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ABSTRACT 

The objective of this report was to develop passenger car equivalents 
(PCEls) for trucks traveling straight through a level, signalized intersection 
based on vehicle type and position of vehicle in queue. Data were collected at 
three different sites and included: length of queue, classification of 
vehicles, and total travel time for eactl vehicle measured from start of green 
to the time the vehiclels rear axle crossed the stop -line. An analytical 
model was developed to estimate PCE values based on total trave-I time and 
vehicle type. Using this model, peE values were developed for 2-axle, single
unit; 3-axle, single-unit; 4-axle combination; and 5-axle combination trucks. 
An approximate equation was subsequently developed to predict the PCEls for 
1 arge vehi cl es based on the number of. dxl es. Thi s research conc I uded that 
position of vehicle in queue significantly affects the PCE of the 5-axle trucks 
but does not affect the PCE value of the smaller single-unit trucks. It was 
further concluded that the PCE value used to calculate the heavy vehicle 
a d jus t men t fa c tor S ( Tab 1 e 9 - 6 ) i nth e 1 98 5 H i g h way Cap a cit y Ma n u ali s 
inadequate for the large 5-axle combination trucks. Therefore, the PCE values 
generated from this study were condensed into two values; one for light trucks 
and one for heavy trucks. Furthermore, the heavy vehicle adjustment factor 
equat i on was mod i fi ed to ana 1 yze the effects of 1 i ght and heavy trucks 
separately using the recommended PCE values developed in this report. 

KEY WORDS: Passenger Car Equivalents, Large Trucks, Intersection Capacity, 
Arterial Streets, Signalization 
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EXECUTIVE SUMMARY 

The presence of large trucks at signalized intersections has a detrimental 
effect on the intersection's capacity. This effect must be taken into account 
in the signal timing process in order to optimize signal operation and reduce 
motori st del ay. Recogni zi ng thi sneed, the State Department of Hi ghways and 
Public Transportation (SDHPT) sponsored a cooperative research project with the 
Texas Transportation Institute (TTI) entitled, "Longer and Wider Trucks on the 
Texas Highway System." This report discusses the portion of the project 
concerned with the impacts of large trucks on the capacity of a signalized 
intersections. 

Thi s research determined the delay effects of a truck on a queue of 
vehicles as the position of the truck within the queue varied. The method 
proposed to analyze this effect was to measure the time required for a queue 
composed of passenger cars and one truck to cross the stop line as compared to 
the time required for the same size queue composed entirely of passenger cars 
to cross the same point. Tnis approach was aimed at obtaining the total effect 
of a truck on a queue of passenger cars. 

The literature indicated three factors that primarily influence the size 
of the peE for a truck at a signalized intersection. Firstly, the peE value 
will increase as the length of vehicle increases since the vehicle is 
physically occupying more roadway space which would otherwise be available to 
passenger cars. Secondly, the acceleration characteristics of a truck will 
also influence the size of the peE. As the acceleration rate increases, the 
peE value will decrease since the truck will delay the passenger cars less, and 
of course, the converse will result in a higher peE value. The final factor 
that was found to affect the peE is the behavior of motorists. The available 
information seems to indicate that drivers "shy away" from large trucks. This 
results in drivers following further back from the truck which increases the 
delay on the passenger car drivers which, in turn, results in a higher peE 
value. 

The development of peE's for signalized intersections was examined in 
depth. The most common method used for developing the peE at si gnal i zed 
intersections was found to be the headway method Which assumes all of the delay 
due to the 1 arge trucks can be accounted for in the truck's headway. The 
headway method takes the ratio of the average headway for a truck and passenger 
car as the peE for the truck. The peE values developed for large trucks using 
this method were found to range between 1.6 to 2.3. 

This research developed an equation to determine the peE of a truck based on 
the total delay it inflicted on all the vehicles traveling behind it. The 
equation is based on the difference in total travel time between a queue with 
a truck in it and queue of all passenger cars. It has the following form: 

where: 

TT = total travel time measured from start of green, sec; 
j = t ruck type; 
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k = position of the truck in the queue; 
bl = passenger car in position one in the queue; 
bi = passenger car in position lIi" in the queue; and 
hb = base passenger car saturation flow headway, sec. 

In this equation, the PCE value was calculated at vehicle position "i" where i 
is the last passenger car behind the truck that has an incremental increase in 
delay due to the truck. Beyond this vehicle position, no additional delay is 
incurred by the queue of passenger cars. 

In developing the PCE values, data collected for each vehicle included: 
the position of vehicle in queue, the size of queue the vehicle was in, the 
type of vehicle, and the total travel time of the vehicle from its position in 
queue to the stop line. This measurement was referenced to the onset of green 
and was measured to the point in time when the vehicle's rear axle crossed the 
stop line. Regression equations were developed to predict the total travel time 
for the vehicle of interest and the succeeding string of passenger cars. A 
regression equation was also developed for each vehicle type as the position of 
the vehicle in queue varied. As a result, PCE values were developed according 
to vehicle type and position of vehicle type in queue. The resulting PCE 
matrix was then condensed into a single PCE value for a light truck and a heavy 
truck class. The light truck class was selected to represent the small 
delivery trucks (i .e., single-unit trucks) while the heavy truck class 
represents the large, heavily loaded trucks (i.e., combination trucks with 
5-axles or more). The PCE values for these two classes are given in the 
following table. 

Average PCE Values for Final Two Truck Classes. 

Truck Type PCE Value 

Light Truck 1.7 

Heavy Truck 3.7 

Once the PCE value for the two truck classes was developed, the heavy 
vehicle adjustment factor equation found in the 1985 HCM was modified to 
analyze the effects of the two truck types separately. A comparison of the 
capacity reduction resulting from the peE values used in the 1985 HCM and the 
values recommended in this study reveal a significant difference in the 
estimation of an intersection's capacity. In some cases, the difference in 
capacity between the two methods was found to be as high as 17 percent. 

An examination of trle PCE values per truck class found a relationship 
between number of axles and the PCE value of a truck. Using this relationship, 
a regression equation was developed to predict the PCE value based on the 
number of axles. The equation used to predict PCE values has the following 
form: 
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PCE = 1.08 + 0.10*AXL2 

However, this equation is limited in that it is only applicable to large 
vehicles. In other words, the data collection system used to obtain the 
average number of axles must be able to screen out passenger cars. 

IMPLEMENTATION 

The findings of this study should be helpful to SDHPT traffic engineers 
who plan, design, operate, and maintain signalized intersections. Use of the 
PCE values developed in this research will result in improved timing plans and 
substantially reduce delay costs at ·the approximately 12,000 signalized 
intersections in the State of Texas. It is estimated that, on the average, 
each intersection services 10,000 vehicles per day, 2 percent of which are 
large trucks. Thus, 2,400,000 large truck, traffic signal interactions occur 
on a daily basis. It is also estimated that by using a PCE of 3.7 for large 
trucks, the average delay per interaction will be reduced by 5 seconds. This 
translates to a cost savings of over $13,000 per day (3300 hours per day at $4 
per day) or $3,400,000 per year (260 working days per year) for Texas 
motorists. These benefits can be provided at no cost to the publ ic by Simply 
incorporating the research results into ongoing Signal retiming prOjects. As 
the project cost was approximately $20,000, the benefit to cost ratio for the 5 
years it will take to retime the majority of the Signals in the state is more 
than 500 to 1. 
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I. INTRODUCTION 

BACKGROUND 

The signalized intersection is the most serious capacity constraint along 
an urban street. It is at this junction where two roadways share the same 
section of road and the capacity of both is reduced. Thus, improving the 
capacity and level of service (LOS) of the street system requires improving 
the efficiency of the intersections. This can be accomplished by geometric 
modifications (i.e., adding turning lanes, channelization, widening the 
intersection, etc.) and/or operational improvements (i.e., improving signal 
timing, improving progression, adding or deleting phases, etc.). 
Unfortunately, geometric improvements are not always feasible or practical due 
to physical and economical limitations. As a result, the traffic engineer is 
oftentimes left with only one course of action which is to improve the 
operational efficiency of the intersection. 

Increasing the intersection's capacity by improving its operation may be 
realized through means such as signal timing optimization and improving 
progression between intersections. The methodology used to calculate the 
increase in capacity as a result of these improvements is based on making 
adjustments to some "ideal" saturation flow rate so as to reflect the 
prevailing traffic conditions. The "ideal" saturation flow rate for signalized 
intersections is based on a traffic stream consisting solely of passenger cars 
and is usually taken to be 1,800 passenger cars per hour of green time per lane 
(pcphgpl). This ideal now rate is adjusted for conditions that are not ideal 
through the use of ei ght adjustment factors found in Chapter 9 of the 1985 
Hi ghway Capacity Manual (HCM) (D. 

The introduction of a truck into the traffic stream reduces the "ideal" 
saturation flow rate of a particular intersection approach due to the 
additional roadway space occupied by trucks and their lower performance 
capabilities with respect to passenger cars. The 1985 HeM (1) accounts for the 
presence of trucks by multiplying the "ideal" saturation now rate by a heavy 
vehi c Ie adj ustment factor. Thi s factor is based on percentage of trucks and 
the number of passenger cars displaced by the truck, commonly known as the 
truck's passenger car equivalent (peE). As the heavy vehicle adjustment factor 
can Significantly effect an intersection's estimated capacity, it is critical 
that the traffi c engineer uses accurate val ues of both components of the 
adjustment factor in capacity calculations. The first component, the 
percentage of trucks, can be easi ly measured in the field whereas the second 
component, the PCE can not. 

