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By means of a force and momentum balance a method 
was devised for calculating the speed vs distance his
tory of large trucks traversing various types of vert i
cal highway curves at wide-open throttle. The equations 
that resulted were solved with the aid of electronic 
computing machines over the following ranges of values 
of vehicle and highway properties: 

Vehicle wt = 30,000 to 72,000 lb; 
— — = 200 to 400: 

Horsepower ' 
Vehicle speed = 10 to 50 mph; 
Highway grade = -8 to + 8 percent; 
Vertical curve radius = 2,500 to 20,000 ft; and 
Uniform grades. 

The results of the calculations are presented as charts 
relating vehicle speed to distance along the vertical high
way curve. A comparison of calculated and experimental 
values showed satisfactory agreement. Various possible 
methods of utilizing the charts for highway design or ve
hicle selection purposes are discussed. 

• OF ALL VEHICLES operating on our highways the large transport trucks have the 
lowest engine power relative to their weight. Hence these vehicles are generally the 
slowest on upgrades and require the longest distances to accelerate. Realistic design 
of highway grades and acceleration lanes should be based on the performance of these 
particular vehicles inasmuch as all others can perform better. This study was under
taken to develop a means of calculating the speed and acceleration properties of large 
transport trucks on various grades and acceleration lanes. 

NOMENCLATURE 
The following nomenclature is used: 

S = slope of highway, radians; 
G = grade of highway, percent; 
Go = grade at the start of a section of 

highway, percent; 
L = horizontal distance along a highway 

section, f t ; 
r = radius of curvature of a highway in 

a vertical plane, f t ; 
t = time, sec; 
tg = average time required to shift be

tween gears, sec; 
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: gravitational constant, f t per sec 
per sec; 

= net initial force acting on a truck 
at the start of a highway sec
tion, lb; 

= total rolling resistance force of a 
truck, lb (includes both tire 
resistance and air resistance); 

= thrust force on a truck due to engine 
torque, lb; 

= truck speed, f t per sec; 
: truck speed at entry to a section of 

highway, f t per sec; 
: maximum truck speed attainable in 

a particular gear setting as 
limited by maximum useable 
engine rpm, f t per sec; 

: truck speed, mph; per hour; 
= gross vehicle weight, lb; 
•• horsepower delivered by the engine 

to the clutch at wide open throttle 
: engine rpm; 
: engine rpm at which BHFW was 

measured; 
•• main transmission gear ratio 
. Engine RPM . 
Transmission output shaft RPM' 

: auxiliary transmission gear ratio 
Transmission output shaft RPM 

Auxiliary transmission output shaft RPM' 
•• rear axle gear ratio 
Auxiliary transmission oiitput shaft RPM . 

= tire factor* 
Drive wheel RPM 

Drive wheel RPM . 
Truck speed, mph 

and 

FORCE AND MOMENTUM BALANCE 

Figure 1. Force diagram of a vehicle on 
a general section of highway. 

Figure 1 shows a vehicle on a general 
section of highway of slope S and radius 
of vertical curvature r together with the 
several forces acting on the vehicle. In 
general the engine thrust force, F T . wi l l 
not always equal the sum of the rolling 
resistance force, F R , and the vehicle 
weight force, (GVW) sin S, and the ve
hicle wi l l either accelerate if F T exceeds 
this sum or decelerate if F T is less than 
this sum. From Newton's law the accelera
tion may be calculated: 

(GVW)(dv) 
g(dt) (GVW) sin S (1) 

A solution to this equation provides the de
sired relation between truck performance, 
highway geometry, and truck properties. 
»For values of TF for various t i r e sizes, 
see (1). 



The engine thrust force, F-p, must be determined for (a) clutch engaged and engine 
at wide open throttle, and (b) clutch disengaged while shifting gears. Engine operation 
at part throttle is not considered here because this means that driver choice, rather 
than highway geometry, is determining the vehicle performance which is thus inde
terminate. Hence the results presented herein are the maximum attainable speed 
characteristics of a vehicle. A skillful driver wi l l generally achieve these maximum 
attainable speeds except as limited by traffic congestion, legal speed restrictions, or 
safe-operating speed limitations. 

With the clutch disengaged; F x is clearly zero. At wide open throttle, F f may be 
calculated when the following are known: 

1. The horsepower delivered by the engine to the clutch at wide open throttle, BHPW, 
and the engine RPM at this power output, NEW. 

