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A simplified model that calculates travel time delay caused by 
trucks ascending grades on two-lane highways is presented. 
The model simulates various headway distributions and traffic 
compositions. A sample calculation of travel time delays in
curred by passenger cars and small trucks resulting from slow
moving, heavy-laden trucks on long steep grades is included. 
Curves illustrating travel time delays on grades for different 
given traffic characteristics and highway geometrics were de
rived from the delay model. 

•APPROXIMATELY 90 percent of Pennsylvania's highways are two-lane and carry rel
atively low traffic volumes. These highways may have adequate future traffic capacity 
for years if truck climbing lanes would be added on the more critical grades in hilly and 
mountainous terrain where truck volumes are high and resulting delays are excessive. 

Because the highway construction backlog and current highway needs far exceed the 
operating capital available for highway improvements, it is imperative that highway ap-

e ,ropriations be allocated so as to yield the greatest possible return to the motoring pub
~ic. Such a savings to the highway user may be in the form of reduced operating costs, 
lower travel time losses, reduced accident costs, etc. 

E. H. Gardner and J. B. Chiles of the Pennsylvania Department of Highways have 
developed a "sufficiency rating by investment opportunity" technique for determining the 
optimum improvement for all sections of highway within the state system (4, 5). The 
program presently considers generalized improvements such as widening, -resurfacing, 
reconstruction, and route relocation. The program does not, however, include subpro
grams that would permit the justification by economic analyses of such geometric ele
ments as truck climbing lanes, highway interchanges, and auxiliary lanes. 

In conjunction with the sufficiency rating by investment opportunity program, the 
model contained herein has been developed to compute travel time delay caused by heavy
laden trucks on grades. The rate-of-return analysis was used to evaluate the economic 
feasibility of adding a truck climbing lane on a given grade. Variables included in the 
traffic simulation and delay model are as follows: 

1. Hourly directional traffic volumes, 
2. Percent of trucks in the traffic stream, 
3. Average composition of trucks by weight-horsepower ratio, 
4. Composite percent of grade, and 
5. Either length of grade or elevation differential (arithmetic difference between 

elevation at crest and elevation at toe of grade). 

Some of the parameters used in the traffic simulation model were obtained from pre
vious research results. Vehicular speeds, traffic composition, and truck weight-horse
power ratios were obtained from speed and loadometer studies. Other factors such as 
headway distributions and free-flowing vehicular speeds on grades were obtained from 
field measurements and observations. 
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The validity of the "time lost" (delay) model is currently being verified by fieldmea
surements. ...A,. before-after study of a truck climbing lane has also been initiated, ,vhich 
will provide another check on the delay model and on truck climbing lane feasibility. 

OBJECTIVE 

This study was conducted to determine the economic feasibility of adding truck climb
ing lanes on two-lane highway grades in mountainous terrain. The economic analysis 
was based on the increase in travel time (delay) experienced by road users in passenger 
cars and small trucks while traveling on ascending grades in mountainous terrain. This 
delay is caused by heavy-laden trucks (trucks with a relatively high weight-horsepower 
ratio) moving up long mountainous grades at a necessarily slow rate of speed. Travel
time delay was converted into a monetary value to estimate the foasibility of construct
ing truck climbing lanes. 

Vehicle-operating costs and accident costs were not included in this analysis because 
of the difficulty in assigning accurate and realistic values to these parameters. It is to 
be hoped that a future economic analysis will include travel time delay costs, vehicle
operating costs, and accident costs in the feasibility study. 

DEVELOPMENT AND APPLICATION OF MODEL 

The truck climbing lane model has been developed for both rural and urban highways. 
Some of the basic assumptions may need to be altered, however, to accommodate high
way and environmental conditions in a specific area. Assumptions included in the model 
are as follows: 

1. Passing maneuvers are prohibited on mountainous grades. 
2. Passenger cars maintain a constant speed on the grade if they are not delayed by 

a truck. 
3. All vehicles enter the grade at a given speed and resume this speed beyond the 

crest of the grade. 
4. Length of grade = elevation differential (100) .;- percent grade. This relationship 

is accurate for small percents of grade, and in most cases grades are 10 percent or 
less. 