STUDY PROBLEM STATEMENT 

Since the introduction of the term peE, much research has been done in the 
area. peE's tlave been developed for virtually every type of facility from 
urban freeways, to two-lane two-way rural highways, and to signalized 
intersections. Past studies have yielded various estimates for the peE value 
of a truck on a given facility. The reason for this variability can be 
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directly attributed to the lack of a consistent definition of equivalency. The 
basis for this inconsistency lies in the lack of understanding of how trucks 
affect both the operating characteristics of individual vehicles and the 
overall performance of the traffic stream (~. 

It is well known that a truck has a negative impact on the capacity of a 
signalized intersection. The problem is determining a way of measuring the 
size of this impact, and determining the number of vehicles affected by it. 
Therefore, this research attempted to quantitatively measure the differences in 
operating characteristics between passenger cars and trucks traveling straight 
through a level, signalized intersection. These data were used to develop 
PCEls for trucks at signalized intersections based on truck type and position 
in queue. As a result, the principal vehicle operating characteristics of 
interest were the vehiclels acceleration rate and its position within the 
queue. Tu rn i ng movements, roadway grades, and other factors affect i ng the PCE 
were not examined due to time and financial constraints of the study. 

STUDY OBJECTIVES 

Two specific research objectives of the overall study are addressed in 
this report. These objectives are: 

1. Develop a methodology to determine the effect of a truck on a queue 
of passenger cars. 

2. Using the aforementioned methodology, develop PCEls for trucks at 
signalized intersections based on truck type and position of the truck 
in queue. 

REPORT OVERVIEW 

Past stUdies show a need to examine the effects of large truck operation 
on the capacity of signalized intersections. This report quantifies the 
effects of large trucks through the use of PCEls. The results presented herein 
are limited by the data collected, statistical analysis conducted, and 
practical observations made during the course of this study. The following is 
an overview of this report. . 

Chapter 2 presents a literature review of the factors affecting the PCE of 
a truck at a signalized intersection along with previous methods used to 
calculate PCEls. Based on the finding of the literature review and engineering 
judgement, a new model is developed to calculate the PCE of a truck based on 
truck type and its pOSition in the queue. 

Chapter 3 describes the study procedure. The site selection and data 
collection are discussed therein. A discussion of the statistical technique 
used to analyze the data is also given in this chapter. 

The next chapter deals with study results and presents the development of 
the PCEls. Plots of total travel time versus position of the vehicle in queue 
are presented for each truck type ana lyzed. The imp 1 i cat ions of these PCE 
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values on the capacity of an intersection are also discussed. In addition, an 
approximate method to calculate the peE of a truck based on its number of axles 
is presented. 

Major findings and conclusions are listed in Chapter 5. Based on these 
results, a list of recommendations to improve current practice is given. 
Recommendations for future research in the development of PCEls at signalized 
intersections are also contained in this chapter. 
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II. LITERATURE REVIEW 

An exhaustive 1 iterature review was conducted to search for references 
pertaining to passenger car equivalents (peE). The first section deals with 
the factors that affect the peE of trucks at signalized intersections. The 
next section reviews the methodologies used to calculate peE values at 
signalized intersections. 

After reviewing the literature, a model was developed to predict the peE 
for any vehicle type in any position in queue. This model was based on the 
additional delay a truck caused a queue of passenger cars. 

FACTORS AFFECTING PASSENGER CAR EQUIVALENTS 

The methodology used to compute the capacity of a signalized intersection 
is based on a traffic stream containing passenger cars only (1). Intuitively, 
the introduction of trucks into the traffic stream will negatlvely affect the 
capac i ty of the intersection. Therefore, the presence of trucks must be 
accounted for through the use of peEls. The literature reports three main 
factors that influence the size of the peE at signalized intersections. These 
factors are length of vehicle, acceleration characteristics, and driver 
behavior. 

The e ff e c t 0 f the fir s t va ria b 1 e, 1 eng tho f v e hie 1 e , i sob v i 0 us. As the 
1 ength of vehi c 1 e increases, more space wi 11 be occupi ed; hence the peE wi 1l 
1 ncrease. Past research has found that 1 arge 5-axl e trucks are on the average 
about 3 times longer than a standard passenger car (~, i, ~. 

The second variable, acceleration characteristics, is a surrogate for 
vehicle performance. If a passenger car and a truck performed identically 
(i.e., had the same acceleration rate) the peE of the truck would be primarily 
the result of its greater length. However, past research indicates that 
passenger cars accelerate between 2 to 3 times faster than trucks (3, 4, 5). 
This will tend to increase the value of the peE. It should be noted that on 
level terrain over a period of time, the speeds of trucks will eventually 
approximate those of passenger cars. Trucks may, in fact, accelerate until 
they close the gap (i.e. headway) between themselves and the preceding vehicle 
(~, 6). 

Fi n a 11 y, the behavi or of passenger car dri vers fo 11 owi ng a truck was 
exami ned. The resul ts from one study i nd i cate that the presence of a truck 
immediately in front of a passenger car tends to cause the drivers of 
automobiles to shy away, thereby increasing the peE value (~. 

PASSENGER CAR EQUIVALENTS FOR SIGNALIZED INTERSECTIONS 

The term "passenger car equivalent" was introduced in the 1965 HeM (7) and 
defined as lithe number of passenger cars displaced in the traffic flow-by a 
truck or a bus, under the prevailing roadway and traffic conditions." It goes 
on to state that at signalized intersections, the effects of trucks on capacity 
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varies greatly depending on the type of vehicle, its weight/horsepower ratio, 
and its size and turning characteristics. However, at this time, very little 
was known about the individual effect of each vehicle's characteristics. 
Therefore, the 1965 HCM (7) provided an "all-inclusive" adjustment factor to 
the ideal saturation flow-rate. This factor appears to have been calculated 
with a PCE value of 2. This assumption is supported by the claim that a truck 
under the best conditions is equal to two passenger cars (Z). 

Si nce the 196b HCM (7), there has been much research done in thi s area. 
Webster and Cobbe (8) adjusted for the effects of different vehicle types on 
the saturation flow-of an intersection by assigning each vehicle type a PCE 
value. A straight-through heavy or medium goods vehicle was assigned a PCE 
value of 1.75. Miller (9) developed PCE's for through vehicles at 
intersections based on the-additional headway a truck would require when 
compared to a passenger car. This was one of the fi rst references to define 
equivalencies in quantitative terms. Miller found that a commercial vehicle 
required an additional 1.79 seconds to cross the stop line. Dividing the 
average headway of a truck by the average headway of a passenger car resulted 
in a PCE value of 1.85. Carstens (10) also used the headway approach to 
develop peE's. Headways were measured from front bumper to front bumper (known 
as leading headway). The average headways for a passenger car and truck were 
found to be 2.29 seconds and 3.74 seconds, respectively. The ratio of the two 
(1.63) was defined as the trUCk's PCE where a truck was defined as any vehicle 
having more than four tires. 

Branston and van Zuylen (11) measured the lagging headway of "saturated" 
vehicles as they crossed the stop line. A saturated vehicle was one that came 
to a complete or near stop in the queue before proceeding. The authors 
developed regression equations from field data based on two different counting 
schemes, synchronous and asynchronous. The synch ronous and asynchronous 
methods yielded PCE's for straight-through trucks to be 1.59 and 1.74, 
respectively. Of the two methods, the asynchronous one was recommended because 
it did not require additional manipulation to correct for biases as did the 
synchronous method. In a later work, Branston (12) used the same technique to 
develop additional PCE's. For vehicles travelTng straight through a level 
intersection, regression equations were developed from data based on the 
departure rate of vehicles and the length of the counting period. PCE values 
for medium trucks (two-axle) and heavy trucks (three axles or greater) were 
found to be 1.35 and 1.68, respectively. However, it must be noted that no 
data for trucks with five or more axles were collected. ThiS suggests that the 
PCE va I ues reported may be somewhat low for I arge trucks. An interest i ng 
finding of this research was that PCE's increased with increaSing flow rate •• 
This means that the PCE value fluctuated throughout the day. Holland (13) 
examined the effects of trucks on four signalized intersections in Dubl1n. 
Using the headway method, he calculated a PCE value of 2.26 for a truck where a 
truck was any vehicle with more than six tires. 

A 1~80 study calculated the delay for vehicles arrlvlng at an intersection 
based on the difference in time needed for a single car to travel through the 
intersection from some pOint before the stop line to some point after the stop 
line and the time to travel the same distance at normal running speeds. The 
delay was calculated using actual data collected at six intersections and also 
estimated using a simulation model. peE's were then developed for various 
vehicle types based on the ratio of the total delay measured in the field to 
the average delay for an all-passenger-car queue estimated by the simulation 
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model. The results showed that single-unit trucks had a PCE value of 1.6 and 
tractor~trailers had a PCE of 2.8 (14). 

Hu and Johnson (5) i dent ifi ed severa 1 factors that i nfl uenced PCE I S at 
signalized intersections. These factors are: 

1. truck percentage, 
2. type of traffic control, 
3. truck acceleration, 
4 .. number of approach lanes, and 
5. driver behavior. 