2. The operating gear ratios of the main transmission, Ri, the auxiliary trans
mission, Ra, and the rear axle, R3. 

3. The drive wheel tire size and tire factor, TF. 
Road test methods for measuring the BHPW and NEW of a vehicle are described by 

Sawhill and Firey (2). The gear ratios and tire size are known for a vehicle or can 
usually be obtained from the manufacturer. 

The value of F^ can then be calculated from the following equation: 

-̂̂11̂  (Ri)(Ra)(R9)(TF)(375) (2a) 

Implicit in the use of this equation to calculate F j is the assumption that engine 
torque at wide-open throttle is constant over the operating speed range of the engine. 
Though not strictly correct, this assumption is a reasonable approximation for most 
unsupercharged commercial truck engines. 

The vehicle rolling resistance force, Fj^, may be calculated by means of the f o l 
lowing equation from (2): 

^R = n o ^ ( 2 b ) 
This total rolling resistance force equation was based on coasting tests of several 

large transport trucks and, as discussed in (2), is subject to the limitations of these 
e]Q>erimental data. For significant upgrades generally the precision of Eq. 2 for Fn 
is not too important because the major 
resistance to vehicle motion is then the 
vehicle weight force, (GVW) sin S. 

On the general section of highway 
shown in Figure 1 the slope, S, of the 
highway may vary with the distance, L, 
along the grade; and thus, S may be a 
function of time, t . For circular vert i
cal highway curves the simple approxi
mate relation, shown on Figure 2, exists 
between curve radius, r , distance, L, 
and slope, S. 

S =S_ sin S (3) 

The approximation that sin S equals S is 
accurate to within 0.2 percent for high
way grades of 10 percent or less. The 
sign convention for Eq. 3 is as follows: 

1. Distance, L, is positive in the 
direction of vehicle motion. 

2. For concave upward curves ( i .e . , 
sag curves), r is positive and S increases 
with L . 

Approximately 
Sin X » X » -=-

Figure 2. Relation between slope and dis
tance for circular v e r t i c a l highway curves. 



3. For convex upward curves ( i .e . , summit curves), r is negative and S decreases 
with L . 

4. Slope, S, is positive for upgrades and negative for downgrades. 
Real vertical highway curves are not simple circles but can be adequately approxi

mated as such without introducing appreciable error for highways of less than about 10 
percent maximum grade. To determine the equivalent radius of a real vertical curve 
only the entering and leaving slopes and the horizontal distance between them need be 
known, as shown in Figure 2. The following equations are approximately correct for 
small angles. 

In highway design, slope is most commonly expressed as percent grade, G, rather 
than in radians. The following equations are expressed in terms of G: 

G = lOOS (5a) 
G = G , . l ^ (5b) 

lOOL 
_ _ o Gi - Ga (5c) 

(GVW)G^ / p ^ v -
(GVW) sin S = (GVW) S = —joo"^ + ^ (5d) 

Distance, L, along the highway is related to vehicle velocity, v, and time, t, as 
follows: 

dL dv d ^ 
dt dt = (6) 

The force and momentum balance equation for a vehicle operating on a general sec
tion of highway with the clutch engaged and the throttle wide open now becomes: 

™ ; ^ = ^ S ( H . ( R . ) ( R 3 ) ( T F ) ( 3 7 5 ) . g | ^ -

100 r 
With the clutch disengaged during gear shifting the equation becomes 

GVW(d'L) _ GVW (GVW)G^ (GVW)L 
— ( i 3 j - -148:5 - ^ 0 0 — 

These differential equations provide a mathematical relation between distance and time 
inasmuch as all other factors are constant for a particular vehicle in a particular gear 
and on a particular vertical curve. The vehicle may be presumed to enter the section 
of highway at initial velocity VQ when L = O and t = 0. Under these conditions the solu
tion of Eq. 5, 6, 7, and 8 takes the forms of 

^ =(GVW) - i G V W r V F * V ? * 

v = v^Cos . y T t ^ l ^ / T s i n y T t (10) 

The net initial force, FQ, acting on the vehicle at the start of the highway section is 
defined by the following relations. At wide open throttle: 



With the clutch disengaged: 
_ _ G V W ( G V W ) G D 

M E T H O D OF CALCULATION 
The preceding vehicle motion relations are not handy to use for highway design in 

asmuch as many different motion equations apply even to a single section of highway. 
These many equations result from the wide variation in truck design and operation. To 
put the force and momentum balance equations into a potentially useful form, certain 
assumptions were found necessary; 

On many vertical highway curves, the driver of a large transport truck wil l change 
gears several times. \ ^ th each gear change the value of FQ at wide-open throttle 
changes and the equation of vehicle motion is altered. On a general section of highway 
the value of GQ may also change for each gear setting. Thus, on a vertical curve re
quiring five gear changes, ten different vehicle motion equations may apply to a par
ticular vehicle. 

