the other curves, thereby continuing the trend 

towards lower weight-to-power ratio (that is, higher power- 

to-weight ratio and greater acceleration capability). 

With respect to the "300 1b/hpw vehicle used in the 

design policy, the results from the TIU survey indicate that 

the average loaded truck in the 60 to 80 thousand pound 

weight class has an engine with an average horsepower of 282 

with an estimated standard deviation of 51 hp. These 

figures correspond to an average weight-to-horsepower ratio 

of 248 lbs/hp, with a 303 lb/hp vehicle being one standard 



GROSS WEIGHT, thousands of pands 
( loo0 lbs=454kp) 

Figure 4. Trend in weight-power ratios from 1949 to 1 9 7 7  [ 5 ] .  



deviation less powerful than average. Hence, according to 

the TIU data, a 300 lb/hp design vehicle might be 

characterized as "substantially below average" rather than 

as "typical" as qualitatively referred to in the draft 

design policy. Nonetheless, one could argue that a 300 lb/ 

hp vehicle represents a reasonable vehicle to use in 

designing highways and establishing the need for climbing 

lanes. 

The relative importance of the power-to-weight ratio 

(the inverse of the weight-to-horsepower ratio) may be 

understood by comparing the upper bound on propulsive thrust 

to the influences of driveline efficiency, rolling 

resistance, and aerodynamic drag on net thrust; for example, 

see Figure 5 representing a typical heavy truck similar to 

the one analyzed in [ 5 1  and subsequently used to develop 

Figure 111-31 page 107 of the draft design policy: In this 

case, we have employed retardation (drag) factors that are 

derived from (a) our literature review and ( b )  contacts with 

manufacturers, Table 1 summarizes the equations, 

relationships, and coefficient values employed in this 

analysis. 
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TABLE 1 

ANALYSIS FACTORS FOR A 300 lb/hp TRUCK 

V (forward velocity) = independent variable, mph 

GVW (gross weight) = 78000 lbs 

NHP (net engine horsepower) = 260 hp at 0 to 500' 

(elevation correction factor, Ce = 1-4 E, where 

E = elevation e.g., Ce = 0.6 at 10,000 ft) 

(driveline efficiency) = 0.86 for tandem drive axles 

(dim'less) 
(note: for a single drive axle q = 0.9) 

fr (rolling resistance, radial tires) = (GW/1000) (4.1 + 

0.041V) Cr 

where 

Cr is a factor defining the quality of the road surface 

Typical values of Cr are 1.0 for a smooth concrete road, 1.2 

for worn concrete road or a cold black top road, and 1.5 for 

a hot black top road. 

Notes: ( 1 )  For bias tires 

( 2 )  The source of the velocity dependent term in the 

rolling resistance equations may not be 

dependent upon tire properties but rather on 

friction in rotating parts. 

2 Fa (aerodynamic drag) = Ca(A)(0.0024) V 
Cp 

where 



TABLE 1. (continued) 

C, is a drag factor depending upon vehicle shape. 

(Typical values of Ca are 0.9 for highway tractors 

without aerodynamic aids and 0.7 for tractors with 

aerodynamic shields.) 

A (frontal area) = 102 ft 2 

C (elevation factor) = 1.0 at sea level 
P 

0.86 at 5,000' 
0.74 at 10,000' 

GR (overall gear ratio, including a rear axle ratio of 

4.11) 

Gear 
Number Ratio 

Tire factor (rpm/mph) = 8.4 for a 10 x 20 truck tire (504 

rev. /mile 1 

Engine Power and Torque Characteristics 
(see attached graphs from [ 5 ] )  

These data are characterized by a torque at 1400 rpm 

that is approximately 1.3 times the torque at 2100 rpm, the 

rated speed at which maximum power (260 hp) is delivered. 

In other words, the torque increases by approximately 30% 

going from rated speed down to the speed at which shifting 

is expected to occur. 



TABLE 1. (continued) 

2 
We (total equivalent) = W + g/Rt (Ie G: + It) 

where 
2 

I e = 2.58 ft lb sec for a typical engine 

It = 170 ft lb sec2 for 18 10x20 tires 

Rt = 1.667 ft for a 10x20 tire 

W = gross vehicle weight 



'Tl 
t-' . 
9 
C 
6 
n, 

ENGINE hp ( I  hpr0.746 kW) 
ENGINE TORQUE, Ib ft 
( I lb ft = 1.36 Nm ) 



Although a driveline efficiency is used here in place 

of chassis friction, the thrust and drag forces are nearly 

equal to those employed in [5]. However, in computing 

acceleration (see Figure 7) an equivalent weight is employed 

to account for the inertia of rotating components, and a 

tire factor of 8.4 rpm/mph corresponding to a typical 

10 x 20 tire, was selected, The analysis in [5] used 8,55 

rpm/mph which corresponds to a smaller 9 x 20 tire. These 

seemingly small changes in tire factor (1.75%) and weight 

(3.5% in 9th gear) cause a significant change in the 

critical length of grade on slight upgrades (see Figure 8 ) .  

On a 2% upgrade, for example, the critical length of grade 

is approximately 2400 feet for a vehicle with an 8.55 rpm/ 

mph tire and a weight of 78,000 lb compared to approximately 

2900' for a tire with 8.4 rpm/mph and an equivalent weight 

of 80,710 lbs. 

On steeper grades (for example, 4 and 6%), the level 

road acceleration capability of the vehicle is a smaller 

fraction of the existing acceleration (deceleration). 

Hence, variations in vehicle parameters, such as the tire 

factor and equivalent weight, have less influence on 

acceleration performance on steep grades than they do on 

moderate grades. 

This review of the climbing lane criteria, given in [S] 

and subsequently incorporated in [I], shows the criteria to 

be representative of a relatively low powered loaded-heavy- 

vehicle by 1977 standards (something like 84% of the 



Figure 7. Level-road-acceleration versus velocity for a design 
heavy truck in 9th gear. 





vehicles weighing between 60 and 80 thousand pounds had 

greater power to weight ratios). Even though the 

calculation procedure given in [5] does not include the 

effective mass of the vehicle, the results appear to be 

representative of heavy vehicle performance on steep 

upgrades in the speed range from 55 to approximately 30 mph. 

At low speeds and on mild upgrades the influence of 

effective mass should be included in the calculations. 

During 1983, the Department of Commerce will conduct a 

Truck Inventory and Use Survey pertaining to vehicles 

operated in 1982. This 1982 data could be analyzed, using 

the procedures employed by manufacturers and the highway 

research community, to obtain an updated set of curves to be 

used in evaluating the need for climbing lanes. 

2.3.2 Heavy Truck Acceleration; Accelerating Time 

Versus Distance Traveled During Acceleration. Data on 

acceleration from a stop is used in determining sight 

distance at intersections (see' Figure 9 which includes 

Figure IX-15 page IX-48 of [ I ] ) .  As indicated in the 

figure, two heavy vehicles, referred to as "WB-50" and "SU," 

and a passenger car, " P I w  have been assumed for design 

purposes. 

The WB-50 design-vehicle is intended to represent a 

large tractor-semitrailer combination. Assuming that a 

heavy vehicle similar to the one used in the climbing lane 

application (see Section 2.2) is a suitable design vehicle 

of the WB-50 class, the acceleration performance of a 
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Figure 9 .  Information on acceleration from a stop. 



300 lb/hp heavy truck can be used here to make a comparison 

with the data given Figure IX-15 of [ I ]  (see Figure 9). 

Note that in Figure 9, 4 curves are superimposed on the 

graphs presented in [I]. Two of these 4 curves represent 

the calculated performance of the 300 lb/hp vehicle 

described in Section 2.2. In one of these cases the vehicle 

is started in first gear and in the other car the vehicle is 

started in second gear. As shown, significantly better 

performance is obtained by starting in second gear (a fact 

that is well known to truck drivers). 

Curves based on tests of heavy trucks [6] are also 

added to Figure 9. These curves correspond to ( 1 )  a 273 lb/ 

hp truck and ( 2 )  an average acceleration level of 2 ft/sec 2 

approximating a typical truck with 300 lb/hp, operating in 

1969 [6]. These curves agree with the calculated results 

for the design vehicle when started in second year (the 

conventional gear selection for starting on the level). 

The assumed WB-50 curve given in the design policy 

illustrates poorer performance than any of the 4 curves 

superimposed in Figure 9. In this sense, the WB-50 curve 

represents a conservative design policy, especially as long 

as the trend is towards vehicles with higher horsepower-to- 

weight ratios, less aerodynamic drag, and less rolling 

resistance. 

The assumed SU curve represents a straight truck with a 

20 foot wheelbase. A great variety of vehicles fit within 

this description. For example, a truck with a 12,000 lb 



front axle and a 34,000 lb tandem rear axle-set is a 

pos'sible candidate for a design vehicle of this class. 

Example predictions of the acceleration performance of this 

type of vehicle fall near the SU curve given in [ I ] .  

However, in this case the assumed SU curve does not appear 

to be as conservative as the assumed WB-50 curve. Given 

current vehicle characteristics, certain fully loaded 

straight trucks, that satisfy the bridge formula, may 

require more time to accelerate across an intersection than 

that shown in Figure IS-15 of [ I ] .  A possible method for 

resolving this situation would be to provide a more complete 

definition of the SU design vehicle. 

2.3.3 Passenqer Car ~cceleration; Accelerating Time 

Versus Distance Traveled During Acceleration. In contrast 

to the situation with heavy trucks (as discussed in the 

previous section), passenger cars seldom accelerate at 

maximum performance so knowledge of the maximum performance 

capability of the vehicle is not as useful as it is for 

trucks. That is, an experienced driver uses the maximum 

performance of a truck while a prudent driver does not 

challenge the capabilities of the passenger car engine 

(unless he/she wishes to spin wheels) in accelerating to 

cross an intersection. 

Possibly due to difficulties in determining "normal" 

acceleration, the results given in Figure 11-13 of [ I ]  

differ from those given in Table 6.47 of [ 7 ] .  In studies of 

ramps and speed change lanes [8], investigators have found 



the tables given in [7] to be more representative of vehicle 

performance on ramps than the information given in 

Figure 11-13, Based on calculations of acceleration derived 

from the curve representing the "assumed P" vehicle in 

Figure IX-15, the average acceleration of the design 

passenger car is, approximately 2.86 mph/sec compared to a 

normal acceleration of 3.3 mph/sec given in the 

Transportation and Traffic Engineering Handbook [7] for 

speed changes from 0 to 30 mph. Or, as illustrated in 

Figure 10, the calculated accelerating-time-versus-distance 

curve (representing a normal acceleration of 3.3 mph/sec) 

indicates shorter acceleration times than those required by 

the "assumed P" vehicle. The AASHTO design policy is 

conservative in that acceleration levels corresponding to 

those normally chosen by passenger car drivers produce 

acceleration times that are considerably shorter than those 

given by AASHTO. 