Due to the complexity of the interrelationship of the variables and the lack of 
available data, the authors developed a simplified model based primarily on 
truck size and acceleration characteristics, and equal densities between the 
mixed and basic streams. The model has the following form: 

where: 

PC E = 1 + (n + 1) [,fi R) - 1 J [2.1J 

n = number of passenger cars behind the truck; and 
R = ratio of average acceleration rate of a passenger car to 

that of the truck. 

The value for n is calculated using a probabilistic distribution of the number 
of trucks in N vehicles where N is the number of vehicles stopped per cycle. 

The major drawbacks of this model are that it can only deal with one truck 
type at a time and at multilane intersections, passenger cars are assumed not 
to avoid trucks when selecting a lane. This latter shortcoming will tend to 
overestimate the PCE values (~. 

The 1985 HeM (1) retains the same general methodology as its predecessor 
to account for the effects of trucks on the capacity of signalized 
intersections. A heavy vehicle adjustment factor (fHV) is used to account for 
the extra space needed by trucks and their slower acceleration capabilities 
with respect to passenger cars. Although not reported, the peE value used to 
arrive at the adjustment factor can be calculated using the following equation: 

fHV = 1/[1 + PT( PCE - l)J [2.2J 

where: 
peE = passenger car equivalent; 
fHV = heavy vehicle adjustment factor; and 
Pr = percent trucks. 

Using the values in the heavy vehicle adjustment factor table [Table 9-6 in the 
1985 HeM (l)J, the PCE was calculated to be 1.5 and remains constant as the 
percent of heavy vehicles increases from 0 to 30. However, a heavy vehicle is 
defined as any vehicle having more than four tires and includes trucks, recrea
tional vehicles, and buses. Therefore, the peE value used to calculate this 
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factor is not the PCE value for a truck but probably the average of the PCE 
values for all types of heavy vehicles operating at signalized intersections. 

The Canadian Capacity Guide for Signalized Intersections (15) presents 
PCE's for various vehicle types developed from a least squares Optimization 
procedure that reflects the individua-I vehicle type's composite effect on the 
traffic stream. The results from this study indicate a PCE value for a 
single-unit truck of 1.5 and for a combination truck of 2.5, or 3.5 if heavily 
loaded. 

MODEL DEVELOPMENT 

Traffic flow departing from a signalized intersection is depicted in 
Figure 1. When the signal indication turns from red to green, driver must 
fi rst react to the change by taki ng hi s/her foot on the brake and pl aci ng it 
on the accelerator before proceeding. Consequently, the first vehicle's headway 
is relatively large with respect to the rest of the queue and its corresponding 
flow rate is low. When the second vehicle crosses the stop line, its headway 
is smaller than the first because the driver's perception/reaction (P/R) time 
partially overlaps the first driver's P/R time and the vehicle has more 
distance in which to accelerate. It follows that the third vehicle's headway is 
shorter than the second's for the same reason. After" N" vehi c 1 es pass, the 
effect of the initial reaction to the signal change has dissipated. At this 
point, all successive vehicles within the queue will have approximately the 
same headway and the saturation flow will reach its maximum value (1, 3). The 
total additional time required for tile first few vehicles to cross the stop 
line due to perception/reaction and vehicle acceleration is known as start-up 
lost time, ls, as shown in Figure 1. Greenshields et ale (16) found that the 
headways of successive saturated vehicles were approximately constant after the 
fifth vehicle where a saturated vehicle was one that arrived on red or arrived 
on green and came to a complete stop before proceeding through the intersec
tion. Similarly. Leong (17) found that a constant headway occurred after the 
fourth vehicle in queue. This relationship is graphically depicted in Figure 2. 

In determining the capacity of a signalized intersection, it is assumed 
that all vehicles in the traffic stream are identical and depart at a constant 
saturation flow headway (11). However, this is not true as there are many 
types of vehicles in the traffic stream whose different performance 
capabilities cause their headways to be vastly different from one another. To 
correct for this discrepancy, the saturation flow rate is expressed in terms of 
straight-through passenger car equivalents. In other words, each vehicle type 
is converted into the equivalent number of passenger cars it displaces. 

There are two types of methodologies used to estimate PCE's at signalized 
intersections. The first method involves simulating the intersection and 
running a regression equation on the results. However, simulation requires 
that the model be accurately val idated for the range of conditions studied. 
The second method, known as the headway method, involves measuring the actual 
discharge headways of the various vehicle types in the field and running a 
regression analysis on the resultant data set. This method seems more 
appropriate since the data used for the regression analysis is actual data and 
not generated data from a simulation model. 
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The headway method is the most common method used to determi ne the peE 
value of trucks and other vehicle types at signalized intersections (5, la, .!.!.' 
12, 13). Headways are coll ected for all saturated vehi cl es as they -cross the 
stop~ine and the relationship between headways and vehicle type mOdeled using 
a regression equation. The values predicted by the regression analysis are 
then used to generate the peE values using the following equation: 

peEi = hi/hb [2.3J 

where: 

peEi = peE for vehicle i; 
hi = headway of vehicle of interest; and 
hb = saturation flow headway of passenger car. 

Since the primary concern of this research is to develop peE's for trucks, 
Equation 2.3 can be modified to: 

[2.4J 

where ht represents the truck's headway and everything else remains the same. 

Equation 2.4 relates the effect of the operating characteristics and 
vehicle length of a truck to that of a passenger car. However, this equation 
does not measure the delay caused by a truck on the passenger cars immediately 
behind it. In other words, it does not account for the fact that the effect of 
a truck's lower acceleration capability wi 11 propagate down the queue and cause 
a number of the passenger cars following behind the truck to be delayed. 
Eventually, this additional delay will dissipate as the truck reaches the 
normal speed of the traffic stream at which time the headways of the passenger 
cars behind the truck will be the same as the headways of the passenger cars in 
an all-passenger-car queue. For example, the effect of a truck in the first 
position in queue can be expressed as follows: 

where: 

6H= 
n = 
i = 

6h = 

[2.5J 

the total additional delay to the queue by the truck; 
position in queue of a passenger car following the truck; 
position of last passenger car affected by the truck; and 
the incremental delay to a passenger car due to the truck. 

Therefore, Equation 2.4 needs to be modified to reflect this additional effect. 
The resulting equation is: 

[2.6J 
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Unlike hb and ht which are relatively easy to measure in the field, there 
is no known method of directly measuring 6H. Determining the value of LlH 
would require measuring the incremental increase in the headways of the 
succeeding passenger cars behind the truck and knowing how many passenger cars 
are affected by the truck. To ci rcumvent thi s, a better method woul d be to 
measure the total travel time of a queue of passenger cars with a truck in the 
queue and compare it to the total travel time for the same size queue 
consisting solely of lIill passenger cars. The lIillth passenger car is the queue 
position of the last passenger car behind the truck which experienced an incre
mental increase in delay due to the truck's lower acceleration rate. After the 
lIillth passenger car, succeeding passenger cars in the queue will not experience 
additional delay. This relationship is graphically depicted in Figure 3 in 
which the travel times for an all-passenger-car queue are compared to the 
travel times for a queue of passenger cars with a truck in position one. 
Therefore, to make use of this relationship the peE equation needs to be 
restated in terms of total travel time. 

The total travel time for a passenger car in position lIill with a truck at 
the front of the queue is given by the equation: 

where: 

i i 
= Lt + ht + L (hbn) + L ~hn) 

n =2 n =2 

TT = total travel time measured from start of green, sec; 
tl = truck in position one in queue; 
bi = passenger car in position lIill in queue; and 
Lt = total lost time for the queue containing a truck. 

Altering this equation for an all-passenger car queue would yield: 

where: 

bl = passenger car in position one in queue; 
bi = passenger car in position lIill in queue; and 
Lb = lost time for the all-pdssenger-car queue. 

[2.7] 

[2.8J 

Equations 2.7 and 2.8 imply that the lost times for a queue with a truck 
and an all-passenger-car queue are different. Since lost time is a function of 
driver perception and reaction to the signal change and vehicle acceleration, 
the lost time of a truck with respect to a passenger car would only be 
different because of the different operating characteristics of the two 
vehicles. Therefore, truck lost time, Lt , will be refined as: 

[2.9J 

where: 
ha = incremental lost time due to a truck being in the queue. 
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Since this incremental lost time is, in fact, an effect of .the truck and adds 
delay to the queue, it can be considered part of the total truck effect 6H. 
Therefore, Equation 2.5 can be modified to include ha as follows: 

i 
6H = L ~n)+ha 

n=2 

Substituting Equations 2.9 and 2.10 into Equation 2.7 yields: 

i 
= Lb + ht + L (hbn) + ~H 

n=2 

Rewriting equation 2.8 as follows: 

i 
TTb

1
,b; =Lb+hb+ L(hbn) 

n=2 

Substituting Equation 2.12 into 2.11 and solving for~H yields: 

[2.lOJ 

[2.11J 

[2.12J 

[2.13] 

Finally, substituting Equation 2.13 into 2.6 will result in the following: 

peEt = [(TTt
l 

b. - TTb
l 

b.)/hbJ + 1 
, 1 ' 1 

[2.14J 

Therefore, peEls are based on the difference between the total travel time for 
the last passenger car affected by the truck and the total travel time for a 
passenyer car in the same position in an all-passenger car queue. Since the 
incremental effect of the truck has dissipated at this vehicle position, peE 
values calculated from the travel times of any succeeding vehicles should 
remain constant if "i" really is the last vehicle affected. 