Traffic simulation was used to generate traffic distributions from which the econom
ics of adding climbing lanes were analyzed. This technique enables the engineer to 
synthesize intricate and sophisticated traffic problems in the office or laboratory and 
minimizes the need for conducting field studies. Simulation analyses for complex con
ditions are usually less expensive and less time-consuming than studying actual field 
systems. Now with the availability of high-speed computers, the engineer can analyze 
complex traffic characteristics and movements which may previously have been 
impractical. 

When simulating stochastic events such as traffic movements on a highway, every 
event must be explicitly defined. When variables in the simulation model are realisti
cally defined, traffic flows synonymous to field conditions are more easily obtained. 

In this study traffic was simulated for only one lane (uphill traffic) because of the as
sumption of no passing onagrade. The no-passing assumption eliminated interference 
caused by opposing streams of traffic and greatly simplified the simulation model. Be
cause of horizontal and vertical sight distance restrictions, which are prevalent on the 
vast majority of highway grades in rugged and mountainous terrain in Pennsylvania, this 
assumption was considered valid. 
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used to synthesize traffic flow (9, 12). The model describes a headway distribution such 
that free-flowing and restrained- vehicles are intermixed in the traffic stream. By using 
this intermixing technique, the vehicle headway distribution realistically approximates 
headway spacings as they exist in the field. 

For low traffic volumes the Poisson headway distribution closely describes the field 
vehicular flow, whereas the shifted exponential headway distribution approximates 
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traffic flow under high volume conditions. The Schuhl distribution combines both 
free-flowing and restrained vehicles regardless of the magnitude of the traffic volume 
and is applicable when both low and high traffic volumes are encountered. 

The following nomenclature is used in describing the model: 

A : parameter describing traffic flow (9) 
B = number base of computer used -

BHPW = horsepower delivered by the engine to the clutch at wide open throttle, hp 
C = parameter describing traffic flow (9) 
E = number of trucks delayed by the lead truck 

F O = net initial force on a truck at the start of a highway section, lb 
Ft = thrust force on a truck due to engine torque, lb 
g = gravitational constant (32 ft / sec / sec) 
G = grade of highway, percent 

GVW = gross vehicle weight, lb 
H = minimum headway for restrained vehicles, sec 
K = compositional class of vehicle 
L = horizontal distance along a highway, ft 

L 1 = deceleration distance, ft 
L 2 = length of grade minus deceleration distance, ft 
L 3 = acceleration distance, ft 
L4 = 4,000 ft minus acceleration distance, ft 
M = parameter describing traffic flow (9) 

Mod bx = instruction to use only the low order or less significant half of the full 
(2x - digit) product (the remainder after dividing the product by bx the 
maximum integral number of times) 

n = number of vehicles in a queue 
N = parameter describing traffic flow (9) 
P = any random number -

Pm = the m th random number 
Pm-1 = the previous random number 

Q = portion of restrained vehicles in traffic stream, percent 
R = portion of free-flowing vehicles in traffic stream, percent 
So = truck speed upon entering a highway section, mph 
St : truck crawl speed, mph 
t = headway, sec 

tf = free-flowing headway, sec 
tr = restrained headway, sec 
T = time, sec 
V = directional traffic volume, vph 
W = minimum headway for free-flowing vehicles, sec 
X = number of digits in a normal word on the particular computer used 
Z = constant multiplier for random number generator. 

To achieve the intermixing of free-flowing and restrained vehicular headways the 
following technique was used (see Fig. 1 ): 

3 

tf = W - M [ln(l - P / R)] (1) 

where 

M 
4827.9 

y l · 021 

(2) 

(3) 
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N = 2. 659 - 0.120 ( 1X0) (4) 

A = -0. 046 - 0. 0448 (l60) (5) 

C = 
e -10.503 + 2. 829(ln V) - 0.173 (ln V)2 

_ 2 (6) 

W = 0.95 sec (7) 

H = N(C - lnQ) (8) 

R = e (A -:) (9) 

Q = 1 - R (10) 

Random numbers were generated by the power residue method (_§_): 

(11) 

Random numbers from Oto 0. 999 were obtained for use in the free-flowing and re
strained headway formulas. If the random number (P) was from Oto R-.001, the num
ber generated was used, and the free-flowing formula was used in computing the head
way. If, however, the number generated was from R to 0. 999, then (1 - P) was used, 
and the headway was determined from the restrained headway formula. 