Hearne and Clark [91 have recen-tly studied passenger 

car data reported by Consumer Reports, Motor Trend, and - Car 

and Driver magazines for two acceleration maneuvers, 

specifically, ( 1 )  the time to accelerate from 45 to 65 mph, 

and ( 2 )  the time to accelerate from 0 to 60 mph. That study 

examined the trends in these measures of new vehicle 

performance over the period from 1971 to 1979. The 

resulting acceleration characteristics for the 1970's are 

compared with the acceleration performance criteria used in 

the "AASHO Blue Book" [ 101. The following findings from [9] 
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Figure  1 0 .  Comparison of AASHTO and I T E  in fo rmat ion  on 
a c c e l e r a t i o n  performance. 



indicate that, even though passenger-vehicle acceleration- 

performance has been decreasing since approximately 1958, 

the acceleration performance of late model cars exceeds the 

criteria employed in the AASHO Blue Book. (The AASHO 

criteria are based on tests performed in 1937.) Between 

1970 and 1980, the typical standard-sized car changed from 

approximately 4000 lbs with a 350 in engine to 
3 approximately 3300 lbs with less than 250 in of engine 

displacement [9]. The implications of these changes are 

illustrated in the times required to accelerate from 45 to 

65 mph and 0 to 60 mph as shown in Tables 2 and 3 for model 

years 1971, 1973, 1975, 1977, and 1979. The times given in 

Tables 2 and 3 represent the car population for each model 

year since they are obtained by weighting the performance of 

each vehicle model in accordance with its annual sales 

volume. The average weighted acceleration time from 0 to 

60 mph increased from 12.7 sec. in 1971 to 15.5 sec. in 1979 

(see Table 2) indicating a decline in automotive performance 

during the 70's. 

Clearly, overall acceleration performance has decreased 

during the decade of the 70's. 

Nevertheless, the performance of 1979 and 1981 vehicles 

exceeds the AASHO criteria based on studies performed in 

1937 (see Figures 1 1  and 12). Assuming that (1 )  normal 

acceleration performance is primarily determined by driver 

"taste" rather than by vehicle characteristics, and 

( 2 )  drivers continue to prefer the same normal acceleration 
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TABLE 2 

TIME REQUIRED FOR ACCELERATION FROM 0 to 60 MILES 
PER HOUR FOR SELECTED MODEL YEARS [ 91  

Year Time (sec.) 

TABLE 3 

TIME REQUIRED FOR ACCELERATION FROM 45 to 65 
MILES PER HOUR [ 91 

Year Time (sec. ) 
Average Accel. 
Rate ( f p s )  

performance as they did in 1937, then the difference between 

normal acceleration (1937) and the full acceleration 

capability of a vehicle may be interpreted as a margin of 

safety for situations in which the driver finds a need for 



accelerations that are greater than he/she would prefer to 

use under normal circumstances. In [9] it is found that the 

average weighted performance of 1979 models and a poorly 

performing 1981 model exceed (by a wide margin) the normal 

acceleration performance determined in 1937 (see Figures 1 1  

and 12). 

2.3.4 Passenger Car Acceleration; Length of 

~cceleration Lanes, As stated in [2], "The length of 

acceleration ramp required for an entrance is governed by 

the difference between the running speed of the last ramp 

curve or other constraint and that of the freeway, The 

policy is that the length provided should be sufficient for 

the motorist to reach a speed five miles per hour less than 

the average running speed of the freeway by the time the 

merge into the through lane is completed." 

The acceleration characteristics of passenger cars are 

used to determine the ramp length required. As illustrated 

in Table 4 (Table X-5 from [I]), acceleration performance 

from low to high initial speeds, v;, and from low to high 

entrance speeds, V p ,  is considered in this application. In 

other words, knowledge of the full range of acceleration 

characteristics is needed. 

The performance information presented by AASHTO has 

been summarized in graphs of speed reached versus distance 

traveled for initial speeds ranging from 0 to 50 mph in 

increments of 5 mph (see Figure 13). Although Figure 13 is 

a convenient form in which to display results, the curves 



TABLE 4 

MINIMUM ACCELERATION LENGTHS FOR ENTRANCE TERMINALS 
WITH FLAT GRADES OF 2 PERCENT OR LESS 

Highway L = Acceleration Length (ft) 

For Entrance Curve Design Speed (mph) 

And Initial Speed (v;) (mph) 

Design 
Speed 
(mph) 

Speed 
Reached 
(V2) (mph) 

Stop 
Condi- 15 2 0  2 5  3 0  35 40 45 5 0  
tion 



provided b y  AASHTO are based on relatively low levels of 

acceleration such as those given by the "BPR, 1937, normal 

accel." curve included in Figure 1 1 .  More recent 

information on normal acceleration is given in Table 5 as 

presented in reference 171. 

For comparison purposes, the AASWTO data [I] and the 

ITE information [7] are presented on the same graph with 

full acceleration curves for ( 1 )  a "40 watt/kgW car 

representing a poorly performing vehicle for any year from 

1967 to 1995 [12], ( 2 )  an average 1979 auto [9], and ( 3 )  a 

poor performing 1981 car [9] (see Figure 14). In addition 

Figure 14 contains a curve representing a so called "design" 

car. Examination of Figure 14 shows that the ITE 

information for normal acceleration, based on a 1971 study, 

falls between the full acceleration curves for the average 

1979 auto and the "poor-performing" '81 model for 

accelerations less than 0.159. Compared to the reported 

performance capabilities of current vehicles, the normal 

acceleration curve based on ITE information 171 appears to 

be unreasonably high near the limit of vehicle performance. 

Possibly, the decline in performance capability during the 

period from 1960 to 1980 accounts for the situation in which 

maximum performance in 1979 is close to the normal 

acceleration performance determined in a study reported in 

1971. 

Transportation Research Record 772 [ 121, published in 

1980, contains projections of the make up of the passenger 



Figure 13. Normal acceleration from [l] plus superimposed 
"design" curves at initial velocities of 0 and 
30 mph. 



TABLE 5 

NORMAL ACCELERATION OF PASSENGER CARS 

Speed 
Change,mph 

Acceleration 
mph/s 

Source: NCHRP Project 2-5A, 1971 [11] 

vehicle fleet in 1981, 1985, and 1995. These projections 

are reasoned extrapolations from vehicle data for the years 

1967 through 1978. Based on data for 1967 and 1978 and 

projections for 1981, 1985, and 1995 (see reference 1121, 

Figure 2 )  less than 10% of the passenger vehicles sold will 

have, or, have had power capabilities less than 40 watts/kg 

(approximately 0.025 hp/lb). An assessment of the 

acceleration performance of a 40 watt/kg car is given in 

[I21 and the results have been used to construct the 

40 watt/kg curve presented in Figure 14. This curve falls 

between the data reported in [9] representing the average 

'79 and poor '80 vehicles. This agreement lends credence to 

the proposition that a vehicle similar to the poor '81 

vehicle or the 40 watt/kg vehicle approximately represents 
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the acceleration capability of the low performance vehicles 

of the future. 

The question remains as to what curves should be used 

for designing acceleration lanes. A possible choice is to 

select a speed-versus-acceleration-rate-characteristic that 

is deemed to be a rational mixture of driver preferences and 

vehicle capabilities. For example, the curve labeled 

"design" car in Figure 14 represents one such choice. In 

this case an upper bound on acceleration is set at 0.15g per 

the ITE information [7] at low speed. At speeds greater 

than 20 mph, the acceleration rate decreases from roughly 

70% of a poor vehicle's capability at 20 mph to an amount 

that corresponds to almost all of that vehicle's capability 

at 70 mph. Specifically, the average acceleration 

capabilities for various speed ranges for this "designw car 

are given in the following table: 

TABLE 6 

"DESIGN" CAR ACCELERATIONS 

Average 
Acceleration 



Based on the accelerations provided in Table 6, the two 

curves superimposed in Figure 13 are obtained for the 

distance required to accelerate to various speeds from 

initial speeds of 0 and 30 mph. 

Examination of the curves presented in Figure 13 

indicates that drastic changes in the lengths of 

acceleration lanes are implied by the use of the design car 

concept. For example, the original AASHTO curve indicate 

that a distance of 1000 ft is required to accelerate from 30 

to 50 mph, while, according to the curves for the design 

car, a distance of 535 ft would be required to accelerate 

from 30 to 50 mph. Clearly, such drastic changes should be 

examined critically, 

Possibly, the longer lengths are needed for entering 

vehicles to find a gap in the traffic stream. Or, heavy 

trucks (with nowhere near the acceleration capabilities 

needed to match passenger cars) are a limiting factor. 

Nevertheless, if design policy is to be based on the 

acceleration of the car/drive: system, the AASHTO curves 

should be re-examined and updated. 

2.3.5 Passenger Cars; Passing on Two-Lane Hiqhways. 

For passing on two lane highways, the design policy [ I ]  

specifies the sight distances needed for one vehicle to pass 

another before encountering oncoming traffic. The total 

passing sight distance specified in [ I ]  is divided into 4 

parts: ( 1 )  initial acceleration distance, ( 2 )  distance 

traveled in the left lane, ( 3 )  clearance safety margin, and 



(4) distance traveled by the opposing vehicle. vehicle 

acceleration performance is involved only in the first of 

these four items. 

The design policy provides the following information 

(see Table 7 )  concerning the acceleration performance of the 

passing vehicle during the initial maneuver. 

TABLE 7  

INITIAL MANEUVERING CHARACTERISTICS 

Speed Group, mph 
(passing vehicle) 

Average passing 
speed (mph) 

Average acceleration 
( mph/s 

Time (seconds) 

Initial maneuver 
distance (ft.) 

As observed in [9], the acceleration rates given in the 

design policy can be compared with vehicle capabilities to 

provide an indication of the "adequacy of the design 

values. " Referring to Figure 1 1  in Section 2 . 3 . 3 ,  an 

average acceleration of 1.5 mph/sec. can be exceeded up to a 

maximum velocity that depends upon vehicle characteristics; 

viz., 



Max. Velocity for 
Vehicle 1.5 mph/sec. Acceleration 

1937, BPR 
Poor-performing 1981 model 
Average 1979 auto 

52 mph 
60 mph 
64 mph 

Examination of these data and Figure 1 1  indicate that the 

design policy and car acceleration capabilities start to 

approach each other in the 60-70 mph speed group. 

However, the fact that the design values are close to 

the capabilities of low powered vehicles may not be of great 

significance. The contribution of the acceleration part to 

the total passing sight distance is small, approximately 15% 

of the total. In addition, drivers of low-powered vehicles 

may be expected to refrain from attempting high-speed 

passing-maneuvers, or at least, to fall back once they 

observe that they do not have adequate power. 

