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Introduction 

This note reports on a preliminary statistical study of rolling 

resistance data. The data employed were taken an Conrail's Elkhart, 

Indiana,yard October 25 and 26, 1978, by Messrs. Jim Wetzel, Jack 

Delaney and Gerald Brubaker of Conrail. 

The Data 

The data consists of three separate test runs of cars switched over 

the hump and rolled into a single destination class track. Two of the 

runs were done on October 25, using the same train of cars; the third 

run was done on October 26, using a different train of cars . A vector 

of observations is available for each tested car. Such a vector of 

observations is referred to as a "case". The basic observations for 

each car are given in Table I, together with shorthand names for each 

observed quantity (or variable) that will, for convenience, be used 

to refer to each. The weight and length of each car were collected by 

machine; the speeds reported were taken manually by timing the cars 

through selected speed traps with a stopwatch. 

Starting from these basic variables as a base, additional var iables 

can be der ived; these are shown in Table II. Some of t he derived variables 

a re simply changes in units, such as converting the weight i n pounds to 

weight in t ons . However, some of the derived variables are more complex, 



: a~le I --Basic Variables Available for Each Test Car 

Variable 
Name Description of Observed Quantity 

WTLBS Weight of car in lbs . 
LENG Length of car in feet 
VELC Velocity at crest - mph 
VELS Velocity at scale - mph 
VELM Velocity atmaster ret. - mph 
VELG Velocity at group ret . - mph 

Table 11--Combined List of Basic and 
Derived Variables Avail able for Study 

Variable~ 
Name Description• 

RRCS Rolling res. crest to scale - lb . per ton 
RRMG Rolling res . mast. to group - lb. per ton 
WTLBS Weight of car in lbs. 
WTTONS Weight of car in t ons 
LENG Length of car in feet 
HEADC Vel. head at crest - feet 
HEADS Vel. head at scale - feet 
HEADM Vel. head at master ret. - feet 
HEADG Vel. head at group ret. - f eet 
VELC Velocity at crest - mph 
VELS Velocity at scale - mph 
VELM Velocity at master ret. - mph 
VELG Velocity at group ret. - mph 
AVEVELCS Ave. vel. crest to scale - mph 
AVEVELMG Ave. vel. master t o group - mph 
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such as the rolling resistance. An average rolling resistance, in 

pounds per unit weight of car, can be derived from the speeds at the 

two ends (surrogate acceleration) of a track section of known, constant 

grade*. Using energy considerations, and ignoring other resistances, 

such as wind and switches, the formula employed is: 

R 

2gLAB 

where R=Average resistance between points A and B 

VA=Speed at an upstream point A 

VB=Speed at a downstream point B 

LAB=Distance between A and B 

GAB=Grade between A and B (downgrades posi t ive) 

g~Acceleration of gravity. 

For convenience, R is usually taken in pounds per ton of car; this is 

done here. The above calculations were performed to obtain rolling 

resistance values for each car in the area between the crest and the 

scale, RRCS, and in the area between the master and group retarders, RRMG. 

Missing Observations 

An attempt was also made to observe velocities and therefore calcu

late the rolling resistance on the tangent track. However, numerous 

*It is possible to generalize the equation for track sections of 

varying grade, for other resistances,and f or energy stored in the wheels 

due to their rotation. 
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stalls and collisions precl uded taking any but a couple of observations 

in this area. Therefore, tangent track rolling resistance has not been 

considered in this study. 

For Run 3, no velocity observations were taken between the master 

and group retarders; consequently, the RRMG values are unavailable for 

Run 3. 

Finally, scattered data values were, for one reason or another, 

not recorded for a few observations of most all of the var iables. Those 

cases with missing values have, of course, not been included in an 

analysis wherever a missing variable value would be involved. 

The Analyses 

The statistical analyses were performed using a widely available 

computer package, SPSS*. All the analyses performed were regressions, 

with simple bivariate regressions being performed by a routine that also 

plots a scatter diagram of one variable versus another. 

Because the rolling resistances were each computed directly from 

a combination of two speed observations, the rolling resistances are 

related to these two speed observations by a definite mathematical 

relationship given earlier . Ther efore, it would be point less to include 

these speed observations in any regression with rolling resistance. 

Alt hough instantaneous rolling resistance is often regarded as a 

function of speed, separate observation(s) of speed not used in computing 

*Nie, Hall, Jenkins, Steinbrenner, and Bent, Statistical Package 

for the Social Sciences (SPSS), 2nd ed., McGraw Hill, 1975 . 
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The rolling resistances would be required to assess this effect. 