The number of headways simulated per hour was equivalent to the hourly traffic 
volume being considered. The summation of headways (time in seconds) simulated 
for one hour should theoretically be 3600 sec. Because the sum of the headways 
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Figure 1. Composite exponential headway distribution . 
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generated could vary considerably from 3600 sec, a tolerance of± 5 percent was speci
fied for the hourly summation of headways. If this tolerance was not met, a new hourly 
headway distribution was generated. Headway distributions were generated until the 
tolerance limit was satisfied. 

Minimum headways behind trucks on level terrain were specified at 3 sec to account 
for the length of the truck and also to account for the fact that some drivers are reluc -
tant to follow a truck closely. On ascending grades minimum headways were specified 
at 5 sec behind trucks and 3 sec behind passenger cars. The reason for specifying 
longer headways on grades was that reduced truck operating speeds occur in hilly and 
mountainous terrain (see Fig. 2). 

For example, if a truck is crawling up a grade at 10 mph (approximately 15 ft per 
sec), it will travel 75 ft in 5 sec. If the truck is 50 ft long, then the distance from the 
rear of the truck to the front bumper of the following vehicle is 25 ft. 

Another r andom number distribut ion was generated to determine the composition of 
the traffic stream. The composition consisted of passenger ca.rs (or the equivalent), 
medium trucks, big trucks, and giant trucks, and was identified as follow s (17): 

1. Passenger car-passenger car or a two-axle truck, 
2. Medium truck-3 and 4 axles, 
3. Big truck-5 or more axles, 
4. Giant truck-No one group of trucks, on the average, has these characteristics, 

but this truck class was included so that extremely heavy trucks could be accommodated if 
necessary. 

rn [iJ m nJ rn 
--.. +--1 -

13---t-- 12--l•,- 11 -j 

Minimum headway behind trucks with 3 or more a,les on 

level terrain is 3 seconds , 

IJ , : 3 Se C. 
min 

t
4 

= 3 sec. 
min 

Minimum headway behind trucks with 3 or more axles is 5 

seconds when trucks are operating at crow/ speeds on 

grodes ; whereas, minimum headway behind passenger tors is 

3 seconds when passenger cars ore delayed by slow 

moving trucks on grades . 

t' 
1min 

5 sec . 

t ' 
2min 

3 sec . 

t' 
3min 

3 eec. 

t' 
4 m ln 

5 sec. 

Figure 2. Minimum headways. 
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Operating characteristics of vehicles are largely determined by their weight-horse
power ratio. The weight-horsepower ratios associated with the above classes of vehi
cles are as follows: 

Vehicle Code 

l 
2 
3 
4 

Vehicle Type 

Passenger car 
Medi um truck 
Big truck 
Giant truck 

Weight-Horsepower Ratio 

Less than 200 
200 
300 
400 

Firey and Peterson found that it was possible to assume that all trucks weigh 50,000 
lb and to vary the truck horsepower to obtain the desired weight-horsepower ratio (3). 
The inherent errors involved by making this assumption were found to be negligible:-
The respective horsepowers for different given weight-horsepower ratios are as follows: 

Weight-Horsepower Ratio 

200 
300 
400 

Weight (lb) 

50,000 
50,000 
50,000 

Horsepower 

250 
167 
125 

A tolerance limit for trucks of ± 10 percent was specified for the generation of vehi
cle composition, and the composition was rejected until this tolerance limit was satis

fied. A flow chart depicting the genera
tion of headways and composition of vehi

R EAD INPUT 
DATA 

G£N£RAT£ 
RANDOM NUMBER, 

COMPUTE HEADWAY 

G£N£RAT£ 
RANDOM NUMBER, 

DETERMINE CLASS 
Of YEH/CL£ 

TO CLIMB 
GRAD£ 

DELAY 

REPEAT FOR 
ACH VEHICLE: 

FDR ON£ HOUR 
VOLUME 

Figure 3, Generation of headways and truck 
composition. 

cles is presented in Figure 3. Any per
centage of trucks, by class, may be 
specified in the model, but values in 10 
percent increments would often be used 
because more accurate traffic composi
tion data are not available. 

