
ABSTRACT 

YANG, BO. Validation of the Freeway Mixed Flow Model in the Highway Capacity 

Manual. (Under the direction of Dr. George List). 

 

Since 1965, the HCM has been using passenger car equivalents (PCEs) to convert 

trucks and other vehicles into an equal number of autos. However, a recent, nationally-

sponsored project, identified the fact that this treatment fails to capture the full effect of 

trucks on the performance of freeways and other highway facilities. As a result, the Mixed 

Flow Model (MFM) was developed to estimate travel rates separately for autos and trucks for 

various freeway operating conditions. The model is described in chapters 25 and 26 of the 

HCM 6th Edition. One shortcoming of the MFM is that it was developed strictly based on 

simulation.  This dissertation reports the results of efforts to validate the MFM’s predictions. 

Data for flow rates, travel rates, truck percentages, and vertical profiles were collected for 

three locations in North Carolina plus secondary data from other locations nationwide. 

Speed-flow trends were examined; and tests were performed to see if the MFM’s relationship 

hypotheses were defensible, which they were, and if the equations, including the parameter 

values, predicted the travel rates observed. Most significantly, the weight-to-horsepower ratio 

(W2P) employed in the kinematic equations was found to be too large for the North Carolina 

data. A value of 117.6 lb/hp for tractor trailer trucks would be better than the 150 lb/hp now 

presented in the HCM-6. It may also be that the contributions of the trucks to the auto travel 

rate in mixed flow conditions may be larger than suggested by the simulation data. Future 

options for further testing of the MFM model are suggested.   
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SECTION 1. INTRODUCTION 

This doctoral research has focused on validating the speed-flow relationships of the 

Mixed Flow Model (MFM) that was developed for the Highway Capacity Manual (HCM) as 

a part of research projects NCFRP 41 and NCHRP 03-115. See Dowling et al. (2014) and 

List, Yang, and Rouphail (2015) respectively. The core element of the MFM is a set of 

equations that predict travel rates (minutes/mile or min/mi) for trucks and autos based on the 

vehicular flow rate and other inputs that describe the conditions of the freeway segment 

under study (e.g., truck percentage, percent grade, and length of grade).  

Unfortunately, during both projects, no field datasets could be found that contained 

sufficient information to support the model’s development (auto and truck travel times, auto 

and truck flow rates, auto and truck weights and horsepower values, and a rich variety of 

grades). Simulation models had to be used instead. Hence, the purpose of this doctoral 

research has been to collect and use field data to verify and validate the MFMs relationships 

and predictions.  

1.1. Context 

Since about 1965, the passenger car equivalent (PCE) was introduced in the Highway 

Capacity Manual (HCM) to address truck impact in the traffic stream. The idea is to replace 

the trucks by the number of passenger cars assuming they have the same impact to the traffic 

stream. 

Consistent with the efforts by the Highway Capacity and Quality of Service Committee 

to make the HCM a more holistic and multimodal document, efforts have been underway to 

improve the way truck performance was addressed. In the context of this doctoral research, 

the committee aimed to provide level of service assessments for trucks on various facilities. 
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It wanted models that could predict truck travel times, especially on freeways, under various 

operating conditions. Project NCFRP 41 produced truck-related travel rate prediction models 

for freeways and multi-lane arterials. See Dowling et al. (2014). In addition, a subsequent 

effort, conducted under NCHRP 3-115, a Mixed Flow Model (MFM) was created that can be 

used to assess the performance of trucks and autos in conditions where the grades are steep 

and/or the truck percentages are high. See Zegeer (2016). The MFM predicts travel rates (the 

inverses of speeds) for both trucks and autos on freeway facilities. These relationships can be 

found in Chapters 25 and 26 of the HCM-6 (See Transportation Research Board, 2016) and 

are reported in List, Yang, and Rouphail (2015). One drawback is that the MFM relationships 

were developed based on VISSIM 5.4 by PTV (2011) simulations involving various truck 

percentages, grades, lengths of grade, and flow rate. No suitable dataset could be found that 

contained enough information to support the development of the relationships.  