2.3.6 Recreational Vehicles: Hill Climbinq. The 

power-to-mass ratio of recreational vehicles (RVs) are 

approximately equal to one-half of the power to mass ratios 

of passenger cars (possibly, because many of RVs are 

composed of a car and a trailer of nearly equal weight). As 

a conservative estimate of the lower bound of the 1978 RV 

population, Glauz et al. [ 1 2 ]  determined a power to mass 

ratio of 19.7 w/kg (0.012 hp/lb). They predicted that this 

lower bound on power-to-mass ratio would apply into the 

future through 1995. Their estimate of the acceleration 



performance of the lowest 10% performance of RVs is 

summarized in the following graph. 

Accel. 

Speed 
ft/sec 

Figure 15. Acceleration performance of RV'S, 1978-95, [12]. 

Although the estimated acceleration characteristic 

given in Figure 1 5  is a rough approximation to performance 

capability near V = 79 ft/sec. (approximately 54 mph), we 

have used that acceleration characteristic (Figure 15) to 

computed distances for 10 mph speed reductions for upgrades 

entered at 55 mph. Example results for a 10 mph reduction 

in velocity are 1300 ft. on a 5% upgrade, 900 ft. on a 6% 

upgrade, and 700 ft on a 7% upgrade. These points are 

superimposed on Figure 16 which also contains (a) calculated 

results obtained in [ 5 ] ,  and (b) measured data that is used 

in AASHTO design policy [ I ] .  Examination of Figure 16 

indicates that the critical length of grade determined for a 



0 . 0 1 2  hp/lb recreational vehicle is considerably less than 

that specified by AASHTO (the dashed line). 

This finding is not unexpected given the difference in 

hp/wt. ratios involved (i.e., 0 . 0 2 2  versus 0 . 0 1 2  hp/lb). 

However, measured results show that drivers of recreational 

vehicles do not use all of the power available to them [ 5 ] .  

Hence the difference between (a) measured performance for a 

0 . 0 2 2  hp/lb vehicle, and (b) calculated performance for a 

0 . 0 1 2  hp/lb vehicle is not as large as it would be if 

drivers used almost all of the available power. 

No comprehensive source of information on the 

acceleration performance of recreational vehicles has been 

identified in this study. Nevertheless a large body of 

sustained speed data has been obtained and processed in 

California by Ching and Rooney [ 13 1 .  For vehicleit ravel- 

trailer combinations, they [ I 3 1  have observed that sustained 

speeds of 4 3  mph on 3% upgrades and 3 0  mph on 6% upgrades 

correspond to 1 2 . 5  percentile vehicles. By assuming an 

acceleration characteristic of the following form, we have 

used Ching and Rooney's data to add two more points to 

Figure 16; viz, 

= - RR - A V ~  + B/V 

where 

A is the average acceleration in g's 

RR is a rolling resistance factor equal to 0 . 0 2  

A is an aerodynamic drag factor equal to 4 . 7 6  

(chosen to match the data in [ I 3 1 1  
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B is a thrust factor equal to 2.53 (chosen to match 

the data in [ 1 3 ] )  

and V is forward velocity in mph. 

The results extrapolated from the sustained speed 

information given in [ 1 3 ]  indicate that the AASHTO values of 

critical length of grade are much longer than those 

corresponding to a low powered recreational vehicle. For 

example, on a 6% upgrade the critical length is 1500 ft 

according to the AASHTO curve while it is 800 ft for a low 

powered recreational vehicle operated by a driver that only 

uses approximately 0.007 hp/lb (i.e., 143 lb/hp). This 

result does not appear to be unreasonable if the low-powered 

vehicle had a capability of 0.012 hp/lb. 

Even though only a few sources of data are available, 

the approach used in extrapolating from Ching and Rooney's 

results can be employed to develop design curves for 

critical length of grade for both average and 12.5 

percentile recreational vehicles. In the future we will 

pursue the development of these design curves. 



3.0 SUMMARY OF SUGGESTIONS (PRELIMINARY RECOMMENDATIONS) 

This section summarizes the suggestions presented in 

various sections of this report and provides additional 

insights to be considered in developing new design charts. 

The following list of suggestions is based on comparing 

current vehicle characteristics with the curves proposed for 

the AASHTO design policy [ I ] :  

1 ,  The design curves, proposed in [ I ]  for determining 

the critical length of grade relating to the need for 

climbing lanes, are representative of the acceleration 

performance of low-powered heavy commercial vehicles 

currently in use. The design vehicle has a weight-to-power 

ratio of 300 lb/hp, which is higher than that applicable to 

approximately 84% of the heavy vehicle fleet (60,000 to 

80,000 lb range) in 1 9 7 7 ,  Once data from the TIU survey of 

the 1982 truck fleet are available, the design curves should 

be reevaluated and, if necessary, recalculated. 

2. The design curves, used to determine accelerating 

time in connection with sight distance at intersections, 

appear to be conservative with respect to both the tractor- 

semitrailer (WB-50) and the passenger car (P) design 

vehicle. That is, even low-powered cars and trucks in the 

current vehicle fleet are expected to be able to accelerate 

faster than the design curves imply. The design curve for 

the straight truck (SU) is difficult to evaluate because 

this type of design vehicle is not well defined in the 

AASHTO policy. From a vehicle characteristics standpoint, 



the design policy could be improved if the acceleration 

versus velocity characteristics of the design vehicles were 

specified. 

3. The recommended lengths of acceleration lanes are 

based on estimates of the normal acceleration rates of 

passenger cars. A discrepancy exists between the normal 

acceleration performance presented in the AASHTO design 

policy and the normal acceleration rates presented in the 

ITE handbook, The preliminary findings of this study appear 

to indicate that (a) the ITE values are higher than 

appropriate for the current vehicle fleet, and (b) the 

AASHTO values are considerably lower than needed. We 

suggest that this matter requires further investigation and, 

as suggested earlier, the presentation of acceleration 

versus velocity characteristics for design vehicles would 

aid in clarifying the basis for the speed-distance curves 

used in highway design. Possibly, detailed results from [8] 

will aid in defining appropriate levels of normal 

acceleration at various operating speeds. 

4 .  The design values of the average acceleration 

during the initial maneuvering phase of passing on a two- 

lane road appear to be reasonable, based on the 

characteristics of an average 1979 auto and a poor- 

performing 1981 model. 

5 ,  The design policy includes information on the 

acceleration characteristics of recreational vehicles. 

These characteristics are used for evaluating the need for 



climbing lanes in situations where RV's are likely to impede 

traffic. In this case the design policy is not 

conservative, in that the acceleration characteristics of the 

design vehicle are representative of an average car-travel- 

trailer combination rather than a low-percentile ( 1 0  or 

12.5%) vehicle. If deemed necessary, the critical length of 

grade curves for an average RV could be augmented with 

curves for a low-powered RV. (The approach suggested in 

Section 2.3.6 could be applied here.) 

From a vehicle dynamicist's point of view, the most 

difficult part of understanding the AASHTO design policy (as 

it pertains to acceleration performance) derives from a lack 

of acceleration versus velocity information defining design 

vehicles and normal acceleration performance. This matter 

has already been alluded to in the list of suggestions just 

presented. In the future we anticipate that greater 

reliance will be placed on computerized methods in 

performing design analyses. Models of vehicle acceleration 

performance that are not unduly complex appear to be 

suitable for use in highway design. Given appropriate 

computational capabilities, specifications of acceleration 

performance in terms of acceleration capability at various 

speeds can be used to calculate results for a wide range of 

situations. Changes in vehicle characteristics either due 

to evolution over time or to idiosyncracies of a local 

vehicle fleet can be readily accounted for, if suitable 

(generally accepted) models are available. The dependence 



upon specialized design charts may shift to the use of 

fundamental information that can be used in a variety of 

important applications. At some time in the future, both 

fundamental information and particularly important results 

based on that fundamental information could be presented in 

a manner consistent with current models of acceleration 

performance. 
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APPENDIX A 

LITERATURE REVIEW: 

ACCELERATION PERFORMANCE OF HEAVY TRUCKS 



A . l  The C r i t i c a l  Length of Grade 

The " c r i t i c a l  l e n g t h  of grade" i s  def ined  [18]* a s  " t h e  maximum 

l e n g t h  of a  des igna ted  upgrade upon which a loaded t r u c k  can o p e r a t e  

wi thou t  an  unreasonable  r e d u c t i o n  i n  speed." Th is  d e f i n i t i o n  is 

given numerical  s i g n i f i c a n c e  by (1) a s s e s s i n g  t h e  a c c e l e r a t i o n  per fo r -  

mance of a t y p i c a l  v e h i c l e  t o  be used f o r  d e s i g n  purposes  and (2)  

e s t a b l i s h i n g  a  d e s i g n  "bogie" f o r  what c o n s t i t u t e s  a  reasonab le  reduc t -  

t i o n  i n  speed.  I n  1965, t h e  AASHTO P o l i c y  [ 3 ]  used performance calcu-  

l a t i o n s  based on a heavy t r u c k  w i t h  a  weight-to-horsepower r a t i o  of 

400 l b / h p  and a n  a c c e p t a b l e  l o s s  of speed of 1 5  mph f o r  a  v e h i c l e  e n t e r -  

ing  t h e  g rade  i n  q u e s t i o n  a t  47 mph, A r e c e n t  d r a f t  r e v i s i o n  of t h i s  

P o l i c y  [18] employs c a l c u l a t i o n s  f o r  a  300 l b / h p  t r u c k  and recommends a  

speed l o s s  of 1 0  mph. An e n t e r i n g  speed of 55 mph i s  used i n  t h e  r e c e n t  

c a l c u l a t i o n s .  The reasons  f o r  t h e s e  changes a r e  (1) t o  be more repre -  

s e n t a t i v e  of t h e  performance of t h e  c u r r e n t  heavy t r u c k  f l e e t  and ( 2 )  t o  

avoid  t h e  sudden i n c r e a s e  i n  a c c i d e n t  involvement r a t e  t h a t  i s  r e p o r t e d  

t o  occur  when t h e  d i f f e r e n c e  between t r u c k  speed and t h e  average running 

speed exceeds approximately  1 0  mph [20] . 
Graphs of c r i t i c a l  l e n g t h  of grade may be c o n s t r u c t e d  from speed- 

d i s t a n c e  curves  d e p i c t i n g  t h e  a c c e l e r a t i o n  ( d e c e l e r a t i o n )  performance of 

a  heavy t r u c k  o p e r a t i n g  on upgrades of v a r i o u s  amounts ( f o r  example, s e e  

F igure  1 ) .  F i g u r e  1 can be c r o s s - p l o t t e d  t o  c o n s t r u c t  l i n e s  of c o n s t a n t  

speed r e d u c t i o n  a s  shown i n  F igure  2. A s  i l l u s t r a t e d  i n  F igure  2, a  

highway d e s i g n e r  can e n t e r  t h i s  graph a t  a des igna ted  g rade  (on t h e  

v e r t i c a l  a x i s )  and read  t h e  c r i t i c a l  l e n g t h  of g rade  (from t h e  hor i -  

z o n t a l  a x i s )  f o r  a  s e l e c t e d  reasonab le  r e d u c t i o n  i n  speed.  