Random numbers were again generated 
by the power residue method to determine 
the composition of the traffic stream . For 
example, consider the following vehicle 
composition designation: 

90 percent-Passenger cars or pas
senger car equivalents, 

10 percent-Trucks ( 50 percent medium 
trucks and 50 percent big trucks). 

Numbers generated from 0.000 to 0.049 
would represent medium trucks; numbers 
generated from 0.050 to 0.099 would rep
resent big trucks; and numbers generated 
from 0.100 to 0.999 would represent pas
senger cars. 

The total distance analyzed was from 
the toe of the grade to 4000 ft beyond the 
crest of the grade. The inclusion of 4000 
ft beyond the ere st was to enable trucks 
to accelerate to their normal operating 
speeds. 

The time required for a passenger car 
to negotiate a grade is equal to the length 
of grade plus 4000 ft divided by the speed 
at which the grade is negotiated. The time 
required by a free-flowing truck to negotiatr 
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a grade depends on the weight
horsepower ratio of the truck, the 
approach speed at the bottom of 
the grade, and the percent of grade. 
Gear ratios may also have an ef
fect on the grade -climbing ability 
of trucks, but this factor was not 
included in the analysis because of 
the vast number of gear ratios 
made available by truck manu
facturers. Other factors that were 
neglected were climatic condition 
and elevation above sea level. 

Crawl speeds of trucks for 
specific weight-horsepower ratios 
are given in Table 1. 

The time required by a truck to 
negotiate a grade plus 4000 ft is 
equal to the sum of the following 

Vehic le Type 

Medium trucks 
BHPW = 250 
GVW/ BHPW 

Big trucks 
BHPW = 167 

200 

GVW / BHPW = 300 

Giant trucks 
BHPW = 125 
GVW / BHPW = 400 

TABLE 1 

TRUCK CRAWL SPEEDSa 

Grade, { 

4 
5 
6 
7 
8 
3 
4 
5 
6 
7 
8 

3 
4 
5 
6 
7 
8 

0
From Fi re y and Peterson @_ ). 
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Crawl Speed , mph 

37 . 0 
31.0 
26. 5 
23. 0 
21. 0 

31. 0 
24.0 
21. 0 
17. 5 
15. 5 
13 . 5 

23 . 0 
18 . 0 
15 . 5 
13. 0 
11. 5 
10 . 5 

(see Fig. 4): deceleration time+ crawl time+ acceleration time+ (4000 ft - accelera
tion distance) + normal operating speed. 

The computation of the time required for a truck to climb a grade plus 4000 ft is as 
follows: 

= (BHPW)550 _ 532 _ GVW(G) 
Fo S0 100 

Ti = (GVW){St; - S0 ) 1.467 
Fo (g ) 

= S (GVW ) (St - S0)(1.467)2 + (GVW)(St - S0 )2 (1.467 )2 

L1 F 0 (g) 2(Fo)(g) 

~ ... 
'/ 01iOI' '(/ ,.( •c• l'c• 

'( " " i~\O 

Length of grade - L1 
1.467 (st ) 

Length of grade - L1 

(12) 

(13) 

(14) 

(15) 

(16) 

+ 4000' Minu~ 
Acceleration 

Distance 

Figure 4. Distance and time increments in climbing a grade plus 4000 feet. 
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Ft = BHPW (550) 
1.467 (S0 ) 

T 
3 

= (GVW) (S 0 - St) 1.467 
Ft (g) 

St (GVW) (S0 - St) (1.467)2 + GVW (So - St )2 (1.467)2 

Ft (g) 2(Ft) (g) 

4000 - La 
1.467 (S0 ) 

The total time required for a truck to climb a grade plus 4, 000 ft is 

4 

L Ti = Tl + T 2 + T 3 + T 4 

i=l 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

The "time lost" formula, which calculates delays incurred on a grade, is as follows: 

Time lost by a driver in the nth passenger car or light truck = 
(time required by the lead truck in a queue to climb grade plus 
4, 000 ft) - (time required by a passenger car or truck with 
lower weight-horsepower ratio to climb grade plus 4,000 ft) -

{(t1 + t 2 + ... + tn-ll - (5+ E(5) + 3(n - 2 - E)J} (2 .' 