1.2. Objectives and Contributions to Knowledge 

The main objective of this doctoral research work was to begin validating the MFM using 

field data. This validation of the MFM had two major parts. The first focused on validating 

the hypotheses upon which the MFM was based. The author wanted to check that the ideas 

upon which the MFM was based were defensible. Otherwise, even with the best possible 

parameter values, it would fail to predict observable performance. The second part focused 

on seeing if the numerical values predicted for truck and auto travel rates were defensible. 

Effectively, assuming the hypotheses were defensible, did the parameter values developed 

from the simulation analyses predict value that could be observed in the field. 

The one causal relationship and two principal hypotheses used by the MFM are as 

follows:  
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1) Both auto and truck travel rates increase as the overall flow rate increases, with or 

without trucks being present in the traffic stream. This is the traffic interaction. It is 

regarded as the causal relationship between flow rates and travel rates. 

2) The truck travel rates are principally determined by the kinematic performance of the 

trucks, not the traffic interactions. That is, their travel times are mainly dependent upon 

the way they speed up and slow down as they traverse vertical profiles. These trends 

are affected by their weight, horsepower available, and other attributes and the vertical 

profile of the roadway.  

3) In addition to the traffic interactions, the auto travel rates are directly affected by the 

truck travel rates. This is because the slower moving trucks affect the flexibility with 

which the autos can achieve their desired travel rates. Put another way, because the 

trucks accelerate and decelerate differently and move slower up grades, they impede 

the flow of the autos and increase the auto travel rates more than would arise based on 

the traffic interactions alone. 

The first portion of the research work tested these hypotheses were tested using statistical 

analyses based on primary and secondary data. 

The second portion of the research tested the ability of the MFM to predict defensible 

values for both auto and truck travel rates. This was important because 1) the equations 

predict travel rates (not speeds, as is the case with the HCM), 2) the travel rates for the trucks 

are based on kinematics, and 3) the travel rates for the autos incorporate direct effects caused 

by the trucks. This effort was conducted using new data collected at three sites in North 

Carolina.  

As a result, the contributions to knowledge from this doctoral research are: 
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1. The hypotheses upon which the MFM is based are valid. This contribution is significant 

because it demonstrates that the principles underlying the MFM are sound. It can be asserted 

that the prediction assessments in the second part have validity because the relationships should 

be able to predict travel rate trends in a defensible way. In addition, this validation 

demonstrates that the MFM provides a new, defensible way to assess the travel rates of both 

autos and trucks without using passenger car equivalents (PCEs). If these hypotheses had 

proved false, then the MFM would not have been based on valid assumptions and the equations 

it uses would not be defensible for predicting numerical values for the travel rates. As a 

corollary, these checks also verified that the simulation model used to develop the MFM 

employed relationships that are consistent with observed field behavior. This is not to say that 

the research work was focused on checking the validity of the simulation model, but rather that 

it was indirectly found that the simulation model was able to predict phenomena observed in 

the field.  

2. The MFM’s travel rate predictions are defensible, although there are parameter values 

that could be refined. Since the MFM is a new procedure, and it involves a collection of several 

equations, some of which form a deterministic simulation of truck kinematics, it was necessary 

to create a step-by-step procedure whereby the equation predictions could be checked. The fact 

that these equations are dependent upon parameter values, like the weight-to-power (W2P) 

ratio for the trucks, for which no field data exist (and are not likely to exist until, perhaps, AV 

trucks are pervasive), underscores the importance of checking the hypotheses first and then 

seeing whether the numerical results are valid. These findings are valuable not only in the sense 

that practitioners can now use the MFM with confidence to study mixed flow conditions.  
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3. Ways were developed to check the hypotheses upon which the MFM is based. For other 

researchers who follow, ways were developed to test the three hypotheses upon which the 

MFM is based. This work is significant because much of the information that would be helpful 

to have was not available such as the weights of the trucks, their W2P ratios, and their frontal 

areas. Hence, hypothesis rejection tests were used to ascertain whether the hypotheses were 

valid or not. The method involved collecting the data, performing statistical tests, and drawing 

conclusions based on those tests. Existence of the method means that future researchers who 

want to examine the hypotheses in more detail, such as the separate influence of SUTs (single 

unit trucks) and TTs (tractor trailers), can build upon what has been done. Because the method 

relies on inference, it uses “work-arounds” to compensate for information that is missing, 

especially the W2P ratios. It asks, for example, what W2P ratios must have been extant to 

obtain the results observed, and then test whether those values are logical in the context of 

trucks.  