Following is a brief description of each analysis performed. 

Analysis 1 

Analysis 1 (Figure 1) plots the rolling resistance between the master 

and group retarder, RRMG, as a function of the rolling resistance from 

crest to scale,RRCS,for the same car. Only Run 1 data are considered in 

this analysis. From t he scatter of points in the plot and from the 

regression output given below the figure, the correlation is positive, 

as expected. The relation is significant at the 5% level . However, 

the R-squared value reports that RRCS can explain only about 11% of the 

variation in RRMG, which means that knowing RRCS does not allow us to 

predict RRMG from RRCS with much accuracy. 

Analysis 2 

Analysis 2 (Figure 2) plots the samevariablesas in Figure 1, but 

for Run 2. Even though the train of cars tested is the same as in Run 1, 

no statistically significant relationship is found. 

Analysis 3 

Analysis 3 (Figure 3) again plots the same variables as in Analysis 1, 

but with Runs 1 and 2 forming a combined sample. The conclusions are 

similar to those given in Analysis 1. 

Analysis 4 

Analysis 4 (Figure 4) attempts to see if a relation exists between the 

weight and the roiling resis tance. From theor y, the rolling resistance should 
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be proportiona l t o t he reciprocal of t he weight, so that a negative 

correlation would be expected when r egressing rolling r esistance 

directly against weight. Figure 4 plots RRCS against the weight of 

the car in t ons (WTTONS) for Run 1. As can be seen, the expected 

negative correlation does result, but the relationship only explains 

about 20% of the variation* in RRCS. 

Analysis 5 

Analysis 5 (Figur e 5) is similar to Analysis 4, bu t for Run 2. The 

results are essentially the same as for Analysis 4. 

Analysis 6 

Analysis 6 (Figure 6) is also similar t o Analyses 4 and 5 , but is 

addressed to Run 3. The same relation as in Analyses 4 and 5 seems to 

exist, but it appears to be much weaker. 

Analysis 7 

Analysis 7 (Fi gure 7) is similar to Analyses 4,5, and 6, but with 

Runs 1, 2, and 3 treated as a combined sample. Again, a statistically 

significant, but poor from the standpoint of explaining variation in the 

data, r elationship appears to exis t . One interesting feature obvious in 

this combined plot of the three runs is t he natural di vision of the data 

into two weight groups . These probably correspond to loaded and empty 

cars. 

*A regression a gainst 1/WTTONS should result in explaining somewhat 

more of t he variation in RRCS . 
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Analysis 8 

Analysis 8 (Figure 8) treats the combined sample of Runs 1, 2, and 

3. It attempts to see whether a relationship exists between car length 

and weight. In an overall sense, such a relationship does appear to 

exist, with a postive correlation as is intuitive. However, the car's 

being loaded or empty* can be seen by eye to have a much more critical 

bearing on the weight. By eye, a much stronger relation between weight 

and car length appears to exist for the subset of cars which are felt to 

be unloaded. It is also obvious from the plot that most cars tend to 

fall into discrete lengths; this is to be expected for a manufactured 

entity such as a rail car. 

Analysis 9 

Analysis 9 (Figure 9) explores the self-consistency of the rolling 

resistance of each car with itself between Runs 1 and 2. This analysis 

examines the rolling resistance between crest and scale, RRCS. RRCS in 

Run 2 is plotted down the Y-axis against RRCS in Run 1 across the X-axis. 

As can be seen, a statistically significant relation, with a positive 

correlation as expected, appears to exist. However, RRCS in Run 1 

explains only 25% of the variation of the same quantity in Run 2. This 

implies that the rolling resistance of a car is indeed the result of 

marty random phenomena operating and probably will not be easy to predict. 

Analysis 10 

Analysis 10 (Figure 10) is similar to Analysis 9 except that RRMG 

*Those cars weighing more than about 50 tons are conjectured to be 

l oaded. 
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is the variable compared between Runs 1 and 2. The conclusions are 

similar to those arrived at in Analysis 9. 

Analysis 11 

Analysis 11 (Figure 11) is a multiple regression analysis to 

investigate the predictability of a downstream rolling resistance (RRMG) 

from an upstream rolling resistance (RRCS) and another known variable, 

WTTONS. Although it would also have been desirable to have included the 

car length, LENG, in this analysis, too many missing values for the 

variable* precluded its inclusion. A dummy variable**, RUNlDUM was also 

included in the regression to assess whether any significant difference 

existed· between Runs 1 and 2 . Run 3 was not included in the analysis 

because all of its values of RRMG were missing. 