The time lost formula accumulates travel time delay incurred by passenger cars 
and light trucks while climbing long mountainous grades. Deceleration characteristics 
of passenger cars and light trucks on mountainous grades were not included in the mod
el. If passenger cars and light trucks decelerate from their normal operating speed to 
the crawl speed of heavy trucks and maintain the minimum headway as specified in Fig
ure 3, the resulting delay is the same regardless of the rate of deceleration. 

By neglecting minute traffic-following characteristics of passenger cars and light 
trucks on grades, the calculation of travel time delay incurred on a grade was greatly 
simplified. A flow chart describing the accumulation of total travel delay is shown in 
Figure 5. 

The time lost formula may be considered a ''black box," as only the end product
total delay incurred by the road user-is of interest, and all intermediate minor traffic 
variations, such as headways maintained on a grade and speed variations, are taken 
care of. 

Some models that have been developed to compute travel-time delay analyze the en
tire system (headways, speed of each vehicle, passings, etc.) at periodic intervals. 
Often these intervals are as short as 10 or 20 sec, and an analysis of this magnitude 
requires a substantial amount of computer time and is an expensive and complex opera
tion. An analysis of the entire system at periodic intervals may be a necessity when 
paash~g rn~91.C'"J.Vcr e ::u""e permitted, but it ".V2.9 deemed u!!.necessary for t hi s ~.nalysi~ . 

Typical hourly delays calculated from the model for various traffic characteristics 
and geometric configurations are shown in Figures 6, 7, and 8. These delay curves 
demonstrate that the percent of trucks has only a minor effect on the resulting delay for 
grades of 6 and 8 percent and heavy traffic volumes. For high traffic volumes, near
saturation conditions have become imminent, and virtually every passenger car and 
light truck experiences delay; therefore, very little additional delay results by increas
ing the percentage of heavy trucks in the traffic stream. For traffic volumes of less 
than 50 vehicles per hour, the hourly travel time delay was found to be negligible. 
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DELAY 

DELAY TEST=O 

TOTAL DELAY= 0 

OF 

DELAY TEST= I 

T/MDEL = TIME 
FOR VEHICLE TO 
CLIMB GRADE 
PLUS 4 000 FT. 

E = NUMBER OF 
TRUCKS DELAYED 

= Q 

HEADWAY SUM= 
HEADWAY SUM PLUS 

HEADWAY OF 
PREVIOUS VEHICLE 

n n -t I 

TIME LOST= TIMDEL - !TIME FOR VEHICLE TO 
CLIMB GRADE PLUS 4000 FT. )- HEADWAY 

SUM -r 5 + 5 ( E ) -+ 3 ( o- 2 - t:) 

NO 

TOTAL DEL AY a 

TOTAL DELAY 
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VEHICLE IN 
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Figure 5. Calculation of travel time delay. 
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Figure 6. Hourly delay on a 3 percent grade. 
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Figure 8. Hourly delay on an 8 percent grade. 

The daily travel time delay from Figures 6, 7, and 8 was converted into monetary 
values that were used to obtain annual delay costs, which are given in Table 2. 

PASSING MANEUVER CONSIDERATION 

11 

In reality, passing maneuvers are permitted over short segments of some grades 
where passing sight distance is available; therefore sample calculations were made to 
determine the magnitude of error involved in the travel time delay analysis by making 
the "no passing on a grade" assumption. In the sample calculations, an adequate pass
ing sight distance was assumed over 20 percent of the grade and at the midpoint of the 
grade. When passing is permitted at the midportion of a grade, total delay incurred by 
road users is minimized (13). 

For passing maneuversto be imminent at the midportion of a grade, a traffic queue 
must have formed behind a truck at that point. Also the opposing traffic (downhill) lane 
must be free from oncoming traffic for a safe passing maneuver to be possible. Another 
assumption was that a period of 25 sec, which is commonly termed the critical gap, was 
required for the passing maneuver. No two passenger cars were permitted to pass a 
truck simultaneously. In other words, the first passenger car must have completed the 
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TABLE 2 

DELAY COST CALCULATIONS 

Traffic Traffic Daily Annual Present Worth 
Year Volume Volume Delay Delay Delay Cost (Based 