4. Ways were developed to check the validity of the MFM’s predictions. This contribution 

is significant because the MFM is a new model. Ways to check its validity have not heretofore 

been developed. As with the tests for the hypotheses, this work is significant because much of 

the information that would have been helpful was not available. Unlike the hypothesis tests, 

however, regression was used to see if the trends in the predictions were defensible as well as 

the numerical values. Many of these tests take the form of a “primal-dual” structure in which 

the “primal” portion focuses on checking the trends in the numerical values obtained and the 

“dual” asks whether adjusting the model parameters would improve the results. For example, 

for the auto rates with significant truck percentages, it was found that while the trends seemed 

valid, the numerical values did not quite match the field observations. This meant the structure 
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of the equations was defensible, but the parameter values needed to be adjusted. Then, when 

those values were adjusted, the predictions more closely matched the significantly improved 

the correspondence between the predicted and observed values. Hence, through the tests, not 

only was the validity of the structure of the relationships reinforced, vis-à-vis the hypothesis 

tests; but, also, the quality of the predicted values was improved because the parameter values 

were refined. Moreover, to guard against countervailing trends confounding the analysis, the 

tests were designed to check the model terms one-at-time. This step-wise approach 

strengthened the validity of the equations in a comprehensive way. It also allowed the 

parameters to be recalibrated in groups. For example, since the truck W2P ratios were not 

known, yet they were key to predicting the truck travel times, an iterative analysis in which the 

W2P ratios were varied, helped demonstrate that not only were the trends predicted by the 

kinematic equations valid, but refining the W2P ratio improved the match between the 

predicted and observed values. From a practical perspective this suggests that practitioners a) 

might want to adjust some of the MFM’s parameter values, especially the W2P values, to 

ensure that the equations are best-prepared to predict defensible travel rates for their specific 

settings, and b) use the method to ensure that the best parameter values are being used.  

Clearly, there are other efforts that can follow this doctoral work. One example is to explore 

the effects of SUTs as distinct from the TTs. Another is to apply the MFM to arterials, where 

the stop-and-go nature of the traffic flow makes the impacts of the truck kinematics may be 

even more pronounced insofar as the parameter values are concerned, it was found that the 

assumed W2P ratio and a few more equation coefficients could be refined in value to better 

match the observed field data. Having said this, the ability to generalize this result is limited. 

The field data employed were only for North Carolina freeways, so it is difficult to say whether 



   7 

 

 

these adjustments have national (pervasive) applicability or if they only pertain more narrowly. 

The author thinks that they might be generalizable findings, but there is no basis for checking 

that. 

1.3. Guide to the Document 

The remainder of the dissertation is organized as follows. Section 2 provides a literature 

review. Section 3 presents the methodology employed in conducting the validation. Section 4 

describes the data sources used to do the validation. Section 5 assesses the validity of the 

assumptions upon which the MFM is based. Section 6 presents the validation results. Finally, 

Section 7 provides a summary of the findings and identifies areas in which future work could 

be conducted.  
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SECTION 2. LITERATURE REVIEW 

For this doctoral research, it is important to review literature in four topical areas: 1) 

traffic stream models, 2), prior treatments of mixed traffic streams, 3) prior ways to predict 

truck speeds, and 4) previous efforts to relate auto speeds to truck speeds. The reason is that 

the MFM is effectively a new traffic stream model. It hypothesizes a relationship between the 

flow rate (in vehicles per hour) and the travel rates (inverses of the speeds) for autos, single 

unit trucks (SUTs) and tractor trailers (TTs) for specific operating conditions (percentages of 

SUTs and TTs in the traffic stream, the grade, and the length of the grade) for under-

saturated conditions (i.e., from zero flow up to capacity). It predicts travel rates, not speeds. 