Equation 2.14 can be modified to determine the PCE for any truck type in 
any position in queue. However, this equation implicitly assumes that there is 
only one truck in the queue. If there is more than one truck in the queue, the. 
additional travel times produced by the extra truck(s) will result in a larger 
travel time. The additional travel time produced by a second truck will result 
in larger delays, but not necessarily twice the delay produced by one truck. 
Furthermore, the PCE value is affected by the position of the trucks in the 
queue. To avoid reporting results for all possible combination of trucks in 
various positions within queue, which would have little practical use, peEls 
are generated for only one truck in a queue with the position of the truck 
varying from one to ten. Therefore, if the truck is in a queue position other 
than the fi rst, the vehi cl es in front of the truck must be passenger cars for 
the results to be valid. 
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Figure 4 illustrates the relationships between the arrival times of a 
queue of passenger cars with a truck in the first position; a queue of 
passenger cars with a truck in the fifth position; and a queue consisting 
solely of passenger cars. The difference in travel times at queue position lIill 
is the peE of the truck. Notice that the lIillth position is not the same for the 
two truck queues. The general form of the equation used to calculate the peE 
is: 

peE· 
Jk = [(TTjk ,b; - TT'1. ,b; ) /hbJ + 1 [2.15J 

where: 

j = type of truck (i.e., s. U. , 5-axle, etc.); and 
k = the position of the truck in the queue. 
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III. STUDY PROCEDURE 

BACKGROUND 

The objective of this research was to study the effects of trucks on the 
delay at signalized intersections. However, delay is a difficult parameter to 
measure; therefore, the intervehicular spacing (i.e., headway) was measured as 
a surrogate for delay using a data collection system developed at the Texas 
Transportation Institute (TTl). The data used in this research were collected 
at three sites in Texas. 

The following sections describe the automatic data collection system, the 
selection of the study Sites, the data collection process, and the data 
analysis procedures. 

AUTOMATIC DATA COLLECTION SYSTEM 

The traffic flow data were collected using the automatic data collection 
system illustrated in Figure 5. The main component of this system was a Golden 
River Corporation Environmental Computer (EC). Other components of the system 
included: a 6-foot by 6-foot temporary inductive loop, a temporary roadway 
instrumentation switch (tapeswitch), a loop box, a photoelectric cell, and a 
Zenith Z-170 PC microcomputer. This system was used to measure the following 
variables for each vehicle: 

1. Elapsed time from the start of green; 
2. Occupancy time; and 
3. Number of axles. 

The loop and tapeswitch inputs were used concurrently to classify vehicles 
by counting the number of axles while the loop was occupied. The in-house 
bui It loop box contained a loop detector card and a power supply housed in a 
small waterproof box. Its purpose was to ampl ify the si gnal from the loop 
before transmitting it to the EC. The photoelectric cell was used to provide 
time-base coordination between the traffic signal dnd the EC. Finally, the 
Zenith was used to process the field data using a software package developed at 
TTl. The processed data were then stored on 5 1/4 inch floppy diskettes. 

SITE SELECTION 

Based on previous experience, it was felt that three sites would supply a 
sufficient amount of different conditions for this study. To avoid demographic 
biases and since financial limitations made it impractical to leave the state, 
one site was selected from each of the following Texas cities: Austin, 
Houston, and Dallas. A preliminary list of potential sites in each city was 
obtained from traffic counts and suggestions made from city and state traffic 
engineering personnel. Each potential location was initially screened by TTL 
personnel using the following criteria: 
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Figure 5. Illustration of the Automatic Data Collection System. 
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1. High traffic volumes; 
2. Long cycle lengths; 
3. High truck volumes; 
4. Level terrain; 
5. Left-turn bay; 
6. Right-turn lane; and 
7. Ease of set up. 

Sites that met this criteria insured that the data collected would meet the 
requirements for this study. The three sites selected were: State Highway 183 
at Georgian in Austin, State Highway 6 at Farm Road 529 in Houston, and Irving 
Boulevard at Mockingbird Lane in Dallas. 

DATA COLLECTION 

At each of the study sites, two EC systems (one per lane) were installed 
along with pushbutton boxes for manual classification. Data were collected for 
eight hours on two consecutive days. Data collection was divided into four 
2-hour periods; 2 hours in the AM peak, 4 hours in the off-peak, and 2 hours in 
PM peak. Except for approximately 15 minutes of light rain in Houston, all the 
data were collected under dry weather conditions. 

Setting up for this study was a rather long and detailed process which'can 
be subdivided into two phases. The first phase was the installation of the 
roadway and signal components of the system. These components remained in 
place until the end of the study and included: the tapeswitches, the loops, 
and the photoelectric cell. This activity required traffic control to be 
provided by either the SDHPT or the city's transportation engineering 
department. The second phase was conducted approximately 30 minutes before each 
AM data collection session. These activities consisted of setting up the EC's 
and Zeniths in the back of the van and then connecting them'to the loops and 
tapeswitches with specially prepared connectors. Figure 6 shows the 
installation of the loops and tapeswitches, and Figure 7 shows the arrangement 
of the equipment in the van. 

During each study period, data were collected for each cycle individually 
(i.e., each cycle provided one observation for the final data set). At the 
start of green, the photoelectric cell triggered the beginning of the data 
collection for each cycle. Data collection was stopped by manually pushing the 
"stop" button located on the pushbutton box whenever the last vehicle in queue 
crossed the loop. Data were only collected for saturated vehicles travel ing 
straight through the intersection. Therefore, if a vehicle performed any 
maneuvers other than proceeding through the intersection (i .e., a lane change 
or a right turn), the data collection for that cycle would be terminated at the 
vehicle immediately in front of the one performing the maneuver. In addition 
to the automatic classification, the vehicles were also being manually 
classified. The manual classification served two purposes: it provided a 
check on the automatic classification thereby reducing the chances of vehicle 
being misclassified, and it allowed different types of vehicles with the same 
number of axles to be distinguiShed from one another. This particular scheme 
required a minimum of three persons with two operating the pushbutton boxes and 
the third noting the last vehicle in queue. 
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DATA ANALYSIS 

This section will discuss the methodology and techniques used to analyze 
the data. The purpose of this analysis was to determine a truck's effect on a 
queue of vehicles. The basic methodology decided upon was to measure the 
elapsed time, at the stop line, from the start of green to the arrival of each 
queued vehicle's rear axle. 

The objectives of this section are two fold: (1) develop a regression 
equation from the data set to predict total travel time; and (2) use the 
predicted values to estimate the peE values for various truck classes. The 
sections that follow will describe the manipulation and statistical analysis of 
the data. The development of the peE values will be discussed in a subsequent 
chapter. 

Data Reduction 

The data stored on floppy diskettes were transferred to the main computer 
system at Texas A&M University so as to take advantage of its .large storage 
capacity and high speed processing. Once on the mainframe, the data were 
analyzed using the SAS statistical computer program. This program was the 
workhorse throughout the data analysis phase of the study. SAS was used to 
retrieve and store data, to modify and edit the data, and to perform several 
statistical tests on the data. 

The data were first sorted according to the type of vehicles within the 
queue. A total of five classes were defined and included: passenger cars; 
2-axle, Single-unit trucks; 3-axle, single-unit trucks; and 4- and 5-axle 
combi nat i on trucks. These vehi c I es are shown in Fi gure 8. The next step was 
to divide each vehicle class into 10 subclasses with the queue position of the 
vehicle of interest varying from position one to ten. The passenger car data 
set was not broken down into subsets since the criterion was to have the 
vehicle of interest in a different queue position (from 1 to 1U) in each subset 
with the rest of the vehicles in the subset being passenger cars. For example, 
the first subset for the 5-axle truck class would contain the vehicle of 
interest (5-axle truck) in queue pOSition one with the rest of the vehicles in 
the queue being passenger cars. This is to be consistent with the methodology 
that will be used to determine the peE's. 

At this time, the data were nearly ready for the statistical analysis 
phase. However, before proceeding to that step, it was felt that a manual 
review of the data was in order so that any erroneous data could be identified 
and removed before conducting any statistical analyses. The data were checked 
for the following errors: 

1. The occupancy time was greater than the elapsed time. This condition 
was only possible when the vehicle's front tires had crept over the 
tapeswitch prior to the onset of green. If this was the case, then 
a11 the elapsed time measurements for that cycle were in error. 
Therefore, al I of these observations were removed from the sample. 
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2. The elapsed time for the vehicle within the queue was lower than the 
previous vehicle's elapsed time. This error occurred when the 
observer failed to stop the data collection for the previous cycle. At 
the beginning of the next cycle, the existing queue of vehicles was 
added to the previous queue; this resulted in the elapsed time 
appearing to decrease in the middle of the queue. All the data in the 
cycle from the point the elapsed time decreased were removed, thereby 
retaining the observations prior to the error. 

3. Incremental differences in elapsed times began to increase. This 
error occu rred whenever the observer fa i I ed to stop the data 
collection until the end of the cycle. In this case, the vehicles 
arriving after the end of the queue were not saturated vehicles and 
wou'ld bias the results if included in the final data set. These 
vehicles were easily identified and removed because they were not 
manually classified. 