Available to the purchaser of a large transport truck are a wide selection of main 
transmissions, auxiliary transmissions, and rear axles, and an even wider selection of 
gear ratios and number of gear settings. The result has been that there is no such thing 
as "typical" or "standard" gearing in these trucks, each being geared for the needs of 
the purchaser at the time of ordering. Hence for a selected vertical highway curve, 
each truck wil l have its own set of vehicle motion equations. 

The weight of a particular truck may vary between the empty weight and the maxi
mum legal weight depending on the type of cargo being carried and the availability of 
cargo for particular sections of highway. 

The total number of equations to be considered by the highway designer has a mini
mum value equal to the sum, for all vertical curves on the highway, of the product of 
the number of large transport trucks using the highway and about twice the number of 
gear changes required. With so many equations, useful calculations become tedious. 

To reduce the complexity introduced by these variations the following assumptions 
were made: 

1. Only those trucks were considered whose properties lay within the following 
ranges: 

GVW =200 to 400; 
BHPW 
GVW = 30,000 to 70,000 lb; and 
mph = 10 to 50. 

2. The ratio of minimum to maximum useable engine rpm was assumed to be 0.80. 
3. Only those sections of highway were considered whose geometry lay within the 

following ranges: 
G = -8 to +6 percent; and 
r = 2, 500 to 20,000 f t or r = infinity. 

The vehicle properties limitations do not appear serious because the majority of 
large transport trucks are included except when empty or very Ughtly loaded. In this 
latter condition these trucks are not usually a highway design limitation. Although it 
would be desirable to include speeds up to 60 or 70 mph, the rolling resistance data 
available did not extend beyond 50 mph. In general, large transport trucks reach speeds 
in excess of 50 mph only on nearly level or downhill sections of highway where the prin
cipal force opposing vehicle motion is the rolling resistance force, F R . Hence, to 
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obtain useful results in this higher speed range, reliable data on F R above 50 mph 
are required. 

The useable engine speed ratio of 0 . 8 0 was selected as the average value for the 
several vehicles described in ( 1 ) for which this ratio varied from 0 .67 to 0 .86 . 

The highway geometry limitations do not appear serious because modern highways 
generally lie well within the indicated ranges. 

The equation for the engine thrust force. F T , was modified to eliminate the specific 
vehicle gear ratios and tire factor: 

v ^ „ ^ = p^^p^p(^S^\^ = maximum vehicle speed attainable max Rx Ra (TF) ^ ^ ^ ^ ^ ^^^^^^^ ^ ^ ^^^^^ 

^T =!P̂  550 (13c) 
^ max' 

The detailed steps to calculate the velocity vs distance history of a selected vehicle 
on a selected vertical curve were as follows: 

GVW 
1. Specific values of the following were assumed; GVW, , initial G^, initial 

^o' ^• 
2. On vertical curves causing the vehicle to slow down (deceleration curves) Vpjax 

equals V Q . On vertical curves causing the vehicle to speed up (acceleration curves) 
^max assumed equal to (vg/O.S). 

3. The vehicle motion equations for wide-open throttle were solved for values of 
distance, L, and velocity, v, as a function of time, t, from which v could be deter
mined as a function of L. 

4. On deceleration curves the f i rs t gear shift was assumed to occur when v reached 
the value 0 .8 v©. On acceleration curves the f i rs t gear shift was assumed to occur 
when v reached the value V Q / O . S . 

5. The truck was assumed to follow the vehicle motion equations for clutch dis
engaged during the gear shift time interval, tg. An average measured value for ts 
of 2 sec was obtained from (1 ) . The values of VQ and Go for the gear shift interval 
were the terminal values for the preceding wide-open throttle period (step 4). 