*References i n  t h i s  appendix r e f e r  t o  t h e  b ib l iography  given on 
page 87. 



Decelemtion (on Percent Upgrades Indicated ) 

DISTANCE, km 

DISTANCE, thousands of feet 

- ,  i l g u r e  1. Speed-Distance Curves f o r  a Typ icz l  Heavy Truck 



Figure  2 .  C r i t i c a l  Lengths o f  Grade f o r  Design, Assumed Typical  Heavy Truck 
of  300 lb /hp  (182.5 k g / k ~ ) ,  Enter ing Speed = 55 mph (88.5 lan/h) 
[ I91 



A . 2  The Or ig ins  of M H T O  Design Pol icy  and Subsequent Developments 
wi th  Respect t o  t h e  P red ic t ion  of Truck Decelera t ion  i n  
Climbing a Grade 

This s e c t i o n  reviews t h e  s t a t e  of t h e  a r t  i n  p r e d i c t i n g  the  acce lera-  

t i o n  performance of heavy veh ic l e s .  

In  1955, Huff and Sc r ivne r  [ I ]  presented a s imp l i f i ed  theory f o r  

desc r ib ing  t h e  motion of heavy veh ic l e s  on grades.  They employed a very 

simple veh ic l e  model based on t h e  following expression of Newton's laws 

of motion: 

1 dV - (-1 - - s i n e  
g d t  W 

where 

W is the  gross  weight of t he  v e h i c l e  

V is the  forward v e l o c i t y  

t is  time 

g is t h e  g r a v i t a t i o n a l  cons tan t  

P i s  t h e  n e t  d r i v i n g  f o r c e  

6 i s  the  grade angle  

For the .purposes  of developing a s imple model, they neglected t h e  

i n e r t i a l  r e s i s t a n c e  due t o  t h e  angular  a c c e l e r a t i o n  of t h e  r o t a t i n g  wheels,  

t ransmission,  engine,  e t c . ,  and lumped toge the r  t h e  in f luences  of r o l l i n g  

r e s i s t a n c e ,  aerodynamic drag,  t ransmission ( d r i v e l i n e )  e f f i c i e n c y ,  engine 

c h a r a c t e r i s t i c s ,  and d r i v e r  s h i f t i n g  performance. 

The h e a r t  of t h e i r  approach was a graph of P/W (ne t  d r iv ing  f o r c e  

d iv ided  by weight) versus  v e l o c i t y  ( s ee  Figure 3 ) .  A s  i nd ica t ed  i n  t he  

f i g u r e ,  maximum sus t a ined  speeds f o r  var ious  l e v e l s  of grade were used t o  

cons t ruc t  t he  graph of P/w versus  V. 

To f i n d  v e l o c i t y  information,  Huff and Sc r ivne r  i n t e g r a t e d  t h e  

equat ion of motion (Eq. (1)) with P/W represented  by t h e  func t ion  of 

v e l o c i t y  t h a t  they developed from f i e l d  data .  A f u r t h e r  i n t e g r a t i o n  of t h e  

v e l o c i t y  r e s u l t s  produced d i s t ance  information t h a t  was used i n  cons t ruc t -  

ing  speed-distance curves.  



Figure 3. P/W Versus V [I]. 

I n  order  t o  check o r  c o r r e c t  t h e  d a t a  presented i n  F igure  3 ,  road 

t e s t s  were performed i n  1953 us ing  a  57,180-1b t e s t  veh ic l e .  By analyzing 

the  t e s t  r e s u l t s ,  a  new vers ion  of t h e  "P/W versus V" curve was developed 

(see  Figure 4 ) .  

The au thors  of [1]  concluded t h a t  (1)  even under con t ro l l ed  condi t ions  

wi th  a  s k i l l e d  d r i v e r ,  t he  speed-distance r e l a t i o n s h i p  is  no t  always con- 

s i s t e n t ,  ( 2 )  t h e  speed-distance curves computed by t h e  s imp l i f i ed  theory 

correspond t o  the  t e s t  d a t a  and a r e  s u f f i c i e n t l y  accu ra t e  f o r  use i n  t h e  

design of climbing l anes ,  and (3 )  t he  SAE procedure ( i n  1955) f o r  computing 



F i g u r e  4.  Graph of P/W Versus V from 1953 r o a d - t e s t  data ( s o l i d  
l i n e )  and from SAE  ruck A b i l i t y  P r e d i c t i o n  Procedure" 

(dashed l i n e ) .  [I]. 



maximum sus t a ined  speeds f o r  any weight-to-horsepower r a t i o  provides va lues  

t h a t  could be used i n  conjunct ion wi th  t h e  s i m p l i f i e d  a n a l y s i s  t o  p r e d i c t  

t ruck  motion, a t  l e a s t  approximately, without r e s o r t i n g  t o  f u l l - s c a l e  

t e s t s .  

Although more soph i s t i ca t ed  a n a l y t i c a l  methods a r e  c u r r e n t l y  employed 

l ead ing  one t o  cha l lenge  t h e  conclusions of t h i s  i n i t i a l  s tudy ,  neverthe- 

l e s s ,  t he  b a s i c  elements of developing a  method f o r  p red ic t ing  t ruck  

a c c e l e r a t i o n  c h a r a c t e r i s t i c s  on grades a r e  i l l u s t r a t e d  i n  Reference [ I ] .  

S p e c i f i c a l l y ,  t h e s e  b a s i c  elements c o n s i s t  of (1 )  s e l e c t i n g  a  model of both 

s u f f i c i e n t  accuracy and s i m p l i c i t y ,  (2) developing methods f o r  ob ta in ing  

paramet r ic  va lues  and empir ica l  func t ions  t h a t  a r e  s u i t a b l e  f o r  (a)  use i n  

t h e  model and (b) r e p r e s e n t a t i v e  of t h e  performance of v e h i c l e s  on highway 

grades,  and (3) eva lua t ing  t h e  p r a c t i c a l i t y  of us ing  a  l imi t ed  s e t  of b a s i c  

information on v e h i c l e s  t o  minimize t h e  need f o r  r e s o r t i n g  t o  f u l l - s c a l e  

t e s t s .  

I n  1962, F i r ey  and Peterson [ 2 ]  devised a  means f o r  ca l cu la t ing  t h e  

speed versus d i s t a n c e  h i s t o r y  of l a r g e  t rucks  t r a v e r s i n g  v e r t i c a l  curves a t  

wide-open t h r o t t l e .  They employed a  model of t h e  veh ic l e  t h a t  t r ea t ed  the  

n e t  d r i v i n g  f o r c e  i n  more d e t a i l  than  was done i n  [ I ] .  I n  [ 2 ] ,  t he  d r iv ing  

fo rze  was d iv ided  i n t o  two c o m p o n e n t ~ t h e  t h r u s t  f o r c e  due t o  engine 

torque ,  FT, and a  " t o t a l  r o l l i n g  r e s i s t ance"  f o r c e  inc luding  both t i r e  and 

a i r  r e s i s t a n c e ,  FR. The t o t a l  r e s i s t a n c e  f o r c e ,  F ~ '  was ca l cu la t ed  by 

means of an empi r i ca l  equat ion based on coas t ing  t e s t s  of s eve ra l  l a r g e  

commercial veh ic l e s .  The engine t h r u s t  f o r c e ,  FT, was based on t h e  brake 

horsepower of t h e  engine,  r a t e d  engine speed, a  t i r e  s i z e  f a c t o r  ( e f f e c t i v e  

r o l l i n g  r a d i u s ) ,  and t h e  gear  r a t i o s  of t h e  t ransmiss ion ,  a u x i l i a r y  t rans-  

mission,  and the  d r i v e  ax le .  

In  a d d i t i o n ,  t h e  au thors  [ 2 ]  analyzed 50th  cons tan t  grades and v e r t i -  

c a l  curves ,  and they observed t h a t  s e p a r a t e  c a l c u i a t i o n s  appl ied  when 

(1) t he  t h r o t t l e  was wide open and ( 2 )  the  c lu t ch  was disensaged and the  

d r i v e r  was s h i f t i n g  gears .  They noted t h a t  " t h e r e  i s  no such th ing  a s  

' t y p i c a l '  o r  ' s tandard '  gear ing  i n  these  t r u c k s , .  . ." and adopted a  calcula-  

t i o n  procedure based on a  "usable  engine s?eed r a t i o "  of 0.8. (For example, 

during d e c e l e r a t i o n ,  a downshift  i s  assumed :o occur when the  v e i o c i t y  



reaches 0.8 t imes the  maximum veh ic l e  speed a t t a i n a b l e  i n  t h e  assumed gearing 

arrangement.) Although they made s e p a r a t e  c a l c u l a t i o n s  f o r  t h e  wide-open- 

t h r o t t l e  (WOT) and gea r - sh i f t  pe r iods ,  they smoothed t h e i r  r e s u l t s  because 

the  assumed s h i f t  po in t s  d id  not  correspond t o  any r e a l  veh ic l e  (see 

F igure  5 ) .  

Comparisons between ca l cu la t ed  and measured speeds a r e  presented i n  

[ 2 ]  f o r  a  sag  and a  summit curve and f o r  numerous cases  on var ious  v e r t i c a l  

curves.  The agreement shown between t e s t  and c a l c u l a t i o n  appears t o  be 

very  good and i t  i s  s t a t e d  t h a t  i n  cases  where t h e  d i f f e r e n c e  between 

ca l cu la t ed  and measured va lues  is more than 2 mph, t h e  d r i v e r  e i t h e r  d id  

n o t  ope ra t e  t h e  t h r o t t l e  as assumed ( i . e . ,  wide open),  o r  t he  gearing was 

such t h a t  t h e  d r i v e r  had d i f f i c u l t y  achieving t h e  t h e o r e t i c a l  maximum 

s u s t a i n e d  speed. 

Clear ly ,  References [ l  and 21 .do no t  c o n s t i t u t e  an exhaust ive l i t e r a -  

t u r e  s ea rch ,  bu t  they  a r e  r e p r e s e n t a t i v e  of t h e  s t a t e  of t h e  a r t  p r i o r  t o  

1965 and t h e  pub l i ca t ion  by t h e  M H O  ( c u r r e n t l y  AASHTO) of "A Pol icy  on 

Geometric Design of Rural Highways" [3 ] .  For example, grap'ns from Huff 

and Scr ivner  [ I ]  a r e  presented on page 197 of t h e  -4ASHO pol icy  [3] .  