These error checks were performed for each of the 10 subclasses in every 
vehicle category. Upon their completion, the total amount of data available 
for statistical analySiS were as listed in Table 1. 

Table 1. Data Available for AnalysiS. 

Vehicle Total Total 
Category Number of Cycles Number of Vehicles 

Passenger Car 1530 10,105 

2-Axle, Single-Unit 280 1687 

3-Axle, Single-Unit 130 771 

4-Axle Truck 25 135 

5-Axle Truck 160 927 

Note: For the truck categories, the total number of cycles corresponds to the 
total number of trucks in the data set with the rest of the vehicles being 
passenger cars. 

Statistical Analysis 

The purpose of this analysis was to develop a regression equation that 
predicted total travel time based on the position of the vehicle in the queue. 
In this analysis, total travel time is the time for a vehicle's rear axle to 
cross over the roadway instrumentation from its position in queue. This 
measurement has been previously referred to as the vehicle's elapsed time. 
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The first step in this analysis was to analyze the passenger car data set. 
Past research suggests that the headways of passenger cars departing from a 
signalized intersection start off at a high value and eventually drop down to a 
constant value (16, 17). Since the total travel time is actually cumulative 
headways of the vehicles in queue, the total travel time should be increasing 
at a constant rate at some point within the queue (i.e., the difference between 
successive travel times becomes a constant headway value, hb). In other words 
the values for total travel time will be increasing at a nonlinear rate with 
the values for the first vehicles increasing at a greater rate than the later 
ones. 

An ana lys is of the means of the headways for the passenger car data set 
indicated that the means were statistically identical after the seventh 
position in queue (i.e., the headway was constant after the seventh position). 
The average headway was ca I cul ated to be 1.79 seconds and rounded to 1.8 
seconds (2000 pcbhqpl). Therefore, for the first seven queue positions, a 
second order polynomial line was fitted using the SAS program. Since the 
variability in headways was increasing with queue position, a weighted 
regression was used to account for this phenomenon. The resulting regression 
equation had an R2 of 0.907 which indicates that the model fit the data 
extremely well. The model has the following form: 

ELP = BO + B1*VEH + B2*VEH2 [3.1] 

where: 

ELP = total t ra ve 1 time for the queue; 
VEH = position of vehicle in the queue; and 

BO, B1, B2 = regression coefficients. 

To be consistent, this same methodology was applied to the all truck data 
sets. A regression equation was developed for each position analyzed from the 
position where the truck was located towards the end of the queue. Since the 
data sets analyzed were much smaller than the passenger car data sets, it was 
not possib'le to determine statistically when the headways of the passenger 
cars, behind the truck, reached a constant headway. However, it was critical 
to thi s study to determi ne the exact pos it i on when the headways reached d 

constant valUe (i.e., position "i") because it is at this vehicle position that 
the trave'l time values were taken to calculate the PCE of the truck. 
Therefore, it was assumed that passenger cars travel ing behind a truck would 
eventua 11 y reach the same constant headway va 1 ue as the passenger cars 
traveling in an all-passenger-car queue. Therefore, when the regression 
equat i on predicted that the headways between passenger cars woul d reach a 
constant headway value of 1.8 seconds (i.e., the saturation flow headway), the 
PCE was calculated at that position. 

In developing the regression equations, the question arose as to how 
little data could be used to develop a regression equation with any degree of 
confidence. This proved to be a difficult question. To resolve the issue, it 
was decided that the truck position that was being examined must contain at 
least five observations. In addition, the succeeding three passenger car 
positions must have a combined value of at least 15 observations with the 
smallest value per position being no less than four observations. This was 
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done so that the equations developed could reasonably predict the travel time 
for a passenger car at least three positions behind the truck in the queue. 
These data were needed so that the effect of a truck on passenger cars behind 
the truck could be analyzed. Table 2 lists the fit of each regression model 
developed from the different data sets that were analyzed. 

Table 2. Regression Fit for the Truck Data. 

Position of Weighted No. of Trucks Total No. of 
Truck Class Truck in Queue R2 in the Data Vehicles 

2-Axle, Single-Unit 1 .9572 71 329 
2 .9470 52 228 
3 .9210 50 199 
4 .9501 35 127 
5 .8779 37 112 
6 .7290 21 63 
7 .7649 13 41 

8-10 

3-Axle, Single-Unit 1 .9256 28 97 
2 .8291 28 110 
3 .9445 23 113 
4 .9299 21 80 
5 .6798 19 51 
6 .8412 12 47 

7-10 

4-Axle Combination 1 .8778 14 61 
2 
3 .8962 11 52 

4-10 

5-Axle Combination 1 .8095 39 130 
2 .9395 36 145 
3 .8426 23 67 
4 .7779 27 89 
5 
6 
7 .7067 15 45 

8-10 

Note: -- means insufficient data to develop a regression equation. 
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IV. STUDY RESULTS 

This chapter focuses on the development of the PCE values for various 
truck categories and then compares them to the values currently being used by 
the 1985 HeM (1). The development of PCE val ues for each truck cl ass and for 
several queue positions within each truck class are discussed in ~he first 
section. The second section discusses an approximate method of predicting the 
PCE of a truck based on its number of axles. The final section examines the 
impacts the proposed PCE values on the capacity of a signalized intersection 
and then compares the resultant capacity estimates to capacity estimates using 
the PCE's in the HCM (1:). 

PASSENGER CAR EQUIVALENTS 

Us i ng the regression equations developed for the passenger car data set 
and the truck data sets in Chapter 3, the PCE for each type of truck at various 
positions in the queue can be determined. The PCE was calculated using 
Equation 2.15 which was developed in Chapter 2 and shown here: 

[4.1J 

where: 

j = truck type; 
k = pos it ion of the truck in the queue; 

TT = total travel time measured from start of green, sec; 
b1 = passenger car in position one in the queue; 
b; = passenger car in position II i II in queue; and 
hb = saturation flow headway, sec. 

As stated in Chapter 2, the peE is based on the difference in total travel 
time between a queue with one truck in it and a queue of an all-passenger-cars. 
Since, the proposed method of determining the peE is based on total delay 
infl icted by a truck on the succeeding passenger car stream, the PCE equation 
must be applied at the vehicle position where the effect of the truck's lower 
acceleration performance has dissipated. After this vehicle position, the peE 
value should remain approximately constant, reflecting the effects of the 
constant accumulated delay and the truck's greater length. This vehicle 
position is referred to as position lIi" and, except for the truck, the queue is 
composed solely of passenger cars. Therefore, to determine the peE of a given 
truck type in a given queue position, the total travel time of a passenger car 
in position "ill behind the truck is compared to the travel time for a passenger 
car in the equivalent position in an all-passenger-car queue. The problem with 
this methodology was in determining position lIill. Since this is the point 
where the performance-related effects of a truck have dissipated, the headways 
beyond thi s poi nt shoul d be approximately the same as the headways for an 
a ll-passenger-car queue. Therefore, by compari ng the headways of the queue 
being analyzed to the all-passenger-car queue and noting the position at which 
they are the same, position lIill was determined. 
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The first truck class that was analyzed was the 5-axle combination truck 
class. Figure 9 shows the regression lines for a queue of all-passenger-cars 
and a queue with a 5-axle truck in position one. As illustrated in the figure, 
the difference in travel time grows larger with each succeeding vehicle in 
queue. However, the incremental increase in the travel times between the two 
queues is growing smaller. At approximately position nine, the incremental 
increase in travel time between the two queues is zero (i.e., the lines are 
parallel). At this queue position, the passenger car in the queue with a truck 
is not incurring any additional delay. Therefore, this position was defined as 
position lIill for the case where a 5-axle truck is in position one. Figure 10 
shows a graph simi lar to Figure 9, but with an additional regression line for a 
queue with a 5-axle truck in position three. In this case, the regression line 
for the all-passenger-car queue and the regression line for the 5-axle truck in 
position three become parallel at about queue position six. Thus, the lIillth 
position for a 5-axle truck in position three is queue position six. This same 
procedure was used for the remainder of the regression lines in the 5-axle 
combination truck class. 

This same technique was used for the 4-axle truck class to determine the 
lIillth position. However, due to the scarcity of data, regression lines were 
only developed for a queue with a truck in position one and position three. 
Figure 11 shows the regression line developed for a queue with a 4-axle truck 
in queue position one and the regression line developed for a queue of all
passenger-cars. It is apparent from this figure that the two regression lines 
are not parallel. Since they are not, the lIillth position cannot be determined 
or reasonably estimated. Therefore, in order to give the best possible 
estimate of the peE, the last queue position (position 6) was used as a 
surrogate for position lIill. 

Finally, the 2- and 3-axle, single-unit truck classes were analyzed. 
Figure 12 compares the regression line for a queue of all-passenger-cars to the 
regression lines for queues with 2-axle, single-unit trucks in positions one, 
three, and five. An interesting observation here is that regardless of the 
position of the truck in the queue, the total travel time after the eighth 
position in queue is approximately equal for each line. This means that the 
peE value calculated from these lines will be nearly identical. Figure 13 
shows a similar graph for 3-axle, single-unit trucks. Although not as obvious 
as in the 2-axle truck class, this figure also indicates that queue position 
has very little influence on travel times and consequently, Ule peE values for 
this truck class. 