6. Steps 2 and 3 were repeated using the vehicle motion equations for clutch dis
engaged for the time Interval tg. 

7. For the second wide-open throttle period steps 2, 3, and 4 were repeated with 
values of VQ and Go obtained from the terminal condition of the preceding clutch dis
engaged period (step 6 ) . 

8. The foregoing calculations were repeated through each gear until v reached the 
value of 1 0 mph on deceleration curves or the value of 50 mph on acceleration curves, 
or the end of the curve (G = ± 8 percent) was reached. 

9. For the special case of uniform grades (r = infinity) the vehicle motion equa
tions become 

F-g t" 

v . ^ ^ t (14b) 

10. For uniform grades steps 1 throu^^ 8 were carried out with the additional limit 
of reaching maximum sustained speed, vmax- Maximum sustained speeds occur only 
on upgrades when the net initial force acting on the vehicle, Fo becomes zero. There
after the vehicle velocity cannot change on a uniform grade. 

As the calculations progressed it was found possible to make a further simplifica
tion by using only an average value of vehicle weight, GVW = 50,000 lb. For a particular 



GVW ^o 
value of vehicle weight to horsepower ratio, ^ ^ p ^ , the value of was found to 
vary only sUghtly with GVW within the range of GVW of 30,000 to 70,000 lb. As an In
dication of the magnitude of error introduced by this assumption maximum sustained 
speeds on grades in excess of 2 percent were within less than 6 percent of the approxi
mate value within the preceding vehicle weight range. 

An actual graph of vehicle velocity vs distance along an upgrade wi l l have steps due 
to the shifting of gears, as shown in Figure 3. In these calculations the assumed us
able engine speed ratio of 0.80 determined the locations of the shift points which may 
not correspond to any real vehicle. Accordingly only the smoothed curves, rather than 
the stepped curves, were used. 

The detailed calculations were carried 
out with the aid of an IBM 610 computing 
machine which greatly reduced the tedium 
of the work. 

.Actual 

Smoothed 
Curve 

Curve 

Geor Shift 
Period 

Period 

1000 2000 3000 
Distance. L (1000 Ft) 

4000 

Figure 3. Example of truck speed vs di s 
tance history on an ypgrade. 

RESULTS AND COMPARISON 
WITH EXPERIMENT 

The results of the foregoing calcula
tions are shown in chart form In Figures 
4 through 28 as follows: 

1. Figures 4 through 6 Inclusive show 
vehicle velocity vs distance on uniform 

GVW 
ui^rades for values of £^p^ of 400, 300, 
and 200 for an entering velocity of 50 mph. 

2. Figures 7 through 9 inclusive show 
vehicle velocity vs distance on uniform 

GVW 
downgrades for values of g ^ p ^ of 400, 
300, and 200 for an entering velocity of 
10 mph. 

For luilform grades when the entering 
velocity is other than 10 or 50 mph, the 
curves of items 1 or 2 are used by shift
ing the zero distance point to the actual 
entering velocity. 

3. Figures 10 through 12 inclusive show vehicle velocity vs distance on circular 
GVW 

vertical sag curves for values of ^ g p ^ of 400, 300, and 200 for entering velocities 
of 30, 40, and 50 mph, and for curve radii of 2,500, 5,000, 10,000, 15,000, and 
20,000 f t . 

4. Figures 13 through 15 inclusive show vehicle velocity vs distance on circular 
vertical summit curves of radii, 2,500, 5,000, 10,000, 15,000 and 20,000 f t for a 

GVW 
value of ^ j p ^ of 400, and for entering velociUes of 10, 20, 30, 40, and 50 mph. 

5. Figures 16 through 18 inclusive are identical to item 4 except the value of 

6. Figures 19 tlirough 21 inclusive are identical to item 4 except the value of 

5 200. 
7. Figures 22 through 24 inclusive show vehicle travel time vs distance on uniform 

GVW 
upgrades for values of ^ ^ p ^ of 400, 300, and 200 for an entering velocity of 50 mph. 
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4.5 

Figure h. Velocity vs distance chart on uniform upgrades for trucks with GVW/BHPW = UOO 
and an entering speed of $0 mph. 

.5 2:0 2:5 3:0 
Distance, L (1000 Ft) 

Go 2 

4.0 4.5 

Figure Velocity vs distance chart on uniform upgrades for trucks with GVW/BHPW = 3 0 0 
and an entering speed of $ 0 mph. 