Since 1965 ,  numerous organiza t ions  have developed c a l c u l a t i o n  pro- 

cedures  f o r  p r e d i c t i n g  the  acceleration/deceleration performance of t rucks  

on grades. Vehicle ,  t ransmission,  and engine manufacturers have developed 

computer programs f o r  a id ing  customers i n  s e l e c t i n g  v e h i c l e  components 

(engine,  t ransmiss ion ,  r e a r  a x l e s ,  e t c . )  t h a t  w i l l  provide s a t i s f a c t o r y  

s e n T i c e  i n  t h e  opera t ing  environment a n t i c i p a t e d  by the  customer ( f o r  

exazple,  s e e  Beferences [ 4  through 61) .  These computer programs a r e  based 

on the  nechanics (physics)  of veh ic l e  motion. The parzne ters  ussd i n  these  

7rograrns a r s  s e i e c t e d  t o  r ep re sen t  s p e c i f i c  v e h i c l e s ,  :.ie;r COlll?Gz2T.~~, 

t he  grades t h e  veh ic l e s  ope ra t e  on, and the  manner i n  ;.-hich the  d r i v e r  sn i r ' t s  

gears  and c o n t r o l s  t he  t h r o t t l e .  

Although t h e  ind iv idua l  computer programs c u r r e n t l y  used i n  t h e  truck- 

i n g  f i e l d  may d i f f e r  i n  implementation d e t a i l s  and computational a lgor i thms,  

the  b a s i c  phys i ca l  f a c t o r s  included i n  t hese  programs ;re v e l l  descr ibed i n  

an SAE auckendale l e c t u r e  presented by G. Smith [ 7 ] .  Smith s t a t e s  c h a t  



Figure 5. Example of  Truck Speed vs. Distance H i s t o r y  on 
an Upgrade [ 2 ] .  



11 f o r  performance cons ide ra t ions ,  t h e  important fo rces  a c t i n g  on a  v e h i c l e  

a r e  t h e  d r i v i n g  fo rces  from t h e  power p l a n t ,  t i r e  r o l l i n g  and cornering 

f o r c e s ,  aerodynamics, and t h e  weight of t he  veh ic l e  i t s e l f "  ( s ee  Figure 

6 ) .  The curve r e s i s t a n c e  f o r c e ,  F de r iv ing  from t i r e  cornering fo rce ,  c ' 
is ,  obviously,  no t  important f o r  s t r a i g h t - l i n e  motion, but  i t  can be impor- 

t a n t  f o r  slowly moving v e h i c l e s  nego t i a t i ng  curves on an upgrade. (This is  

a f a c t o r  which might be overlooked i n  s e l e c t i n g  s i i e s  fo r  f i e l d  s t u d i e s  o r  

i n  e s t ima t ing  veh ic l e  speeds on winding roads.)  The o the r  fo rces  shown 

i n  F igure  6 ( i . e . ,  Ft,  Fr, Fa, and W s i n  8) a r e  the  b a s i c  f a c t o r s  u t i l i z e d  

i n  computerized models, The r o l l i n g  r e s i s t a n c e  f o r c e ,  F i s  p r imar i ly  r ' 
dependent upon v e r t i c a l  load ,  but a smal l  t e r n  p ropor t iona l  t o  v e l o c i t y  is  

sometimes included.  The aerodynamic drag,  Fa, i s  p ropor t iona l  t o  v e l o c i t y  

squared,  thereby making i t  unimportant a t  low speeds,  but  important a t  

high speed. 

Since 1970 (when [7]  was presented) ,  t h e  increased emphasis on f u e l  

economy has increased  t h e  use  of r a d i a l  t i r e s  and aerodynamic s h i e l d s  

(aero-aids)  on t rucks .  For approximating t h e  in f luence  of r a d i a l  t i r e s ,  

r o l l i n g  r e s i s t a n c e  fo rces  have been reduced t o  approxinately 0 .7  t imes t h e  

r o l l i n g  r e s i s t a n c e  used f o r  b i a s  t i r e s  [ 8 ] ,  Simi l a r ly ,  f o r  approximating 

t h e  in f luence  of aerodynamic s h i e l d s ,  aerodynamic fo rces  have been reduced 

t o  approximately 0 .9  t o  0 . 7  t imes the  aerodynamic drag of a  comparable 

v e h i c l e  without  drag r educ t ion  devices  [ a ] .  i:'ith r e spec t  t o  t hese  "natural"  

sources  of r e t a r d a t i o n ,  a l l  f ou r  p o s s i b l e  comjinat ions ( r a d i a l  o r  non- 

r a d i a l  t i r e s  and wi th  o r  without  aerodynamic improvements) e x i s t  i n  the  

v e h i c l e  f l e e t  and these  d i f f e r e n c e s  have a  noticeable e f f e c t  on performance. 
+ - -  '-..s Seen est imated t5,at without  aero-aids  2nd r a d i a l  t i r e s ,  t he  SUT. o f  

- - a end F i s  ap?roxina ts ly  equiva len t  t o  the  ln f l cence  o f  a  2% grade f o r  a - 
nsavp t ruck  t r a v e l i n g  a t  50 mpn [ 7 , 8 ] .  Xith zero-aids  and r a d i a l  t i r e s ,  

t h i s  n a t u r a l  r e t a r d a t i o n  i s  reduced t o  being approxinately equiva len t  t o  

a 1.2';  grade. 

Sot2 t h a t  the  equat ion f o r  veh ic l e  acce l e r sc l cn  ? resented  i n  Figure 

6 employs an equiva len t  weight f a c t o r ,  W e ,  which inc ludes  the  inf luence  of 

t h e  r o t a t i n s  cozponents. For esanple ,  i f  a  t ractcr-ss : . i t ra i ler  had (1) 18 

1 0 ~ 2 0  t i r e s ,  ( 2 )  an engine /c lu tch  i n e r t i a  of 2 f t - l b - s sc r ,  (3 )  a  t r a n s ~ i s s i o n  

ratio of 1 2 . 5  i n  the  l o v e s t  gear  and 1 . 0  i n  the hlznesr  g e a r ,  and ( I )  a  



(Fr+ Fa+ Fc+ Wstne) 3 
Note: % :r C e  to'& vehicle weight plua the trmr- 

lat?o& of the rotat- ~ M I Q U .  

Figure 6. Vehicle Free-Body Diagram. [ 7 ]  . 



r e a r  a x l e  r a t i o  of 4 ,  then ca l cu la t ions  show t h a t  t he  add i t i ona l  weight 

f a c t o r ,  AW = W - W ,  i s  58,800 l b s  i n  t h e  lowest  gear and 1,800 l b s  i n  t h e  
e 

h ighes t  gear .  For an 80,000-lb v e h i c l e  opera t ing  a t  high speeds ( t h a t  i s ,  

i n  t h e  h ighes t  gear ) ,  t he  i n f luence  of omi t t ing  AW would amount t o  approxi- 

mately a 2 t o  3% e r r o r  i n  acce l e ra t ion  c a p a b i l i t y .  However, a t  very low 

speeds,  even f o r  an  80,000-lb veh ic l e ,  We i s  1.735W, t h a t  i s ,  the  inf luence  

of omi t t ing  AW amounts t o  approximately a 60% over-est imate of the accelera-  

t i o n  of t h e  veh ic l e .  Clear ly ,  t he  importance of the inf luence  of the 

r o t a t i n g  components ranges from minor a t  high speed t o  major a t  crawl 

speeds. 

The primary d i f f e r e n c e  between sus ta ined  speed performance and per for -  

mance during a c c e l e r a t i o n  r e l a t e s  t o  t h e  d i f f e r e n c e  between W e and W. A t  

su s t a ined  speed n e i t h e r  t h e  r o t a t i n g  components nor t h e  v e h i c l e  a r e  

a c c e l e r a t i n g  and t h e  requi red  t h r u s t  f o r c e  balances t h e  drag f o r c e s ,  v i z . :  

Ft 
= Fr + Fa ,+  W s i n  0 + Fc 

When a v e h i c l e  is  lo s ing  speed on an upgrade, t h e  energy s to red  i n  t h e  

r o t a t i n g  components tends  t o  a i d  t h e  engine torque i n  at tempting to  main- 

+.- ,,ic speed. I f  t h e  vehic le  i s  i x r e a s i n g  speed,  p a r t  of  t h e  engine t h r u s t  

i s  requi red  t o  a c c e l e r a t e  t h e  r o t a t i n g  components, thereby reducing the  

fon ia rd  a c c e l e r a t i o n  of t h e  vehic le .  

The in f luence  of e l eva t ion  i s  s i g n i f i c a n t  i n  p red ic t ing  acce l e ra t ion  

performance. Following t h e  development presented i n  [ 7 ] ,  the  corrected 

horsepower, hpc, i s  r e l a t e d  t o  e l e v a t i o n  by the  fol lowing p a i r  of equat ions:  

hpc = CP :?DO 

where CF i s  an e l eva t ion  co r rec t ion  faczor  aad hpo i s  the  

n e t  engine horsepower inc luding  the  in f luence  of t he  power 

requi red  by  acces so r i e s ,  and 



where E' = e l e v a t i o n  ( f t )  above t h e  s t a t e d  e l eva t ion  on 

t h e  given horsepower curve (hpo) 

For example, i f  E '  i s  5,000 f t ,  then  CF = 0.8, t h a t  i s ,  a t  a mi le  above 

s e a  l e v e l  t h e  n e t  horsepower a v a i l a b l e  f o r  genera t ing  t h r u s t ,  Ft ,  i s  

approximately 20% l e s s  than t h a t  s t a t e d  f o r  a s tandard  e l eva t ion  ( t y p i c a l l y  

500 f t  o r  s e a  l e v e l ) .  