Figure 11 , Part 1, shows the correlation matrix between the four 

variables involved in the regression. The relatively high correlation 

*Were LENG included, only 39 complete cases would have been 

available for analysis, rather than the 64 available otherwise. 

**A set of dummy variables is "created" by treating each category 

of a nominal variable as a separate variable and assigning arbitrary 

scores for all cases depending upon their presence or absence in each of 

the categories. For example, the dummy variable considered here is given 

the score of 1 if the case is a member of Run 1, and O if it is a member 

of Run 2. The newly created dichotomous variables are call ed dummy 

variables because their scores have no meaning other than representing 

or standing for a particular category in t he original nominal variable. 
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between the independent* variables WTTONS and RRCS illlplies some con

founding of their effects. This means that it may be relatively difficul t 

or impossible to judge their separate effects on RRMG, but only their 

joint effect. 

Figure 11, Part 2, shows the three steps of the regression. As 

can be seen, only the first variable to enter the equation, WTTONS, has 

any appreciable explanatory effect on RRMG. The variables entered into 

2
the equation on steps 2 and 3 increase the R value (percent of variation 

in RRMG explained by the independent variables) only slightly. These 

results imply that, at least for the variables at hand, the predictability 

of RRMG is poor, and adding additional variables to the equation after 

the first one adds little to our prediction of RRMG. The poor predicta

bility of R.R}fG is further illustrated by the analysis of residuals in 

Figure 11, Part 3. As can be seen there, the estimated values of RRMG 

(denoted as "Y ESTIMATE" ) are quite poor. Also, the dummy variable 

RUNlDUM is not significant, indicating that the analysis has failed to 

detect any significant difference between Runs 1 and 2. 

Concluding Remarks 

The statistical analyses of the rolling resistance data have shown 

that statistically significant relationships exist among most of the 

variables analyzed. At the same time, however, the predictability of 

any of the dependent variables studied from one or more independent 

*Independent from the standpoint of RRMG. This does not necessarily 

imply that RRCS and WTTONS are independent of each other . 
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variables is poor. 