0.5 1.5 2.0 2.5 3.0 3.5 

Distance, L (1000 Ft) 

4.0 45 

Figure 6. Velocity vs distance chart on uniform upgrades for trucks with GVW/BHPW = 200 
and an entering speed of 50 mph. 

G = -2 
G=-l 

Distance, L (1000 Ft) 

Figure 7 . Velocity vs distance chart on unlfom downgrades for trucks with GVW/BHPW 

1(00 and an entering speed of 10 mph. 
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1.5 2.0 2.5 3.0 
Distance. L (1000 Ft) 

Figure 8. Velocity vs distance chart on uniform downgrades for trucks with GVW/BHPW = 
300 and an entering speed of 10 mph. 

SO 
.6 '>-7/6.-4^G.-
/0?-€ 

1.5 2.0 2.5 3.0 
Distance. L (1000 Ft) 

4.0 4.5 

Figure 9. Velocity vs distance chart on uniform downgrades for trucks with QVW/BHPtf 
200 and an entering speed of 10 mph. 
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(1) r = 2,500 
(2) r= 5,000 
13) r= 10,000 
(4) r= 15,000 
(5) re 20 ,000 

Curve 

200 400 600 800 1000 1200 1400 1600 

Distance. L (Ft) 

Figure 10. Velocity vs distance chart on v e r t i c a l sag curves for trucks with GVW/BHPW = 
1*00. 
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Curve (1) r = 2 ,500 
(2) r!= 5,000 
(3) r» 10,000 
(4) r = 15,000 
(5) r = 20,000 

200 400 600 800 1000 1200 1400 1600 
Distance, L (F t ) 

Figure 11. Velocity vs distance chart on v e r t i c a l sag curves for trucks with OVW/BHPW = 
300. 
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(1) r '2 ,500 
(2) r • 5,000 
(3) r . 10.000 
(4) r . 15,000 
15) r . 20.000 

Curve 

200 400 600 800 1000 1200 1400 1600 
DIstonce, L (Ft) 

Figure 12. Velocity vs d i s taDce chart on v e r t i c a l sag cxtrvea for truclcs with GVW/BHPVf 
200. 

r =-15,000 

400 800 1200 1600 
Distonce. L . (Ft) 

2 0 - 2 
6 (% Grade) 

r =-2,500 

2000 2400 100 200 300 400 
Distonce^ L (Ft) 

-6 -8 8 4 0 -4 -8 
G (% Grade) 

Figure 13. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
O V W / B H P W = U O O and curve r a d i i of 2,500 and 15,000 f t . 



r-5,000 
r—10.000 

400 800 1200 1600 
Distonce. L (Ft) 

200 400 600 
Distance, L (Ft) 

800 

0 -4 
G (% Grade) 

-8 8 4 0 
G C% Grade) 

13 

Figure l it . Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H P W = 1(00 and curve r a d i i of 5,000 and 10,000 f t . 

r=-20,000 

400 800 1200 1600 
Distance. L (Ft) 

2000 2400 2800 3200 

2 0 - 2 
6 ( % Grade) 

-6 

Figure 1$. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H F W = liOO and curve radius of 20,000 f t . 
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r = - l5 ,000 

400 800 1200 1600 
Distance, L (Ft) 

2000 2400 

r°y2,5(0 

2 0 - 2 
G (% Grade) 

-4 -6 -8 8 

100 200 300 400 
Distance, L (Ft) 

~4 6 ^ ^ 
G (% Grade) 

Figure 16. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
O T W / B H P W = 300 and curve r a d i i of 2,500 and 15,000 f t . 
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=-5,000 
r =-10,000 

400 800 1200 
Distance, L( Ft) 

1600 200 400 600 
Distance. L (Ft) 

800 

4 0 - 4 
G ("/• Grade) 

-8 8 0 -4 -8 
G (% Grade) 

Figure 17. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H P W = 300 and curve r a d i i of 5,000 and 10,000 f t . 
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r=-20,000 

400 800 1200 1600 2000 2400 2800 3200 
Distonce, L (Ft) 

2 0 - 2 
G (% Grade) 

Figure l8 . Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H P W = 300 and a curve radius of 20,000 f t . 

r =-15,000 r =-2,500 

400 800 1200 1600 
Distance. L ( F t ) , 

2000 2400 100 200 300 400 
Di8t,ancej L(F t ) 

2 0 - 2 
G (% Grade) 

-6 -8 8 4 0 -4 
G (%Grade) 