After examining all of the regression lines and determining the lIi'J 
position for each one, peE values were calculated using Equation 4.1. The 
value used for saturation flow headway, hb, was 1.8 secondS and was determined 
during the development of the all-passenger-car regression line. The resultant 
peE values are listed in Table 3. 

As a final step, a regression analysis was conducted on the peE values 
developed for each truck class. The purpose was two fold: (1) determine if the 
values generated were statistically different from each other; and (2) if so, 
develop an equation which could interpolate the peE values for the positions 
where there was insufficient data to develop a value. The latter part was only 
applicable to the 5-axle truck class. 
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Table 3. Observed peE Values for Various Truck Types. 

Truck Truck Pos it ion in Queue 
Type 

1 2 3 4 5 6 7 

2-Axl e., Single-Unit 1.5 1.8 1.5 1.6 1.6 1.4 1.7 

3-Axle, Single-Unit 1.7 2.3 1.9 1.9 2.1 2.1 

4-Axle Truck 2.3 2.5 

5-Axle Truck 4.3 3.9 3.7 3.3 3.2 

Note: - signifies that there was insufficient data to develop a peE. 

A fi rst order 1 i near regress i on was performed on the 2-axl e, si ngl e-unit 
truck class. The probability of the F-test indicated that the nonintercept 
term was zero (Prob.>F of 0.9786). This confi rmed an earl ier suspicion that 
the peE values for this truck class were not influenced by the position of the 
truck in the queue. Furthermore, this also suggested that each of the peE 
values was statistically identical; therefore, the average of these values 
was used as the peE values for each position in queue. 

The same procedure was applied to the 3-axle, single-unit truck class. 
Once again, the probability of the F-test indicated that the nonintercept term 
was zero, although the evidence was not as strong (Prob.>F of 0.4415). As 
before, this test suggested that the values were statistically identical which 
means that the average of the peE values can be used in place of the actual 
values. 

No analysis was performed on the 4-axle truck class because of the 
scarcity of points to regress upon. Therefore, the peE values were left 
unaltered. 

A first order linear regression equation was fitted to the peE values for 
the 5- axle truck class. The model had an adjusted R2 value of 0.7874 
indicating that 78.74 percent of the variability was explained by the model. 
Furthermore, the F-test indicated that the nonintercept term was significdnt. 
This appeared to be a good model, but the peE values appeared to follow an 
exponential curve. Therefore, the independent variable was transformed by 
taking its logarithm. USing the transformed value for the independent 
variable, another first order regression equation was fitted to the peE values. 
The resulting adjusted R2 value of 0.8180 indicated that this was a better 
fitting model. Table 4 lists the peE values developed by these regression 
analyses. The outputs from the SAS program used in the t-inal analyses are 
provided in the Appendix. 
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Table 4. Predicted peE Values for Various Truck Types. 

Truck Truck Position in Queue 
Type 

1 2 3 4 5 6 7 

2-Axle, Single Unit 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

3-Axle, Single Unit 2.0 2.0 2.0 2.0 2.0 2.0 

4-Axle Truck 2.3 2.5 

5-Axle Truck 4.1 3.9 3.7 3.6 3.4 3.2 3.1 

Note: - signifies that there was insufficient data to develop a peE. 

EFFECTS ON CAPACITY 

For the practicing engineering community, the matrix of peE values listed 
in Table 4 is of little use. Seldom do city or state traffic engineers have 
the time or manpower to determine the percentage of trucks at an intersection 
much less the time or manpower to determine the percentage of trucks based on 
truck type and position in queue. A practical solution would be to condense 
the values in Table 4 into two values; one tor light trucks (i.e., delivery 
trucks) and one for heavy trucks (i.e., 18-wheelers). 

The fi rst step in thi s process was to determi ne the make up of the new 
truck classes. Figure 14 illustrates the difference in travel time between a 
queue of all passenger cars; and a queue with a 2-axle truck, a 3-axle truck, 
and a tl-axle truck all in the first queue position. As can be seen by this 
illustration, the difference in operating characteristics of 2- and 3-axle 
single-unit trucks is slight compared to that of the 5-axle truck. Therefore, 
due to similarities in performance capabilities, size, and usage; the two 
single-unit truck classes were combined to form the 1 ight truck class. This 
class was selected to represent the light-cargo hauling truck populatiofl 
typically found in urban areas. The heavy truck class composed of the 5-axle 
combination truck class was selected to represent the large tractor trailer 
combi nat ions typi ca lly used for long di stance haul i ng. Si nce there was very 
little data for the 4-axle truck class, this class was not used. 

Light Trucks 

To determine the peE for the light truck class, the weighted average based 
on the proportion of trucks in each of the single-unit classes was used. A 
total of 482 2-axle, single-unit trucks and 255 3-axle, single-unit trucks were 
observed. The proportion of the total observations in each truck class was 
multiplied by its peE to obtain the average peE as follows: 
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Light Truck peE = (482/737)*1.6 + (255/737)*2.0 = 1.7. [4.2J 

Heavy Trucks 

The peE value for the heavy truck class was determined in a similar 
fashion. The proportion of trucks in each queue position was multiplied by its 
respective peE, and then summed to arrive at an average weighted peE value. 
Table 5 lists the number of 5-axle trucks and their peE values per queue 
position used to calculate the peE. The average peE for the heavy truck class 
was calculated as follows: 

Heavy Truck peE = (42/220)*4.1 + • • + (23/220)*3.1 = 3.7. [4.3J 

Table 5. Number of Trucks and peE per Queue Position. 

Queue Number of Average 
Position Trucks peE 

1 42 4.1 

2 41 3.9 

3 43 3.7 

4 40 3.6 

5 19 3.4 

6 12 3.2 

7 23 3.1 

Heavy Vehicle Adjustment Factor 

The previous sections have discussed the major findings of this research; 
most importantly of which is that heavy trucks should be considered a separate 
category from light trucks for capacity analysis purposes due to the 
differences in their operating characteristics. This means that the peE values 
for the two truck types must be combined in such a way as to accurately reflect 
the actual traffic conditions. 

The 1985 HeM (1) uses a heavy vehicle adjustment factor to modify the 
capac ity of a signal i zed intersect i on so as to account for the presence of 
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trucks. For other classes of facilities, the 1985 HCM (1) accounts for trucks, 
buses, and recreational vehicles. Applying this methodology to signalized 
intersections, an equation to combine the PCE of the three different vehicle 
types can be written as follows: 

where: 

fHV = 1/[1 + PT(ET - 1) + PR(ER - 1) + PB(EB - I)J 

P = percent of vehicle type in the traffic stream; 
E = passenger car equivalent of the vehicle type; 
T = truck; 
R = recreational vehicle; 
B = bus; and 

fHV = heavy vehicle adjustment factor. 

[4.4J 

Expanding this methodology to account for light trucks and heavy trucks 
separately, the following equation was developed: 

fHV 

where: 

P 
E 

HT 
LT 
R 
B 

fHV 

= 

= 
= 
= 
= 
= 
= 
= 

1/[1 + PHT(EHT - 1) + PLT(ELT - 1) + PR(ER - 1) + PB(EB - I)J [4.5J 

percent of vehicle type in the traffic stream; 
passenger car equivalent of the vehicle type; 
heavy truck; 
1 i ght truck; 
recreational vehicle; 
bus; and 
heavy vehicle adjustment factor. 

When using this methodology, the PCE recommended for heavy trucks (EHT) is 3.7 
and for light trucks (ELT) is 1.7. The PCE values for recreational vehicles and 
buses were not examined in this research, but the value recommended for light 
trucks can be assumed to apply to buses and recreational vehic·les since all 
these vehicle types are of similar size and operating characteristics. This 
assumption is further supported by a recent Canadian study which reported a PCE 
value of 1.75 for buses (~). 

Us i ng Equat ion 4.5, the effects of 1 i ght trucks and heavy trucks can be 
combined (along with other vehicle types) according to the proportion of these 
vehicle types in the traffic stream. The net result is a determination of the 
impact of an "average" truck on the capacity of the intersection. 

Capacity Reduction at a Signalized Intersection 

Figure 15 shows a graph of the capacity reduction due to different truck 
percentages and PCE values. Capacity has been reduced from the ideal value for 
one lane by using the adjustment factor calculated from Equation 4.5. The four 
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lines show the difference in capac i ty reduct i on between the peE va I ue of 1. 5 
used in the 1985 HeM (1), the peE value of 1.7 proposed in this study for a 
light truck population, the peE value of 3.7 proposed in this study for a heavy 
truck population, and an average peE value of 2.7 shown to represent a traffic 
stream containing an even mixture of light and heavy trucks. 

For a typical urban intersection with 10 percent trucks and a truck 
population consisting mainly of light trucks, the difference in capacity which 
would result if the peE value in the 1985 HeM (1) were used as opposed to the 
light truck peE value would be a mere 2 percent.- Stated differently, the 1985 
HeM (1) peE value predicts 2 percent more capacity at the intersection than 
actually exists. This small overestimation of capacity is within tolerable 
limits and would not appear to warrant a revision of the current peE value used 
in the HeM. However, if the intersection has an even mixture of heavy and 
light trucks, an average peE value of 2.7 can be used. Under these conditions, 
the overestimation of capacity by using the HeM values would be 11 percent. For 
the extreme case where the truck population consists solely of heavy trucks,the 
overestimation of capacity would be more than 17 percent. 