Growth (daily) (sec)a Cost on year 0) 
Factor 

0 0. 03 3,200 88,000 $13,920 $13,900 
1 0. 03 3,300 92,700 14, 670 13, 700 
2 0. 03 3,401 97,500 15, 420 13, 500 
3 0 . 03 3,502 102, 300 16, 170 13, 300 
4 0. 03 3, 602 107,000 16, 920 13, 100 
5 0. 03 3,715 113,000 17, 870 13, 100 
6 0. 03 3, 828 119,000 18, 820 13, 000 
7 0. 03 3,941 125,000 19, 770 12,900 
8 0. 03 4,054 131,000 20, 720 12,900 
9 o. 03 4,181 138,000 21,830 12, 700 

10 0.03 4,308 145,000 22, 940 12, 500 
11 0. 03 4,435 152, 000 24,050 12,200 
12 0.03 4, 563 159, 000 25, 150 12,000 
13 0. 03 4, 707 172, 000 27,200 12,000 
14 0.03 4, 851 185,000 29, 250 12,000 
15 0. 03 4,995 198,000 31, 310 12,000 
16 0. 03 5,140 211,000 33,370 12,000 
17 0. 03 5,300 220,000 34, 510 11,600 
18 0. 03 5,460 229,000 35, 650 11,200 
19 0. 03 5,620 238,000 36,790 10,900 
20 0. 03 5,780 247 , 000 37, 930 10,500 

Total $261,000 

0 See Figure 7. 

passing maneuver before a second vehicle could attempt to pass. A final assumption 
was that a truck was not permitted to pass another vehicle on a grade because of the 
excessive time required for such a maneuver. Even a truck with a lower weight-horse
power ratio was not permitted to pass a truck operating under a higher weight-horse
power ratio in the sample calculations because of the excessive time required and the 
hazard involved. 

Using these assumptions, several hand calculations were executed to make a com
parison of the true delay as a percent of the calculated delay (delay from the time lost 
formula). It was concluded that travel time delay, as obtained from the time lost for
mula, is not decreased appreciably if passing is permitted over a small portion of a 
grade. Results from the hand calculations are shown in the form of a calibration curve 
(see Fig. 9 ): 

Traffic Volume 

100 vph (one direction) 
200 vph (one direction) 

True De lay as a Percent 
of Calculated Delay 

85 percent 
90 percent 

When traffic volumes approach 800 to 1,000 vph in both directions, passing oppor
tunities become infrequent; therefore the loss of delay under high traffic volume condi
tions is insignificant. As traffic volumes become low (less than 50 vph on the uphill 
traffic lane), the resulting delay obtained from the time lost formula becomes negligible; 
therefore the delay at low traffic volumes may justifiably be disregarded. Also, at low 
t ... ,.u;,. ""lnm<><> rli:>l<>v rli:>rri:>::1-RP<> if n::issinf>' m::1nP.11vP.rs ::irP. nP.rmitted on irrades. which - ------ · - -------, -- -- --J - · ------·--- _ ,£. _ _ _ _ , ____ _ - •• ... .... ; 

further substantiates that delay at low traffic volumes may be omitted from the overall 
delay analysis. 

VERIFICATION OF TRAFFIC SIMULATION MODEL 

To determine if the traffic simulation model properly described traffic behavior, field 
data were collected, analyzed, and compared with results obtained from the simulation 
model. The traffic headway distribution and truck speeds at the bottom of a grade were 
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Figure 9. Calibration curve for travel time delay. 

two critical elements in the economic analyses that were checked against field 
conditions. 
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The chi-square test for goodness of fit was used to determine if the theoretical traf
fic headway distribution closely approximated actual headway distributions on one lane 
of a two-lane highway. Results from the test showed that at the 99 percent level of con
fidence theoretical headways closely described headways obtained from field surveys. 

Average approach speed data (vehicle approach speed at bottom of grade) were ob
tained simultaneously with the headway data by using a 20-pen event recorder. Average 
speeds on level sections of highway prior to entering grades were approximately 50 mph 
for passenger cars and 45 mph for trucks when horizontal and vertical alignment prior 
to entering a grade was not unduly restrictive. An observation from the field study was 
that many truck drivers "make a run" for grades if highway geometrics and traffic con
ditions permit. 

The model for calculating delay incurred on a grade has been developed to accommo
date any approach speed. Approach speeds may be altered for each grade considered if 
reliable speed data are available to substantiate such changes. 