-8 

Figure 19. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
GVW/BHPW = 200 and curve r a d i i of 2,500 and 15,000 f t . 
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"4O0 B55 1200" 
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1600 
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r = - 5 , 0 0 0 

8 4 0 -4 
G (% Grade) 

Distance^ L (Ft) ^ 
-8 8 4 0 -4 
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Figure 20. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H P W •= 200 and curve r a d i i of 5,000 and 10,000 f t . 

r »-20,000 

400 800 1200 1600 2000 
Distonce. L;|Ft) 

2400 2800 

2 0 
G (% Grade) 

-2 

Figure 21. Velocity vs distance chart on v e r t i c a l summit curves for trucks with 
G V W / B H H W = 200 and a c\irve radius of 20,000 f t . 
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E 40 

v . -50 Mph 

05 10 1.5 2 0 2 5 

Distonce, L (1000 Ft) 

3.0 3.5 40 45 

Figure 22. Travel time vs distance chart on uniform upgrades for trucks with GfVW/BHPW 
hoo. 

V.°50Mph 

Distance, L (1000 Ft) 

Figure 23. Travel time vs distance chart on uniform upgrades for trucks with G V W / B H P W 
300. 
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V.= 50Mp \ ^ G 

6=4 6=3 

6 = 8 
6=7 

6=6 6 = 5 

W 
0.5 10 1.5 2.0 25 3.0 3 5 4 0 4.5 
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Figure 2lj. Travel time vs distance chart on uniform upgrades for trucks with G V W / B H F W = 
200. 

V.= lOMph 

Distance, L (1000 Ft) 

Figure 25. Travel time vs distance chart on uniform downgrades for trucks with 
GVW/BHPW = ItOO. 



19 

100 

u o 
V) 

^ 40 

V. = 10 Mph 

0.5 10 15 2.0 2 5 30 
Distance, L (1000 Ft) 

3 5 40 4 5 

Figure 26. Travel time vs distance chart on uniform downgrades for trucks with 
GVW/BHFW = 300. 

V.'-IOMph 

Distance, L (1000 Ft) 

Figure 2?. Travel time vs distance chart on uniform downgrades for trucks with 
GVW/BHPW = 200. 
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8. Figures 25 through 27 inclusive show veliicle travel time vs distance on uniform 
GVW 

downgrades for values of g g p ^ of 400, 300, and 200 for an entering velocity of 10 
mph. 

For uniform grades when the entering velocity is other than 10 or 50 mph the curves 
of items 7 and 8 are used by shifting the zero distance and time point to the distance 
for the actual entering velocity as obtained from the curves of items 1 or 2. 

9. Figure 28 shows theoretical maximum sustained speed of a vehicle vs highway 
GVW 

grade for values of ggpY^ or 400, 300, and 200. 

^ • 2 0 0 

BHPW 

1 ' 400 

2 3 4 5 6 7 8 
G (% Grade) 

Figure 28. E f f e c t of unifom grade on theoretical maximum sustained speeds of trucks. 

To investigate whether the preceding calculated results bear any relation to the actual 
behavior of real trucks on real highways, several trucks were run over vertical highway 
curves and the speed vs time and distance history recorded. The properties of the truck 
were measured by the methods described in (1). The geometry of the vertical highway 
curve was obtained from surveys of the Washington State Highway Department. A com
parison was then made between these measured results and the corresponding calcu
lated results. An example of such a comparison is shown in Figure 29 for a sag curve 
and in Figure 30 for a summit curve. Comparisons of this type were carried out within 
the following ranges of values of vehicle and highway properties: 

GVW 
BHPW 
GVW 
mph 
G 
r 
r 

200 to 400; 

= 27,000 to 66,000 lb; 
= 10 to 50; 
= + 6 to -6 percent; 
= 15,000 to 18,333 f t ; and 
= Infinity. 
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0.5 10 15 2.0 2.5 3.0 
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35 4.0 45 

Figure 2?. Comparison of calculated and measured truck velocity prof i l e s on a sag curve. 

The details of these experiments are 
given by Sawhill and Firey (3). 