In particular, it is desirable to be able to predict a car's 

tangent track rolling resistance. However, as mentioned earlier, this 

rolling resistance was not available for study. The rolling resistance 

between the master and group retarders was used as a sort of surrogate 

in these analyses. These analyses imply that the rolling resistance 

results from a complex interplay of many random phenomena; indeed, even 

the rolling resistances of the same cars measured at the same location 

are not predictably consistent from one run to the next. These results 

imply that, even given more independent variables than were available 

for this study, so long as the independent variables are of the nature 

studied here, a good prediction of a car's rolling resistance may prove 

difficult to obtain. 
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	SUBJECT: 
	Rolling Resistance Data 
	Introduction 
	This note reports on a preliminary statistical study of rolling resistance data. The data employed were taken an Conrail's Elkhart, Indiana,yard October 25 and 26, 1978, by Messrs. Jim Wetzel, Jack Delaney and Gerald Brubaker of Conrail. 
	The Data 
	The data consists of three separate test runs of cars switched over the hump and rolled into a single destination class track. Two of the runs were done on October 25, using the same train of cars; the third run was done on October 26, using a different train of cars. A vector of observations is available for each tested car. Such a vector of observations is referred to as a "case". The basic observations for each car are given in Table I, together with shorthand names for each observed quantity (or variabl
	Starting from these basic variables as a base, additional variables can be derived; these are shown in Table II. Some of the derived variables are simply changes in units, such as converting the weight i n pounds to weight in t ons . However, some of the derived variables are more complex, 
	: a~le I--Basic Variables Available for Each Test Car 
	Variable Name Description of Observed Quantity 
	WTLBS Weight of car in lbs. 
	LENG Length of car in feet 
	VELC Velocity at crest -mph 
	VELS Velocity at scale -mph 
	VELM Velocity atmaster ret. -mph 
	VELG Velocity at group ret. -mph 
	Table 11--Combined List of Basic and Derived Variables Avail able for Study 
	Variable
	~ 
	Name Description
	• 
	RRCS Rolling res. crest to scale -lb . per ton RRMG Rolling res. mast. to group -lb. per ton WTLBS Weight of car in lbs. WTTONS Weight of car in t ons LENG Length of car in feet HEADC Vel. head at crest -feet HEADS Vel. head at scale -feet HEADM Vel. head at master ret. -feet HEADG Vel. head at group ret. -f eet VELC Velocity at crest -mph VELS Velocity at scale -mph VELM Velocity at master ret. -mph VELG Velocity at group ret. -mph AVEVELCS Ave. vel. crest to scale -mph AVEVELMG Ave. vel. master t o group 
	such as the rolling resistance. An average rolling resistance, in pounds per unit weight of car, can be derived from the speeds at the 
	two ends (surrogate acceleration) of a track section of known, constant grade*. Using energy considerations, and ignoring other resistances, such as wind and switches, the formula employed is: 
	R 
	2gLAB 
	where R=Average resistance between points A and B 
	VA=Speed at an upstream point A 
	VB=Speed at a downstream point B 
	LAB=Distance between A and B 
	GAB=Grade between A and B (downgrades posit ive) 
	g~Acceleration of gravity. For convenience, R is usually taken in pounds per ton of car; this is done here. The above calculations were performed to obtain rolling resistance values for each car in the area between the crest and the scale, RRCS, and in the area between the master and group retarders, RRMG. 
	Missing Observations An attempt was also made to observe velocities and therefore calculate the rolling resistance on the tangent track. However, numerous 
	*It is possible to generalize the equation for track sections of varying grade, for other resistances,and f or energy stored in the wheels due to their rotation. 
	stalls and collisions precl uded taking any but a couple of observations in this area. Therefore, tangent track rolling resistance has not been considered in this study. 
	For Run 3, no velocity observations were taken between the master and group retarders; consequently, the RRMG values are unavailable for Run 3. 
	Finally, scattered data values were, for one reason or another, not recorded for a few observations of most all of the var iables. Those cases with missing values have, of course, not been included in an analysis wherever a missing variable value would be involved. 
	The Analyses 
	The statistical analyses were performed using a widely available computer package, SPSS*. All the analyses performed were regressions, with simple bivariate regressions being performed by a routine that also 
	plots a scatter diagram of one variable versus another. 
	Because the rolling resistances were each computed directly from 
	a combination of two speed observations, the rolling resistances are 
	related to these two speed observations by a definite mathematical 
	relationship given earlier. Ther efore, it would be pointless to include 
	these speed observations in any regression with rolling resistance. 
	Alt hough instantaneous rolling resistance is often regarded as a 
	function of speed, separate observation(s) of speed not used in computing 
	*Nie, Hall, Jenkins, Steinbrenner, and Bent, Statistical Package for the Social Sciences (SPSS), 2nd ed., McGraw Hill, 1975. 
	The rolling resistances would be required to assess this effect. Following is a brief description of each analysis performed. 
	Analysis 1 
	Analysis 1 (Figure 1) plots the rolling resistance between the master and group retarder, RRMG, as a function of the rolling resistance from crest to scale,RRCS,for the same car. Only Run 1 data are considered in this analysis. From the scatter of points in the plot and from the regression output given below the figure, the correlation is positive, as expected. The relation is significant at the 5% level. However, the R-squared value reports that RRCS can explain only about 11% of the variation in RRMG, whi
	Analysis 2 
	Analysis 2 (Figure 2) plots the samevariablesas in Figure 1, but 
	for Run 2. Even though the train of cars tested is the same as in Run 1, 
	no statistically significant relationship is found. 
	Analysis 3 
	Analysis 3 (Figure 3) again plots the same variables as in Analysis 1, 