Thus, if the adj ustment factors found in the 1985 HeM (1) are used, the 
resulting saturation flow will produce an inflated capacity value. 
Furthermore, since the green splits are based on the saturation flow, the 
resulting green splits will not accurately reflect the existing traffic 
conditions. This may lead to long queues and large delays on some phases and 
underutilization of other phases. 

PREDICTING PCEIS FROM NUMBER OF AXLES 

Using the results from this study, the capacity of an intersection can be 
accurately adjusted for the presence of large trucks. Adjusting the capacity 
will require obtaining information about the traffic mix, in particular the 
percentage of single-unit and combination trucks. Unfortunately, city and 
state traffic engineers may not have this data readily available nor may they 
have the manpower or time to collect data of this detail. Therefore, it would 
be desirable to predict the capacity reducing effect of trucks (i.e., determine 
the peE of the "average" truck) based on data already ava i I ab 1 e or that can be 
easily collected. This can be accomplistled by using other data that are 
strongly correlated to the peE value. 

As was previously noted, length of vehicle and acceleration 
characteristics play an important part in determining the peE value of a truck. 
Furthermore, acceleration rate of a truck is strongly dependent on the amount 
of weight the truck is hauling. It can be argued that the peE value of a truck 
type is primarily the function of its weight and length. The problem is that 
determining the weight and length of a truck is more troublesome than obtaining 
the original data needed to make the more precise calculations. However, there 
is a third measurement, number of axles, which is related to truck weight and 
length. Therefore, it was logical to assume that the peE value of a truck 
could be reasonably predicted from its number of axles. 
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Figure 16 shows a plot of PCE value versus number of axles for a truck in 
position one and a truck in position three both in queues of passenger cars. 
This graph indicates that the PCE of a truck increases with its number of 
axles. Therefore, using regression analysis, a relationship was developed to 
predict the PCE from the number of axles. From Figure 16, it was obvious that 
the relationship between PCE and number of axles was not a linear one. Since 
there is no existing theory to suggest the shape of this line, a simple 
second-order linear model was selected to model the relationship. This 
relationship had the following form: 

PCE=BO+B1*AXL2 

where: 

AXL2 = the square of the truck's axles; and 
BO, B1 = regression coefficients. 

[4.6J 

Using this model form, a regression line was fitted to data for a truck in 
position one and a truck in position three. The two predicted lines are shown 
in Figure 17. 

As illustrated in Figure 17, the two lines have similar trends and 
characterstics. However, the PCE values for a queue with a truck in position 
one are slightly high while the PCE values for a queue with a truck in position 
three are more representative of the average truck. Therefore, the regression 
1 i ne generated from the queue with a truck in pos it i on three was selected as 
the most appropriate. The equation for this line was: 

PCE = 1.08 + O.10*AXL2. [4.7] 

Using this equation, the PCE of all trucks in the traffic stream can be 
estimated to within 10 percent of the actual value. The value used for axles 
would be the average number of axles for the trucks found in the data. Since 
this equation was developed from the PCE of 2-axle, 3-axle, 4- axle, and 5-axle 
trucks, it should only be used for trucks whose total number of axles fall in 
this range. Otherwise, the predicted value may be over or underestimated. 
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v. CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Thi s study looked at the effect of a truck on the saturation flow of a 
signalized intersection and developed peEls for four truck types. Based on the 
results of this study, the following can be concluded: 

1. Truck type affects the size of the peE. The smaller 2-axle, single
unit trucks had a lesser impact on delay than the larger 5-axle 
combination trucks. 

2. Position of vehicle in queue was not found to significantly affect the 
peE value for the 2- and 3-axle, single-unit trucks typically found in 
urban areas. This is because trucks of this size are not typically 
hauling a great deal of weight with respect to the power of their 
engine. Therefore, the acceleration characteristics of these trucks 
are close enough to a passenger carls that their position in queue has 
very little effect on the peE value. 

3. Position of vehicle in queue has a very pronounced effect on the peE 
value for large 5-axle combination trucks. These trucks are typically 
heavily loaded in addition to their greater length with respect to 
passenger cars. These two factors result in a large initial peE 
value; however, as the position of the truck is further back in the 
queue, the truck has the opportunity to accelerate up to speed thereby 
reducing its peE value. 

4. The pOSition of the last vehicle incrementally affected by the truck 
varies with truck type and pOSition of the truck in the queue. 
Generally, for the first two positions in queue, the last vehicle 
affected by the truck can be up to eight vehicle pOSitions behind the 
truck, or in other words, the "shadow" of the truck can extend up to 
200 feet (assuming 25 feet per passenger car). If the truck is 
located after the second pOSition in queue, its "shadow" is usually no 
further than three vehicle pOSitions or approximately 75 feet. 

5. The number of axles of a truck can be used to approximate its peE 
values. The peE of a truck was found to be fairly well correlated to 
its number of axles. 

REClM4E NDAT IONS 

The results from this study indicate that there is a need to distinguish 
between different truck types when analyzing the capacity of a signalized 
intersection. Large, ~-axle truck combinations were found to tlave a 
significantly higher effect on the capacity of an intersection than the smaller 
single-unit trucks. The 1985 HeM (1) accounts for the presence of heavy 
vehicles (i.e., trucks, buses, and recreational vehicles) through the use of a 
heavy vehicle adjustment factor. This factor is based on a peE of 1.5 which is 
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assumed to be the average peE for trucks, buses, and recreational vehicles. 
When the traffic stream contains a significant number of heavy trucks, a larger 
peE effect would be expected. This effect should be accounted for, in the 
estimation of the intersectionls capacity. Based on the results of this study, 
the following are recommended: 

1. The heavy vehicle adjustment factor equation should be modified to 
analyze the effects of both light and heavy trucks in addition to 

,buses and recreational vehicle. Therefore, it is recommended that 
Equation 4.5 (page 36) of this report be used. 

2. peE values of 3.7 and 1.7 shou1 d be used for heavy and 1 i ght trucks, 
respectively, when using Equation 4.5 to calculate the heavy vehicle 
adjustment factor for estimating capacity at a signalized 
intersection. 

Further research into the development of peEls for large trucks at 
signalized intersections is recommended. The effects of turning maneuvers and 
grades on the peE value of 1 arge trucks needs to be exami ned as they were 
outside of the scope of this study. In addition, future research should study 
the effects of heavily loaded vehicles as compared to lightly loaded vehicles 
in the development of peEls. 

With regard to the methodology used in this study, a more precise method 
of determining the position of the lIillth vehicle is needed. This may be 
accomp 1 i shed by co 11 ect i ng both headway data and spot speed data. The spot 
speed data would be used to determine when the queue of passenger cars behind a 
large truck reached saturation flow speed. Saturation f'low speed would be the 
speed reached by the all-passenger-car queue at saturat ion flow headway. 
Position lIill would be defined as the vehicle position of the first passenger 
car to achieve saturation flow speed. This method would add more accuracy to 
the determination of the lIillth position than the procedure used in this 
research. 
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SASlR) LOG OS SAS 5.15 VS2/MVS JOB PCE STEP SAS 

NOTE: COPYRIGHT (C) 1984 SAS INSTITUTE INC., CARY, N.C. 27511, U.S.A. 
NOTE: THE JOB PCE HAS BEEN RUN UNOER RELEASE 5.15 OF SAS AT TEXAS A&M UNIVERSITY (01452001). 

NOTE: CPUID VERSION = 82 SERIAL = 000261 MODEL = 0580 . 

NOTE: SAS OPTIONS SPECIFIED ARE: 

1 
2 
3 

SORT=4 

DATA DATAPCE; 
INPUT VEH PCE; 
CARDS; 

NOTE: DATA SET WORK.DATAPCE HAS 7 OBSERVATIONS AND 2 VARIABLES. 9530BS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 96K. 

11 
12 
13 
14 

, 
DATA AUSTIN2; 

SET DATAPCE; 
LPCE = LOG(PCE); 

NOTE: DATA SET WORK.AUSTIN2 HAS 7 OBSERVATIONS AND 3 VARIABLES. 6800BS/TRK. 
NOTE: THE DATA STATEMENT USED 0.04 SECONDS AND lOOK. 

15 
16 
17 
NOTE: 
NOTE: 

18 
19 

PROC REG DATA=AUSTIN2; 
MODEL PCE = VEH; 
OUTPUT OUT=A P=PRED; 

THE DATA SET WORK.A HAS 7 OBSERVATIONS AND 4 VARIABLES. 529 OBS/TRK. 
THE PROCEDURE REG USED 0.08 SECONDS AND 444K AND PRINTED PAGE 1. 

DATA AUSTlN3; 
SET A; 

NOTE: DATA SET WORK.AUSTIN3 HAS 7 OBSERVATIONS AND 4 VARIABLES. 5290BS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 96K. 

20 
21 
22 
NOTE: 
NOTE: 

PROC PRINT; 
VAR VEH PCE PRED; 
TITLE 'ACTUAL AND PREDICTED PCE VALUES'; 

THE PROCEDURE PRINT USED 0.06 SECONDS AND 180K AND PRINTED PAGE 2. 
SAS USED 444K MEMORY. 