The results of these comparisons are 
summarized in Figure 31 showing the re
lation between calculated vehicle velocity 
and measured vehicle velocity. The cal
culated values are seen to agree satis
factorily with the measured values. In 
every case where the calculated and 
measured values disagreed by more than 
2 mph the cause was traced to one of 
the following circumstances: 

1 . In some of the sag curve experi
ments, the driver did not open the tJirottle 
wide until discernible deceleration occur
red. The calculations necessarily as
sumed wide-open throttle to exist at the 
start of the curve, and in many cases the 
vehicle would then accelerate briefly un
t i l an appreciable grade exists. 

2 . In the experiments on uniform up
grades the theoretical maximum sustamed 
speed I S rarely achieved because the 
driver has available only a finite number 
of gear settings. As the maximum sus
tained speed is approached the driver MriU find himself either in too low a gear with FQ 
slightly positive and the vehicle capable of being accelerated or in too high a gear with 
FQ slightly negative and the vehicle slowing down. Most commonly the driver selects 
the next lower gear and operates the vehicle at maximum usable engine rpm, with 
slightly less than wide open throttle and at slightly less than theoretical maximum sus
tained speed. 

BHPW 
G . » 6 % 

6. » 0 

r » 16,670 Ft 

200 400 600 
Distance, L (Ft) 

800 1000 

Figure 30. Comparison of calculated and 
measured tmck velocity prof i les on a sum

mit curve. 
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Figure 31. 'Comparison of calculated and measured truck speeds on various v e r t i c a l curves. 

LIMITATIONS 
The truck performance charts presented herein are not only limited to the ranges 

of truck and highway properties described previously but also subject to the following 
additional limitations: 

1. Engine torque must be reasonably constant over the useable range of engine rpm 
at wide-open throttle. 

2. The transmission characteristics must be such that the ratio of engine speed to 
vehicle speed is nearly constant in any one setting. 

3. The highway surface must be of concrete or asphalt. 
4. The rolling resistance characteristics of the truck must be reasonably close to 

the assumed relation for Fr. 
Most naturally, aspirated truck engines and some supercharged engines produce 

nearly constant torque at wide-open throttle over the useable range of engine rpm. On 
supercharged engines, however, it is possible to achieve anything from a rising torque 
with increasing engine speed to a rising torque with decreasing engine speed. The 
charts presented herein do not apply to truck engines with these characteristics. The 
calculation method used can be applied to trucks equipped with such engines provided 
that wide-open throttle torque can be e:q>ressed as a function of engine rpm. 

The usual geared transmission with friction clutch satisfies limitation 2 because 
engine speed and vehicle speed are directly related in any one gear setting. It is the 
hydraulic coupling and/or hydraulic torque converter transmission to which these 
charts are inapplicable. 
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Gravel or dirt surfaced roads greatly increase truck rolling resistance compared 
to asphalt or concrete surfaced roads which appear to be nearly equal in this respect. 
Hence the charts are not applicable to gravel or dirt surfaced roads. 

The assumed relation for the rolling resistance force indicates the vehicle weight 
to be the only variable that suggests that tire hysteresis is a principal source of rolling 
resistance. As shown in (4), tire hysteresis losses vary markedly with tire construc
tion and tire temperature as well as with tire loading. Hence, the assumed relation 
in cannot be completely general. The extent to which the charts become inappli
cable on this account is difficult to assess because quantitative data on the various factors 
influencing rolling resistance are not at present available. For this reason the charts 
should be used with reservations on level or nearly level roads where the rolling re
sistance force significantly affects truck performance. 

APPLICATIONS 
The charts of truck performance on highways may prove useful to highway designers 

and truck operators. A few examples of the use of the charts are presented here to 
illustrate possible applications. 

Freeway Approach Ramp Example. — A large truck approaches the ramp shown in 
Figure 32 at an initial speed of 30 mph from an industrial area. This truck is eventually 
to merge with freeway traffic moving at 40 mph. It is desired to know how long an ac
celeration lane should be provided alongside the freeway so that the truck can reach a 
speed of 40 mph before merging into the freeway traffic. The design limiting truck is 
heavily loaded, therefore, a value of 400 for the ratio G V W / B H P W is used. Minimum 
vertical curve length to transition from the level industrial street to the 8 percent up-
ramp to the freeway is 200 f t for a speed limit of 30 mph. 

Reference to the scale at the bottom of Figures 13 and 14 show that to change from 
G = 0 to G = 6 percent the following are required: 

r 
XSOO - 1 5 ^ 

5,000 300 
10,000 600 

For this example the radius of a vertical curve of 5,000 f t and length of 300 f t is 
used so that the design minimum of 200 is exceeded. 