( I n c i d e n t a l l y ,  aerodynamic drag a l s o  decreases  with a l t i t u d e  because 

t h e  d e n s i t y  of t h e  a i r  decreases . )  

For a d e t a i l e d  a n a l y s i s  and a l s o  f o r  understanding t h e  performance of 

a p a r t i c u l a r  v e h i c l e ,  t h e  r e l a t i o n s h i p s  between engine power and torque and 

engine speed a r e  requi red .  Engine power inc reases  wi th  engine speed, 

reaches  a maximum nea r  r a t e d  speed,  and f a l l s  o f f  r a p i d l y  above r a t e d  speed 

due t o  governor c o n t r o l  ( s ee  F igure  7 and Reference [9]). Clear ly ,  t h e  

torque  a t  f u l l  t h r o t t l e  v a r i e s  w i th  engine speed i n  a manner t h a t  i s  r e l a t e d  

t o  t h e  manner i n  which power v a r i e s  w i th  engine speed;  f o r  example, compare 

t h e  f u l l  t h r o t t l e  curves shown i n  F igures  7 and 8. I n  t h i s  c a s e ,  t he  

engine torque ve r sus  speed func t ions  a r e  cha rac t e r i zed  by maximum torques  

t h a t  occur  a t  approximately 5 1 7  of t h e  r a t e d  engine speed, even though maxi- 
-. ..,,, - power i s  obta ined  a t  r a t e d  sngine  speed. Typ ica l ly ,  f o r  norza l  l i n e -  

hau l  ope ra t ion  an u p s h i f t  i s  a t tempted when the  engine speed is  g r e a t e r  

than t h e  r a t e d  engine speed [ 9 ] .  Af te r  completing t h e  gear  s h i f t ,  t he  engine 

speed w i l l  be below t h e  r a t e d  speed by an amount t h a t  depends upon (1) t h e  

gear  " s p l i t s  ," i. e. , t he  decreas ing  r a t i o s  between gears  involved,  and ( 2 )  

t h e  amount t he  v e h i c l e  slows down during t h e  s h i f t i n g  per iod .  The t rans-  

n i s s i o n ,  d r i v e  a x l e  r a t i o ,  and t i r e  r ad ius  may be arranged so t h a t  the 

i r i : i a l  engine speed, a t t a i n e d  a f t e r  s h i f t i n g  gea r s ,  i s  approximately equal  
- .  - . - *  
,L ,.,? zasirnurn corque s?eed. Even though :ne engine p m e r  1s i r , ,c la~- ,y 

s s i o w  r a t e d  power when a new gear is  s e l e c t e d ,  t h e  engine torque nay be 

higher  than t h e  torque a t  r a t e d  engine speed, (This phenomenon is  sometimes 

q u a z t i f i e d  by a term c a l l e d  " torque r i s e . " )  

Although t h e  v e h i c l e ' s  t h r u s t  f o r c e  depends upon t h e  combination of 

engine torque ,  gear  reduct ions ,  d r i v e l i n e  l o s s e s  ( c h a s s i s  f r i c t i o n ) ,  and 

; i r e  r a d i u s ,  t he  ma:iimun sus ta ined  c a p a b i l i t y  of :he veh ic l e  i s  l i m i ~ e d  by 



Fig- re 7 .  Power Versus Speed ( r e l a t i v e  fuel i s l ands  w i t ,  l i n e s  of cons tan t  
s p e c i f i c  f u e l  consumption a t  t h e  ind ica ted  r a c i o s  above t h e  
minimum 0 , 2 2 9  ~ g / h p h r )  [ 9 ] .  



Figure 8. Full Throttle and Closed Throttle Engine Torque Curves [ 9 ] .  



t h e  r a t e d  horsepower of t h e  engine. For a  given horsepower l i m i t ,  t h e  

d r i v e  t h r u s t  a t  t h e  wheels w i l l  b e  l a r g e  a t  low v e h i c l e  speeds correspond- 

i n ?  t o  low gears  (h igh  gear  r a t i o s )  and low a t  high v e h i c l e  speeds 

corresponding t o  h igh  gears  (low gear  r a t i o s ) .  

The l e v e l  of d r i v e  t h r u s t ,  F t ,  a c t u a l l y  a v a i l a b l e  a t  t h e  road wheels 

depends upon the  t h r o t t l e  s e t t i n g  and t h e  d r i v e l i n e  l o s s e s .  By modulating 

t h e  t h r o t t l e ,  t he  d r i v e r  can o b t a i n  any engine torque  between the  closed 

and f u l l  t h r o t t l e  c a p a b i l i t y  of t h e  engine ( see  F igure  8 ) .  However, d r i v e r s  

of l a r g e  t r u c k s  u s u a l l y  a c c e l e r a t e  through t h e  gea r s  a t  f u l l  t h r o t t l e  [ 7 ]  

(":hey put t h e  pedal  t o  t h e  metal" so  t o  speak) .  Hence, i t  is  common 

p r a c t i c e  t o  make c a l c u l a t i o n s  a t  f u l l  t h r o t t l e .  The d r i v e l i n e  l o s s e s  can 

be represented  by an e f f i c i e n c y  f a c t o r  and/or a  v i scous  l o s s  f a c t o r .  For 

t y p i c a l  t ransmiss ions  and d r i v e  a x l e s ,  t he  e f f i c i e n c y  i s  n e a r l y  cons tan t  

between f u l l  t h r o t t l e  and approximately 30% t h r o t t l e  [7] .  \%en t h e  e n t i r e  

d r i v e l i n e  i s  considered,  i t s  e f f i c i e n c y  tends t o  be nea r ly  cons tan t  f o r  a l l  

gears  [7 ] .  Current computational procedures employ d r i v e l i n e  e f f i c i e n c i e s  

ranging from 0.94 f o r  highway v e h i c l e s  wi th  automatic  t ransmissions and 

s i a g l e  d r i v e  a x l e s  t o  0.86 f o r  6x4 highway t r a c t o r s  wi th  manual t rans-  

missions [4-71. The d r i v e l i n e  e f f i c i e n c y  r e l a t e s  d i r e c t l y  t o  t h e  d r i v e  

-?-..,.̂A r :a i la5 le  a t  t h e  road wheels and i t  r ep re sen t s  a  s ig r . i f i can t  l o s s  

i n  t he  f o r c e  a v a i l a b l e  a t  t h e  d r i v e  wheels. For example, f o r  a  70,000-lb 

.J .7 , A L l e  4 - t h a t  i s  t r a v e l i n g  a t  37 .5  mph wi th  a  250 hp engine,  a  d r i v e l i n e  

s f f l c i e n c y  of 0.86 r e p r e s e n t s  a  l o s s  of 35 hp which i s  approximately 

equiva len t  t o  a  change i n  grade of 0.5%, t h a t  i s ,  

Ci:?d~ational procedures jased on ~ n ?  -ir.si;a: r a ?  r ' a ~ t c r ,  ~ e 3 ~ r i b i :  '3y 

SrLzh [TI can produce very accu ra t e  r e s u l t s  f o r  well-defined v e h i c l e s  

s t e r a t i n g  on a c c u r a t e l y  descr ibed  highway rou te s  [ 7 , 9 ] .  In order  t o  make 

a c c c r z t e  p r e d i c t i o n s  of f u e l  consumption, r e a l i s t i c  r e p r e s e t t a t i o n s  o f  

d r i v t r  c o n t r o l  7 r a c t i c e s  a r e  needed. This requirement xeans t h a t  manu- 

f e c t u r e r s ,  who a r e  a t tempt ing  t o  a i d  customers i n  s e l e c t i a g  veh ic l e s  t o  

? ~ r  :.-.zss, a r e  faced :,:it5 the  sz:,e d i f f i c u l t y  a s  h ighvz-  e?gLneers, w3.c e r e  



zrying t o  ? r e d i c t  how veh ic l e s  w i l l  b e  dr iven .  S p e c i f i c a l l y ,  both manu- 

f a c t u r e r s  and highway engineers  need t o  know how d r i v e r s  w i l l  opera te  

v e h i c l e s  i n  s e rv i ce .  I n  t h i s  regard ,  r u l e s  f o r  when t o  s h i f t  gears  and 

f o r  zodu la t ing  t h e  t h r o t t l e  a r e  given i n  [ 9 ]  and s h i f t i n g  periods a r e  s a i d  

=o be from 1 t o  2 seconds f o r  v e h i c l e s  wi th  manual t ransmiss ions  [ 7 ] .  

Never the less ,  t h e r e  i s  a  dichotomy between a  manufacturer 's  and a  

iighwap engineer '  s  pe r spec t ive  on p r e d i c t i n g  a c c e l e r a t i o n  performance. The 

a n u f a c t u r e r  combines d e t a i l e d  and s p e c i f i c  information pe r t a in ing  t o  a  

? a r t i c u l a r  v e h i c l e  i n  order  t o  p r e d i c t  a c c e l e r a t i o n  performance (see Figure 

9 ,  f o r  example). I n  t h i s  case ,  t he  c a l c u l a t i o n  procedure conta ins  d e t a i l e d  

informat ion  on the  c h a r a c t e r i s t i c s  of t h e  s p e c i f i e d  engine,  t ransmiss ion ,  

r e a r  a x l e ,  and engine acces so r i e s  l i s t e d  i n  F igure  9.  The v e h i c l e  i s  

s t a r t e d  i n  second gear  because t h e r e  is  enough torque  ava i l ab l e .  I n  t h e  

second gea r ,  as ind ica t ed  i n  F igure  9 ,  i t  appears  t h a t  t h e  a c c e l e r a t i o n  

l e v e l  may be  l i m i t e d  by t i r e / r o a d  f r i c t i o n .  Although the  d e s c r i p t i v e  

f a c t ~ r s  ( p r i n t e d  below t h e ,  graphs i n  F igure  9)  do no t  conta in  d r i v e r  

z h a r a c t e r i s t i c s ,  t he  p l o t t e d  r e s u l t s  i n d i c a t e  t h a t  a  t~lo-second period was 

allowed f o r  s h i f t i n g  and probably t h e  s imulated d r i v e r  s t a r t e d  t o  up-sh i f t  

when t h e  engine speed exceeded r a t e s  speed. Also,  t h e  t h r o t t l e  was n o s t  

l i k e l y  wide open. I t  is  ou r  understanding t h a t  d r i v e r  r ep re sen ta t ion  i s  an 

a r s z  where ~ . a n u f a c t u r i n g  o rgan iza t ions  may f e e l  t h a t  t3ev have an edge over 

:heir competi t ion.  I n  c o n t r a s t  t o  t h e  manufacturer ,  the highway engineer  

nay 2 o t  have d e t a i l e d  information on t h e  v e h i c l e  he wishes t o  analyze.  In 

f a c t ,  the  highway engineer may wish t o  analyze t h e  average o r  t he  15th  

7 e r c e n t i l e  dr iver -vehic le  combination. It appears  t h a t  t h e  highway engineer 

C. . . 
L T . ~  .:lz.h.Way engineer  i s  i n t e r e s t e d  i n  how ve3,iclss 2ormaliy o;erate  

on t3e  road. I n  s e r v i c e ,  t rucks  may no t  be i n  an  o p t i c a l  condi t ion  and 

i r i7 ;e r  s k i l l  r a y  in f luence  a c c e l e r a t i o n  perfornancs.  I2 a c a r e f u l l y  
. - -. . 