NOTE: SAS INSTITUTE INC. 
SAS CIRCLE 
PO BOX 8000 
CARY, N.C. 27511-8000 

13: 14 MONDAY, SEPTEMBER 29, 1986 



DEP VARIABLE: PCE 

SOURCE 

MODEL 
ERROR 
C TOTAL 

SAS 

ANALYSIS OF VARIANCE 

SUM OF MEAN 
OF SQUARES SQUARE 

1 0.000014286 0.000014286 
5 0.09015714 0.01803143 
6 0.09017143 

ROOT MSE 
DEP MEAN 
C.V. 

O. 1342812 
1.564286 
8.584183 

R-SQUARE 
AD" R-SO 

VARIABLE OF 

INTERCEP 
VEH 

PARAMETER 
ESTIMATE 

1.56714286 
-0.000714286 

PARAMETER ESTIMATES 

STANDARD 
ERROR 

0.11348829 
0.02537675 

F VALUE 

0.001 

0.0002 
-0.1998 

T FOR HO: 
PARAMETER=O 

13.809 
-0.028 

13:14 MONDAY. SEPTEMBER 29. 1986 

PROB>F 

0.9786 

PROB > ITI 

0.0001 
0.9786 



ACTUAL AND PREDICTED PCE VALUES 13: 14 MONDAY. SEPTEMBER 29. 1986 2 

OBS VEH PCE PRED 

1 1 1.46 1.56643 
2 2 1.75 1. 56571 
3 3 1. 49 1.56500 
4 4 1.62 1.56429 
5 5 1.57 1.56357 
6 6 1.40 1.56286 
7 7 1.66 1.56214 



SAS( R) LOG OS SAS 5. 15 VS2/MVS JOB PCE STEP SAS 

NOTE: COPYRIGHT (C) 1984 SAS INSTITUTE INC .. CARY. ·N.C. 27511. U.S.A. 
NOTE: THE JOB PCE HAS BEEN RUN UNDER RELEASE 5.15 OF SAS AT TEXAS A&M UNIVERSITY (01452001). 

NOTE: CPUID VERSION = 82 SERIAL = 000261 MaDEL = 0580 . 

N9TE: SAS OPTIONS SPECIFIED ARE: 

1 
2 
3 

SORT=4 

DATA DATAPCE; 
INPUT VEH PCE; 
CARDS; 

NOTE: DATA SET WORK.DATAPCE HAS 6 OBSERVATIONS AND 2 VARIABLES. 953 OBS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 96K. 

10 
11 
12 
13 

. 
DATA AUSTIN2; 

SET DATAPCE; 
lPCE = LOG(PCE); 

NOTE: DATA SET WORK.AUSTIN2 HAS 6. OBSERVATIONS AND 3 VARIABLES. 680DBS/TRK. 
NOTE: THE DATA STATEMENT USED 0.04 SECONDS AND lOOK. 

14 
15 
16 
NOTE: 
NOTE: 

17 
18 

PROC REG DATA=AUSTIN2; 
MODEL PCE = VEH; 
OUTPUT OUT=A P=PREO; 

THE DATA SET WORK.A HAS 6 OBSERVATIONS AND 4 VARIABLES. 529 OBS/TRK. 
THE PROCEDURE REG USED 0.08 SECONDS ANO 444K AND PRINTED PAGE 1. 

DATA AUSTIN3; 
SET A; 

NOTE: DATA SET WORK.AUSTIN3 HAS 6 OBSERVATIONS AND 4 VARIABLES. 5290BS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 96K. 

19 
20 
21 
NOTE: 
NOTE : 

PROC PRINT; 
VAR VEH PCE PRED; 
TITLE 'ACTUAL AND PREDICTED PCE VALUES'; 

THE PROCEDURE PRINT USED 0.06 SECONOS AND 180K AND PRINTED PAGE 2. 
SAS USED 444K MEMORY. 

NOTE: SAS INSTITUTE INC. 
SAS CIRCLE 
PO BOX 8000 
CARY. N.C. 27511-8000 

11:46 MONDAY. SEPTEMBER 29. 1986 



c.Tl 
o 

DEP VARIABLE: peE 

SOURCE OF 

MODEL 1 
ERROR 4 
C TOTAL 5 

ROOT MSE 
DEP MEAN 
C.V. 

VARIABLE OF 

SAS 

ANALYSIS OF VARIANCE 

SUM OF MEAN 
SQUARES SQUARE 

0.03171571 0.03171571 
0.17416762 0.04354190 
0.20588333 

0.208667 R-SQUARE 
2.008333 ADJ R-SQ 
10.39006 

PARAMETER ESTIMATES 

PARAMETER 
ESTIMATE 

STANDARD 
ERROR 

INTERCEP 
VEH 

1.85933333 
0.04257143 

0.19425838 
0.04988095 

F VALUE 

0.728 

0.1540 
-0.0574 

T FOR HO: 
PARAMETER=O 

9.571 
0.853 

11:46 MONDAY. SEPTEMBER 29. 1986 

PROB>F 

0.4415 

PROB > ITI 

0.0007 
0.4415 



ACTUAL AND PREDICTED PCE VALUES 11:46 MONDAY, SEPTEMBER 29, 1986 2 

OBS VEH PCE PRED 

1 1 1. 69 1.90190 
2 2 2.28 1.94448 
3 3 1. 94 1.98705 
4 4 1. 93 2.02962 
5 5 2. 13 2.07219 
6 € 2.08 2.11476 
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N 

SAS(R) lOG OS SAS 5.15 VS2/MVS JOB PCE STEP SAS 

NOTE: COPYRIGHT (C) 1984 SAS INSTITUTE INC .• CARY. N.C. 27511. U.S.A. 
NOTE: THE JOB PCE HAS BEEN RUN UNDER RELEASE 5.15 OF SAS AT TEXAS A&M UNIVERSITY (01452001). 

NOTE: CPUID VERSION • 82 SERIAL· 000261 MODEL· 0580 . 

NOTE: SAS OPTIONS SPECIFIED ARE: 

1 
2 
3 

SDRT-4 

DATA DATAPCE; 
INPUT VEH PCE; 
CARDS; 

NOTE: DATA SET WORK.DATAPCE HAS 7 OBSERVATIONS AND 2 VARIABLES. 953 OBS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 96K. 

11 
12 
13 
14 

. 
DATA AUSTIN2; 

SET DATAPCE; 
lPCE • lOG(PCE); 

NOTE: MISSING VALUES WERE GENERATED AS A RESULT OF PERFORMING 
AN OPERATION ON MISSING VALUES. 
EACH PLACE IS GIVEN BY: (NUMBER OF TIMES) AT (lINE):(COlUMN). 

2AT14:1O 

NOTE: DATA SET WORK.AUSTIN2 HAS 7 OBSERVATIONS AND 3 VARIABLES. 6800BS/TRK. 
NOTE: THE DATA STATEMENT USED 0.04 SECONDS AND 1ooK. 

15 
16 
17 
NOTE: 
NOTE: 

18 
19 
20 

PRDC REG DATA&AUSTIN2; 
MODEL lPCE • VEH; 
OUTPUT OUT-A P-lPRED; 

THE DATA SET WORK.A HAS 7 OBSERVATIONS AND 4 VARIABLES. 529 OBS/TRK. 
THE PROCEDURE REG USED 0.08 SECONDS AND 444K AND PRINTED PAGE 1. 

DATA AUSTIN3; 
SET A; 
PRED • EXP(lPRED); 

NOTE: DATA SET WORK.AUSTIN3 HAS 7 OBSERVATIONS AND 5 VARIABLES. 433 OBS/TRK. 
NOTE: THE DATA STATEMENT USED 0.03 SECONDS AND 1ooK. 

21 
22 
23 
NOTE: 
NOTE: 

PROC PRINT; 
VAR VEH PCE PREO; 
TITLE 'ACTUAL AND PREDICTED PCE VALUES'; 

THE PROCEDURE PRINT USED 0.07 SECONDS AND 180K AND PRINTED PAGE 2. 
SAS USED 444K MEMORY. 

NOTE: SAS INSTITUTE INC. 
SAS CIRCLE 
PO BOX 8000 
CARY. N.C. 27511-8000 

10:56 MONDAY. OCTOBER 6. 1986 



(J1 
W 

DEP VARIABLE; LPCE 

SOURCE OF 

MODEL 1 
ERROR 3 
C TOTAL 4 

ROOT MSE 
DEP MEAN 
C.V. 

VARIABLE OF 

SAS 

ANALVSIS OF VARIANCE 

SUM OF MEAN 
SQUARES SQUARE 

0.05329226 0.05329226 
0.008425471 0.002808490 

0.06171773 

0.05299519 R-SQUARE 
1.29671 ADJ R-SO 

4.086896 

PARAMETER ESTIMATES 

PARAMETER 
ESTIMATE 

STANDARD 
ERROR 

INTERCEP 
VEH 

1.46717813 
-0.05013767 

0.04575063 
0.01150982 

F VALUE 

18.975 

0.8635, 
0.8180 

T FOR HO; 
PARAMETER=O 

32.069 
-4.356 

10;56 MONDAV, OCTOBER 6, 1986 

PROB>F 

0.0224 

PROB > ITI 

0.0001 
0.0224 



ACTUAL AND PREDICTED PCE VALUES 10: 56 MONDAY, OCTOBER 6, 1986 2 

OBS VEH PCE PRED 

1 1 4.33 4.12489 
2 2 3.87 3.92318 
3 3 3.71 3.73133 
4 4 3.32 3.54886 
5 5 3.37532 
6 6 3.21026 
7 7 3.17 3.05327 
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