The length of constant 6 percent grade is 400 f t but the length of transition to the 
level freeway grade is 300 f t of 5,000-ft vertical curve radius to meet design standards. 
Curve 2 of Figure 10 shows truck speed to be 31 mphat point 2. Curve G = 6 of Figure 
4 shows truck speed to be 20 mph at point 3. Figure 14 shows truck speed to be 15 
mph at point 4. Figure 7 shows that the truck can reach a speed of 40 mph on the level 
freeway within a distance of 2,550 f t . This is the desired length of acceleration lane 
to be provided beyond point 4. 

Truck Travel Time Example. — A truck operator wishes to ascertain the effect of 
engine power on truck travel time between points 1 and 9 on the 4-mi section of highway 
shown in Figure 33. The legal speed limit is 50 mph. 

Figures 14 and 13 are used to determine the hi^way distances, which are found to 
be 

1 to 2 = 300 f t 
2 to 4 = 9,560 f t 
4 to 5 = 900 f t 
5 to 6 = 500 f t 
6 to 8 = 9,760 f t 
8 to 9 = 200 f t 

GVW 
The f irs t analysis wi l l assume an engine of low power and assume g g p ^ to be 400. 

Figure 10 shows truck speed to be 50 mph at point 2. Hence the travel time from 
point 1 to 2 becomes 
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Figure 32. Highway prof i le for freeway approach ramp example. 
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Figure 33. Highway prof i l e for truck trave l time and highway cut examples. 



25 

, _ 300(3.600) 
(50)(5,280) 

Figure 4 shows that the truck wil l reach a maximum sustained speed of 13 mph at 
point 3 in a distance of 1,600 f t beyond point 2. Figure 22 shows that 32 sec wil l elapse 
between points 2 and 3. 

The truck wil l continue at 13 mph up the uniform 6 percent grade from point 3 to 4 
and the elapsed time becomes 

. (9.560 - 1.600)(3,600) „^ ' (mGm =418 sec 

Figure 13 shows that truck speed wi l l be 21 mph at point 5 and 34 mph at point 6. 
The elapsed time may be adequately approximated by assuming a linear variation of 
velocity between points 4 and 5 and between points 5 and 6: 

, _ (900)(3.600)(2) ^ (500)(3,600)(2) 
- (13+21)(5,280) + (21-f34)(5,280) = 

Figure 7 shows that the truck wil l reach a speed of 50 mph at point 7 after traveling 
a distance of 1,000 f t for an elapsed time calculated as 

, _ (1.000)(2)(3.600) _ - J. „ 
(34450)(5,280) "16.3 sec 

Presumably the truck wil l travel from point 7 to 9 at the legal speed limit of 50 mph 
and the elapsed time becomes 

. _(9.760-1.000->a00)(3.600) _ 103 aer 
(50) (5,280) ^ '̂̂  

The total elapsed time between points 1 and 9 is the sum of the elapsed times over 
the individual sections. 

t i . 9 = 658 sec for = 400 
GVW 

Repeating the preceding steps for an engine of high power with g g p ^ equal to 200, 

ti.e = 399 sec for = 200 

By comparing the cost of higher engine power with the value of shorter travel time a 
truck operator can select the most economic engine for trucks running over the hypo
thetical highway section of Figure 33. 

Highway Cut Example. — The preceding truck travel time example can be extended 
to illustrate the use of the charts to estimate vehicle travel time savings resulting from 
highway cuts. What would the travel time be if the hi l l in Figure 33 were replaced with 
a cut of uniform grade? 

The grade between points 1 and 9 turns out^to be 1 percent on which trucks with 
GVW/BHPW equal to 200 can maintain the legal speed limit as shown in Figure 28, and 
the elapsed time becomes 

t i . 9 = ^ X 3.600 = 288 sec for = 200 
GVW 

For a value of ^ ^ p ^ of 400. Figure 28 shows a maximum sustained speed of 45 
mph on a 1 percent grade. The elapsed time then becomes approximately 

ti.e = ^ X 3.600 = 320 sec for = 400 

The travel times for various smaller cuts can be calculated as in the preceding 
example and a comparison then made between the value of reduced vehicle travel time 
and the cost of highway cuts to determine the most economic depth of cut. 
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These examples represent rather simple highway sections for purposes of illustra
tion only. The charts may also be used for several other types of calculation. 
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