At some locations there may be speed zones or stop signs at or near the bottom of the 
grade. When these conditions exist, a much lower approach speed may have to be speci
fied in the analysis. Also, travel times required by various types of vehicles to climb 
a grade were determined from field studies. 

CALCULATION OF RATE OF RETURN 

The rate-of-return economic analysis is suggested as a measure of the feasibility of 
adding truck climbing lanes. The calculation of the rate of return for projects being 
considered is as follows: 

R.R.x - n AUCn - AUCx + AMCn - AMCx 

ccx - ccn 
(24) 
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where 

R. R.x - n = Rate of return of alternative x compared to null {existing); 
Aucn = annual user delay cost, existing route; 
Aucx = annual user delay cost, alternative x; 
AMcn = annual maintenance cost, existing route; 
AMCx = annual maintenance cost, alternative x; 

ccn = present worth, first construction cost existing route; and 
ccx = present worth, first construction cost alternative x. 

In this analysis, however, annual user delay costs for the alternative are considered 
to be zero. Also, the present worth of the existing route would be zero if no improve
ments are scheduled. If these assumptions are made and if the maintenance costs are 
not considered, the rate of return would be as follows: 

RR x-n = Aucn 
• • CCX 

(25) 

A capital recovery factor (CRF) is used to compute annual user delay cost. A 20-
year CRF factor at 7 percent interest is recommended (E_). For example: 

Percent trucks-10 
Percent grade-6 
Elevation differential-1000 ft 
Length of grade-3.16 mi 
Cost of constructing one mile of a truck climbing lane (assumed)- $150,000 
Number of years over which the delay cost is summed-20 
Total present worth delay cost (see Table 2)-$261,000 
Present worth delay cost per mile of highway-$82,000 
Interest rate-7 percent 
CRF-0.094393 
Delay cost per vehicle per hour-$1.56 
Annual road user delay cost = $82, 600 (0. 094393) 

= $ 7,800 

The rate of return is calculated as follows: 

X 7,800 
R.R. = 150,000 

= 0.051 or 5.1 percent 

Future traffic volumes were calculated by using the compound interest formula: 

where 

V f = future traffic volume, 
VI> = present traffic volume, 
gf = yearly traffic volume growth factor, and 

r1 = r1u..rnber of ye?.n ~ in f1_1tnrP. th::'lt traffir. volumP. is desired. 

For example: 

Present daily traffic volume-3200 
Traffic volume growth factor-0. 03 
Number of years in future for which traffic volume is desired-10 

(26) 



( 

Vf = 3200 (10 + 0.03)10 

Vf = 4308 vehicles per day 

RESULTS AND CONCLUSIONS 
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1. Truck climbing lanes were found to be economically feasible on two-lane high
ways only when traffic volumes and percentages of trucks are relatively high (greater 
than 10 percent) and grades are severe (greater than 3 percent), or when the construc
tion cost of adding a climbing lane is relatively low. 

2. Travel time delay as calculated by the time lost formula is highly conservative 
because (a) delays caused by slow-moving passenger cars on grades were not included 
in the delay analysis, and (b) crawl speeds of trucks observed in the field were normal
ly not as great as crawl speeds used in the analysis. 

3. Vehicle operating costs were not included in the analysis. Passenger-car oper
ating costs on a two-lane highway normally are lowest on a 6 to 8 percent grade when 
the operating speed is approximately 25 mph (16). Passenger cars that are delayed by 
slow-moving trucks on grades have higher operating costs because of the forced reduc
tion in operating speed. 

4. Accident costs were not included in the analysis because of the nonavailability of 
accurate accident data. If accident costs could be determined and added to the economic 
feasibility analysis, climbing lanes may be more attractive. 

5. Only the cost of adding an additional lane for uphill traffic should be included in 
the economic analyses. In some cases where wide shoulders are available, reconstruc
tion or stabilization of the shoulder may be all that is required. In most cases, how
ever, the entire width of the pavement is reconstructed or resurfaced and this cost is 
compared with delay cost in the economic analyses. The use of this total cost should 
be avoided when comparing construction cost with delay cost. 

6. Further research is needed on truck crawl speeds, delay caused by slow-moving 
passenger cars on a grade, accident costs caused by vehicles passing slow-moving 
trucks on a grade, vehicle operating costs on grades, and truck weight-horsepower 
ratios. 
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