: c n t r c l l = t  stud:: i13 3 ,  zucton, wi th  a i d  f r3n the  :;ss:zrn 5rghwa:: I n s : i ~ u t z  

and t h e  Oregon S t a t e  P o l i c e ,  examined t h e  a c c e l e r a t i o n  of heavy t rucks  
-'- = +  -..-- :*.-ere er.za?ed i:: p e r f o n i n g  t h e i r  goods-carrying r r . i ss io~ a s  dr iven  by 

r e g c l a r l y  ass igned  d r i v e r s .  According t o  Hutton, "Dri-:er s k i l l  was 



Figure 9. Computed velocity and distance time histories [ 4 ] .  
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probably one of t he  l a r g e s t  of a l l  t h e  many v a r i a b l e s  t h a t  account f o r  t h e  

wide band of d a t a  s c a t t e r . "  A comprehensive. l i s t  of p o s s i b l e  sources of 

v a r i a t i o n s  is  presented  i n  [ l o ]  ( s e e  Figure 10 ) .  Due t c  t h e  amounts of 

v a r i a t i o n  occurr ing  i n  p r a c t i c e ,  t h e  r e s u l t s  presented i n  [ l o ]  show t h a t  

a 300 l b l h p  v e h i c l e  ope ra t ing  under favorable  condi t ions  can perform a s  we l l  

a s  a 200 l b l h p  v e h i c l e  ope ra t ing  under unfavorable  condi t ions  ( s ee  Figure 

11, f o r  example). The b e s t  of t h e  group of veh ic l e s  c l o s e  t o  300 lb /hp  

( i n  Fig.  11) and the  worst of t h e  group of veh ic l e s  c l o s e  t o  200 lb /hp  

a t t a i n e d  j u s t  over 30 mph i n  1000 f e e t .  Other f i n d i n g s  i n d i c a t e  t h a t ,  when 

pass ing  a v e h i c l e  t r a v e l i n g  a t  20 mph on a l e v e l  roadway, a worst-case 

100 lb /hp  v e h i c l e  would have t h e  same time and d i s t a n c e  performance a s  t h a t  

of a best-case 300 lb /hp  v e h i c l e ,  Although weight-to-horsepower r a t i o  is  

t h e  primary f a c t o r  determining v e h i c l e  performance, t h e  f i n d i n g s  of [ l o ]  

demonstrate t h a t  o t h e r  dr iver -  and vehic le - re la ted  f a c t o r s  do combine t o  

i n f luence  a c c e l e r a t i o n  performance t o  an e x t e n t  equiva len t  t o  a t  l e a s t  

100 lb/hp.  

I n  a n  NCHRP s tudy  [11 ,12] ,  S t .  John and Kobett develop a computational 

method t h a t  (1) i s  based on t h e  phys i ca l  f a c t o r s  discussed by Smith [ 7 ]  

and ( 2 )  i nco rpora t e s  many of t he  i d e a s  used by F i r ey  and Pe terson  [ 2 ]  t o  

produce a ;rocedure and r e s u l c s  t a i l o r e d  t o  the  needs of t h e  highway 

engineer .  I n  [11,12] ,  t h e  au thors  desc r ibe  a c a l c u l a t i o n  procedure t h a t ,  t o  

some e x t e n t ,  i s  designed t o  reduce t h e  burden imposed by having t o  acqui re  

a l a r g e  amount of d e t a i l e d  paramet r ic  d a t a  t o  desc r ibe  a veh ic l e .  Never- 

t h e l e s s ,  they s e e  f i t  t o  inc lude  i n d i v i d u a l  f a c t o r s  f o r  r o l l i n g  r e s i s t a n c e ,  

ae rodynmic  drag,  and d r i v e l i n e  l o s s e s  ( chas s i s  f r i c t i o ? ) .  They provide 

f o r  t h e  ? o s s i b i l i t v  of using n e t  engine horsepower versus  RPY curves ,  n o t  

jus: ne t  engine power a t  r a t e d  speed. The in f luences  o f  e l e v a t i o n  a r e  
- - - ,ai;in ::-.zo a2counL.  hey do noL r equ i r e  d s t a l i e d  :rsnsxLsaion Caca, but 

they do "design" a " typ ica l "  t ransmiss ion  arrangement. The e f f e c t s  of  engine 

i n e r t i a  a r e  included.  The computer program has b u i l t  i n  r u l e s  and parameters 

f o r  s h i f t i n g  gears  and the  time requi red  t o  s h i f t  gea r s .  The r e s u l t s  from 

t h i s  model a r e  shorn t o  produce a c c e l e r a t i o n  values t h a t  compare favorably 

with a c c e l e r a t i o n  c h a r a c t e r i s t i c s  provided by t h e  Western Highway I n s t i t u t e  
-..- [13] c.A; t h e  Rozd ? . ~ ~ ? a r c h  La5ora:ory i c  Ezglcxd [14]. 



Variable Possibly Causing Scatter of Results - 

1. CoaHicient of friction 

2. Vwinions in g r d e  
3. R o a d  rolling r r isunce 

8. Atmorphric nriablos . 

1. Tmpra tu re  
2. Barometric pressure 
3. HumidiN 
4. Aldtude 
5. Wind veloeiry m d  d i r r t i on  

C. Eqinevrirbles 
1. Diffmnce in tune 
2. Difference in ~ s a n o r i e s  
3. Fwt pump and in jmor  settings. 
4. Muimum governed Ip..d 
5. Frul qurl iw 
6. Sate o f  WI 

7. Intmmal friction - 
8. Torque c u m  
9. Air ~n t rke  ra$trlctions (whan was atr cl88nW elemant c h a n ~ d ? )  

10. Exheun r r m i d o ~ .  
1 1. *yc le  vr. 2cycle 
12. Nrcurrlly a r p i r d  vr. turboch8rp.d 

! 

D. Vrhidenrinionr 
1. Transmission 

a. type of shif t  control 
b. number of ~ m ) s  
c. lubricant 

2. Axla ratio, lubricant, friction 
3. Tire sire, typo, pressure and temporatura 
4. Frontal configuration, shape and arm 
5. f r ~ a  of bodies 

a. truck body 
b. s m i  or trailer body 

6. T a r  of cargo 
a. liquid 
b. general commodities 
c. livrnock 

7. Grou vehicle weight 
8. Internal friction of whnl bearings, seals, rtc. 
9. f odficiem of air rrrinance 

10. Number of axirr 
11. l nrnia of rotating components 

E. Driven' skill 

1. Proficiency at mifting, maintaining maximum throttle 
2 .  Camiliarity wirt ~ r h ~ c l a  

Figure 10. Poss ib l e  Sources of Scattes: ;13] 



Tigure 11. Vehicle  Speed Aztained While Acce le ra t ing  f r o c  2 Deac? S t o p  
on a Level  Road Sur face  a t  a Dis tance  o f  1090 Feet  [lo]. 



In  t h e i r  work, S t .  John and Kobett discovered t h a t  t he  coas t ing  

per iod  during s h i f t i n g  had an i n p o r t a n t  i n f luence  t h a t  va r i ed  wi th  the  

l e v e l  of grade involved. Tneg a l s o  found t h ~ t  t h e  c o e f f i c i e n t s  f o r  de t e r -  

mining r o l l i n g  r e s i s t a n c e  and aerodynamic drag ,  a s  given i n  SAE Recoinmended 

P r a c t i c e  5688, were too l a r g e .  For genera l  c a l c u l a t i o n s ,  they recommended 

using t h e i r  procedure which employed s h i f t  de lays  and ad jus ted  coe f f i -  

c i e n t s  f o r  r o l l i n g  r e s i s t a n c e  and ae rodynmic  drag.  

Recent ly,  Abbas and May [ l 5 ]  u t i l i z e d  the  model presented i n  [11 ,12]  

t o  "develop a c c e l e r a t i o n  performance curves f o r  f  ive-axle t rucks  along 

grades of a  g rad ien t  from -7  t o  +7 percent  on s t r a i g h t  s e c t i o n s  of roadway 

under f r e e  flow condit ions."  In  t h i s  case  (Reference [ 1 5 ] ) ,  da t a  from 

v e h i c l e  speed measurements, made by CALTWYS, were used t o  i n f e r  veh ic l e  

c h a r a c t e r i s t i c s  ( s p e c i f i c a l l y ,  weight-to-horsepower r a t i o s ) .  The d a t a  

a v a i l a b l e  f o r  i n f e r r i n g  weight-to-horsepower r a t i o s  cons is ted  of (1) 

a c c e l e r a t i o n  c h a r a c t e r i s t i c s  measured on a  n e a r l y  l e v e l  s e c t i o n  of roadway 

fol lowing a  weigh s t a t i o n  and ( 2 )  su s t a ined  speeds on grades of 1.78, 3, 

4 ,  5 ,  6, and 7 percent .  Using t h e  weight-to-horsepower r a t i o s  determined 

from t h e  a v a i l a b l e  measuremencs, t h e  au thors  were a b l e  to  use t h e  model 

developed i n  [11,12] t o  e s t i m a t e  ( p r e d i c t )  a c c e l e r a t i o n  performance f o r  t h e  

a-.-srage and 12-i /2  p e r c e n t i l e  "-;ehiclest '  or. g r a i e s  fror ,  -7 t o  +7 ?e rcen t .  

Even though t h i s  process  seems somewhat c i r c u l a r ,  i t  does provide a  means 

f o r  e x t r a p o l a t i n g  from aeasured r e s u l t s  to  unxeasured condi t ions  using 

p h y s i c a l l y  j u s t i f i a b l e  r u l e s .  

( I f  deemed necessary ,  d i r e c t  assessments.  of t he  weight-to-horsepower 

r a t i o s  of veh ic l e s  opera t ing  on t h e  grades analyzed cou;d be made t o  v e r i f y  

- - -. + - 2  . r e ~ z r d  :- ?s:'-ztLxg t h e  ::ei;:.r-rc-k-- L - z 7 > : ~ - z r  , - - + 4 -  - =  + ~ 4  - 
- . - L -  . - ,-> 

p a r - i c u i a r  t ruck  popula t ion  [lj:, t he  auzhors obtained the  r e s u l t s  d i s -  

played i n  t he  fol lowing t a b l e .    he r e s u l t s  f o r  upgrades ( 2  t o  7 % )  a r e  

based on 'matcning sus t a ined  s?eed da ta .  Ths r e s u l c s  f o r  grades from +l 

t~ - 7 :  z r e  based on matching th? a c c e l e r s t i o r  perfnm.ance on a nea r ly  l e v e l  

roadway. Reasons f o r  t 3e  d i f f e r e n c e s  be~ween weight/horsepower r a t i o s  on 

1-zrious upgrades and doicmgraces a r e  not -lea:. F sas ib l e  explana t ions  mignt 



Table 1 

E n t r i e s  i n  1 5 / ~ e t  Hp 

1 Grades % 
4 

~ i v e - ~ x l e  Trucks 2 3 4 i j  1 6  1 7  1 , 0 , a n i - l t o - 7  
I I 

! 
Average 230 

i c c l u a e  t h e  p o s s i b i l i t y  t h a t  t h e  magnitude of a  grade in f luences  t h e  popu- 

l a t i o n  of v e h i c l e s  t h a t  ope ra t e  on t h a t  grade. The r e s u l t s  do i n d i c a t e  

I 
12- l /  2 P e r c e n t i l e  320 

t h a t  a 300 lb /hp  v e h i c l e  would be w e l l  below average,  bordering on a  very 

low a c c e l e r a t i o n  c a p a b i l i t y  f o r  t h i s  v e h i c l e  populat ion.  