	but with Runs 1 and 2 forming a combined sample. The conclusions are 
	similar to those given in Analysis 1. 
	Analysis 4 
	Analysis 4 (Figure 4) attempts to see if a relation exists between the weight and the roiling resistance. From theory, the rolling resistance should 
	be proportional to the reciprocal of the weight, so that a negative correlation would be expected when regressing rolling resistance directly against weight. Figure 4 plots RRCS against the weight of the car in t ons (WTTONS) for Run 1. As can be seen, the expected negative correlation does result, but the relationship only explains about 20% of the variation* in RRCS. 
	Analysis 5 Analysis 5 (Figur e 5) is similar to Analysis 4, but for Run 2. The results are essentially the same as for Analysis 4. 
	Analysis 6 
	Analysis 6 (Figure 6) is also similar t o Analyses 4 and 5, but is addressed to Run 3. The same relation as in Analyses 4 and 5 seems to exist, but it appears to be much weaker. 
	Analysis 7 
	Analysis 7 (Fi gure 7) is similar to Analyses 4,5, and 6, but with Runs 1, 2, and 3 treated as a combined sample. Again, a statistically significant, but poor from the standpoint of explaining variation in the data, r elationship appears to exist . One interesting feature obvious in this combined plot of the three runs is the natural di vision of the data into two weight groups . These probably correspond to loaded and empty cars. 
	*A regression against 1/WTTONS should result in explaining somewhat more of the variation in RRCS. 
	6 
	Analysis 8 Analysis 8 (Figure 8) treats the combined sample of Runs 1, 2, and 
	3. It attempts to see whether a relationship exists between car length and weight. In an overall sense, such a relationship does appear to exist, with a postive correlation as is intuitive. However, the car's being loaded or empty* can be seen by eye to have a much more critical bearing on the weight. By eye, a much stronger relation between weight and car length appears to exist for the subset of cars which are felt to be unloaded. It is also obvious from the plot that most cars tend to fall into discrete 
	Analysis 9 
	Analysis 9 (Figure 9) explores the self-consistency of the rolling resistance of each car with itself between Runs 1 and 2. This analysis examines the rolling resistance between crest and scale, RRCS. RRCS in Run 2 is plotted down the Y-axis against RRCS in Run 1 across the X-axis. As can be seen, a statistically significant relation, with a positive correlation as expected, appears to exist. However, RRCS in Run 1 explains only 25% of the variation of the same quantity in Run 2. This implies that the rolli
	Analysis 10 
	Analysis 10 (Figure 10) is similar to Analysis 9 except that RRMG 
	*Those cars weighing more than about 50 tons are conjectured to be l oaded. 
	7 
	is the variable compared between Runs 1 and 2. The conclusions are similar to thosearrived at in Analysis 9. 
	Analysis 11 
	Analysis 11 (Figure 11) is a multiple regression analysis to investigate the predictability of a downstream rolling resistance (RRMG) from an upstream rolling resistance (RRCS) and another known variable, WTTONS. Although it would also have been desirable to have included the car length, LENG, in this analysis, too many missing values for the variable* precluded its inclusion. A dummy variable**, RUNlDUM was also included in the regression to assess whether any significant difference existed· between Runs 1
	Figure 11, Part 1, shows the correlation matrix between the four variables involved in the regression. The relatively high correlation 
	*Were LENG included, only 39 complete cases would have been available for analysis, rather than the 64 available otherwise. 
	**A set of dummy variables is "created" by treating each category of a nominal variable as a separate variable and assigning arbitrary scores for all cases depending upon their presence or absence in each of the categories. For example, the dummy variable considered here is given the score of 1 if the case is a member of Run 1, and O if it is a member of Run 2. The newly created dichotomous variables are call ed dummy variables because their scores have no meaning other than representing or standing for a p
	between the independent* variables WTTONS and RRCS illlplies some confounding of their effects. This means that it may be relatively difficul t or impossible to judge their separate effects on RRMG, but only their joint effect. 
	Figure 11, Part 2, shows the three steps of the regression. As can be seen, only the first variable to enter the equation, WTTONS, has any appreciable explanatory effect on RRMG. The variables entered into 
	2
	the equation on steps 2 and 3 increase the R value (percent of variation in RRMG explained by the independent variables) only slightly. These results imply that, at least for the variables at hand, the predictability of RRMG is poor, and adding additional variables to the equation after the first one adds little to our prediction of RRMG. The poor predictability of R.R}fG is further illustrated by the analysis of residuals in Figure 11, Part 3. As can be seen there, the estimated values of RRMG (denoted as
	Concluding Remarks 
	The statistical analyses of the rolling resistance data have shown that statistically significant relationships exist among most of the variables analyzed. At the same time, however, the predictability of any of the dependent variables studied from one or more independent 
	*Independent from the standpoint of RRMG. This does not necessarily imply that RRCS and WTTONS are independent of each other. 
	variables is poor. 
	In particular, it is desirable to be able to predict a car's tangent track rolling resistance. However, as mentioned earlier, this rolling resistance was not available for study. The rolling resistance between the master and group retarders was used as a sort of surrogate 
	in these analyses. These analyses imply that the rolling resistance results from a complex interplay of many random phenomena; indeed, even the rolling resistances of the same cars measured at the same location are not predictably consistent from one run to the next. These results imply that, even given more independent variables than were available for this study, so long as the independent variables are of the nature studied here, a good prediction of a car's rolling resistance may prove difficult to obta
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