1 

The approach taken i n  [15]  employs weight-to-horsepower r a t i o s  

de r ived  from observa t ions  of v e h i c l e s  i n  use. However, t h e r e  a r e  o the r  

sou rces  of information on weight t o  horsepower. The Census Bureau, a p a r t  

of t h e  Y .  S.  Department of Commerce, has  been tak ing  economic censuses a t  

L 

f lve-year  i n t e r v a l s .  Tfie l a t e s t  r e s u l t s  of these  censuses inc lude  the 

Truck Inventorv and Use (TIU) survey [I67 f o r  t h e  pear  1977. (A TIC survey 

f z r  t h e  year  1982 w i l l  be  conducted during 1483.)  The TIL? survey provides 

d e t i  cn  t h e  phys i ca l  and ope ra t iona l  c h a r a c t e r i s t i c s  of t h e  n a t i o n a l  t ruck  

p ~ p u i a t i o n .  These d a t a  a r e  based on a  p r o b a b i l i t y  sample of t h e  p r i v a t e  and 

c m z e r c i a l  t rucks  r e g i s t e r e d  i n  each s t a t e  i n  1977. Included i n  t h e  in fo r -  
- - - - - -  ----,-,.-- . . . . 
...-- I- .. -.:,:.;- ;2 La the  TIL' ;Lr-.-i;: a r e  t:-.t -a:::-.;- ; r ~ s c  :.:-c:;nt :Err:-; i n  
- - - _ - - - -  -:.- 12 nonths and the  h c ~ s 2 p o x e r  re:F?.,c of t:?? encins .  I n  eddiz ion ,  

i--- ..i-rrr.azicn on tne  use of r a d i a i  t i r e s ,  drag r educ t ion  d e 7 ~ i c e s ,  and czher 
- - 
I-ie, co3serva t ion  equipment i s  con ta ine l  i n  :he TIU s u r - ~ e y  form ( s e e  Figure 
7 - ;-, Ssc:i.cn C - Phys ica l  C h a r a c t e r i s t i c s ) .  T'ne da t a  deri17ed f r c l  the TIT 

s-r-e:.- ? rovides  much of t he  i n f o r n a t i o z  needed t o  e s t i x a t e  t he  acce lera-  

t l c z  ~ e r f o m a n c e  c a p a b i l i t y  of t h e  t rucks  i n  each s t a t e  o r  i n  t he  e n t i r e  
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The T I C  da t a  have been acquired and s to red  i n  com?uter f i l e s  [ l 7 ] ,  

thereby nahing i t  p r a c t i c a l  t o  examine these  d a t a  f o r  over 96,000 t rucks .  

Exao?le r e s u l t s  f o r  t h e  horsepower-to-weight r a t i o  (hp/-+:t) ac ros s  weight 

c l a s s e s  f o r  a l l  t r ucks  i n d i c a t e  t h a t  heavy t rucks  have ~ u c h  lower hp/wt 

r a t i o s  than smal l  veh ic l e s  ( s ee  Figure 13).* For vehic les  i n  the 60 t o  80 

thousand pound range, t he  average horsepower is  282 wi th  an  estimated 

s tandard dev ia t ion  of 51 hp. Based on these  r e s u l t s ,  the average weight- 

to-horse?over r a t i o  f o r  heavy t rucks  i s  248 lb s /hp  and, f o r  veh ic l e s  t h a t  

a r e  one s tandard  dev ia t ion  l e s s  powerful than  average,  :he wt/hp r a t i o  i s  

303 lb s /hp .  

These r e s u l t s  from t h e  TIU survey compare reasonably we l l  wi th  t h e  

f ind ings  of [15]  ( s ee  Table 1 presented previously)-perticularly the 

r e s u l t s  of [15] t h a t  were obtained from a c c e l e r a t i o n  performance on t h e  l e v e l .  

The e n t r i e s  i n  Table 1 t h a t  were der ived  from sus ta ined  speed information cn 

upgrades of  from 2 t o  7% appear t o  i n d i c a t e  very low l e v e l s  of wt/hp. 

Perhaps,  i t  i s  d i f f i c u l t  t o  determine whether a  veh ic l e  has  reached sus- 

ta ined  speed, o r ,  pos s ib ly ,  t h e r e  happened t o  be a  number of unloaded 

v e h i c l e s  ope ra t ing  on these  grades ,  thereby inf luenc ing  t h e  average r e s u l t s .  

I n  any event ,  both of t hese  da t a  sources  [ l 5  and 161 i n d i c a t e  t h a t  roadway 

i s s i g n s  3aaeC on a  300 lb/hp heavy t ruck  would be consi,-,rative comparec LO 

t h e  performance of an average heavy t ruck.  

. Current ly ,  t he  AASHTO "Blue ~ o o k , "  A Pol icy  on Geometric Desig? of 

Xural Xi@waps, is  being rev ised  and review d r a f t s  of the  new book have 

been assembled ( see  Reference [18])  . With r e spec t  t o  a c c e l e r a t i o n  perf or- 

nance, the work of Hayhoe and Grundmann [19] i s  used i n  [ l a ]  t o  update t he  
, - .. - ..-.-. - -  r . ~ z  f pi $ .------c.v . . . . -  - c L  - [ I ] .  12 [ L Q ]  ~ ~ ~ ~ - . ' , i ; : . : - . - e  - ~ ~ - y - . z s  -...-, f p r  2 r2-y.- 

=e~!:a:F-:5 ?.cavy truzk are developed. These cxrves a r e  5ased on nuneri~al 
- :a ieu-at lc>s f o r  a  200 lb/hp veh ic l e  en t e r ing  va r i3us  12vels  of  ~ r a a e  zt 

j 5  r?h.  T5e c a l c u l a t i o n s  performed i n  [19 j employ r e p r e s e n t a t i v e  parametric 

..- . = 1 ~ 2 2  c2s:riSi3g a t y p i c a l  veh ic l e  t o  compute perforsz:ce curves.  .An 

*Eorsepower-to-weight r a t i o  i s  presented i n  Figure 1 3  because horse- 
?c:;cr i s  a  continuous quan t i t y  but maximum gross  weight (during t h e  l a s t  
1 2  ~ o c t ? . ~ )  i s  recorded i n  c e r t a i n  ranges r a t h l r  tkan  ~ : ~ ~ i n u o u s l : ~  ( s s e  Fig. 
. ?  i ce-  1- - Gross ideight) .  Also, hp/wt i s  o i r e c z l y  t r o p o r t i o n a l  t o  
acce1eri:Lon ?erfornance r a t h e r  than inve r se ly  ?ro?ortl:nal a s  wt/hp i s .  



Figure 13.  Hp/Wt across weight  c l a s s e s  f o r  a l l  t r u c k s -  



i n i t i a l  speed of 55 mph i s  used because cu r r en t  t rucks  t y p i c a l l y  achieve 

t h i s  speed on l e v e l  grades.  The choice of a  300 lb /hp  v e h i c l e  i s  based 

on (1) examining t h e  t rend  of wt/hp e s t i x a t e s  ( s ee  Figure 14) and ( 2 )  

p r i v a t e  comnunications wi th  a n  engine manufacturer and a  l a r g e  t rucking  

o rgan iza t ion .  Given t h a t  t h e  s t a t e  of t he  a r t  i n  p r e d i c t i n g  a c c e l e r a t i o n  

performance has advanced t o  t h e  po in t  where accu ra t e  p r e d i c t i o n s  can be 

r e l i a b l y  nade, t h e  procedures used i n  [ 1 9 ]  shouLd produce s a t i s f a c t o r y  

r e s u l t s ,  i f  s u i t a b l e  and appropr i a t e  parametr ic  va lues  a r e  used i n  the 

c a l c u l a t i o n s .  

The average r e s u l t s  from the  TIU survey [16] have been superimposed 

i n  F igure  14 by t ak ing  t h e  i n v e r s e  of the hp/wt r a t i o  curve presented i n  

F igure  i3 .  C lea r ly ,  a l l  t he  curves presentec  i n  Figure 1 4  ind icace  the  

cont inued t r end  towards lower wt/hp r a t i o s ,  p a r t i c u l a r l y  f o r  heavy 

v e h i c l e s .  

Based on t h i s  review of t he  s t a t e  of the a r t ,  t h e  fol lowing f a c t o r s  

have an important i n f luence  on the  a c c e l e r a t i o n  perfornance of heavy 

t r u c k s  : 

h?/wt , n e t  horsepower-to-weigh: r a t i o  
T -  .., , gross  weight 

we,  equ iva l en t  weight inc luding  r o t a t i n g  components 

h,  e l e v a t i o n  

Fr  r o l l i n g  r e s i s t a n c e  of the  t i r e s  

Fa ' aerod5namic drag 

F ,  grade 

.- d r i v e l i n e  ef  f i ~ i e n c y  ( c5ass i s  f r : c t i cn  f a c t o r )  

&. the  s h i f t i n g  time of t k s  d r i v e r  L s '  

and Crpm, t h e  engine speed change r e s u l t i n 3  f ron  s h i f t i n g  from 
one gear  t o  another  

I n  a d d i t i o n ,  t h e  torque-speed c h a r a c t e r i s t i c  of the engine ( torque  r i s e ) ,  

t he  r a d i u s  of t h e . t i r e s ,  and the  nmber of gears  and t h e i r  r a t i o s  a r e  
- * - 7 . . 2 - 2  :- & - L,,,,UucL  he d e t a i l 4  c z l c u l ? t i ? z s .  .c zzst ~ ' 7 . 2  x s d s  cf the  ?,Lg'nwsy 



engineer ,  t he  above information i s  combined to  produce acce l e ra t ion  versus  

v e l o c i t y  r e l a t i o n s h i p s  f o r  design veh ic l e s  opera t ing  on var ious  magnitudes 

of grade. The a c c e l e r a t i o n  versus  ve loc i ty  information i s  used t o  compute 

(through numerical i n t e g r a t i o n )  speed-distance graphs t h a t  t h e  highway 

engineer  can r e a d i l y  employ i n  developing o r  eva lua t ing  t h e  geometric design 

of c?- and downgrade s e c t i o n s  of roadway. 
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