It asserts that the auto travel rates (speeds) are directly affected by the truck travel rates 

(speeds).  Hence, reviewing the literature related to these topics provides an indication of the 

frontier being addressed by the MFM.  

2.1. Homogenous Traffic Stream Models 

Traffic stream models relate the flow rate q, to the density k and space-mean speed u. The 

first of these was created by Greenshields et al. (1934). It was a single regime, linear speed-

density relationship. The speed-density relationship is expressed in Equation 2.1. 

*
f

f

j

v
v v k

k

 
    

 
                                                                                                             (2.1) 

Where, 

v = speed (mph) 

fv = free-flow speed (mph) 

k = density (vpm) 
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jk = jam density (vpm) 

This equation indicates that when density reaches zero, the speed becomes a free-flow speed; 

and, when the density reaches a maximum value (called the jam density) the speed becomes 

zero.  

Figure 1 shows the fundamental diagrams used to relate speed, flow, and density, as 

presented by May (1990). 

 

Figure 1: Greenshield's (1934) Speed-Flow Relationship (Source: May, 1990) 

As May (1990) states, as flow increases, speed declines until it reaches its maximum 

value at mq , and speed and density approach their limiting values 0u , 0k . An advantage of 

Greenshield’s model is that it is easy to understood and simple to use.  
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Since Greenshield’s work, further research has focused on developing other traffic stream 

models. The single-regime models are summarized by Wang et al. (2009). See Table 1. 

Table 1: Single-Regime Models Summary 

 

Researchers gradually realized that uncongested and congested operation had different 

characteristics and that a single-regime model was not adequate. In 1961, Edie proposed a 

two-regime model. The speed-density relationship associated with the two-regime model 

developed by Edie is shown in Figure 2. So is the corresponding speed-flow relationship. 

  

Figure 2: Speed-Density and Speed-Flow Plots for Eddie  

Other multi-regimes models have emerged since and they have become well accepted 

since they can predict the relationships among speed, flow and density for both uncongested 

and congested conditions in a straightforward way. Table 2 lists the best-known multi-regime 

speed-density models.  

 

A

B

A

B
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Table 2: Multi-Regime Models Summary 

 

The traffic flow model employed by the HCM 2010 involves three-regimes as shown 

in Figure 3. In the first, the flow rate increases linearly as the density increases. The speed is 

constant. In the second, the flow rate continues to increase, but at a declining rate because the 

speed is declining. (The speed declines in a quadratic manner.) In the third regime, the flow 

decreases linearly to zero as the density rises to its maximum value (jam density).  

Figure 3 also shows the speed-density and speed-flow relationships for this model. 

Most importantly, the speed-flow relationship shows that the speed is constant up to a flow 

rate breakpoint. Beyond that, it declines based on a second-order equation predicated on the 

flow rate. Then, for the over-capacity conditions, it drops back to zero at the jam density. 
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Figure 3: Speed, Flow and Density in the HCM 2010 with FFS=75mi/h  

The relationship used by the HCM-6 to predict speed as a function of flow rate when this 

flow rate is below capacity is shown in Equation 2.2. It can be seen that the speed remains at 

free flow speed up to a breakpoint, and they it follows a quatratic relationship up until 

coapacity is reached.  

2

2

                                                                 

( )( )
                    

( )

adj p

adj c p

adj p

adj

S FFS v BP

FFS S v BP
S FFS BP v c

c BP

 

 
   



                                      (2.2) 

Where, 

S = speed (mph) 
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adjFFS = adjusted free-flow speed (mph) 

adjc = adjusted base segment capacity (pc/h/ln) 

cS = speed at capacity (mph) 

pv = flow rate (pc/h/ln) 

BP = breakpoint (pc/h/ln) 

2 = exponent calibration parameter 

The capacity and the free-flow speed are adjusted to account for local conditions. Plots of 

the relationship for different free flow speeds are shown in Figure 4. Both the HCM 2000 and 

2010 treat trucks by converting them into passenger cars via the PCE (passenger car 

equivalent) factor. Figure 4 is employed to find the speed of the mixed traffic stream after the 

trucks being converted into passenger cars. 

     

Figure 4: Speed-Flow Relationships in the HCM (Source: Figure 12-7, HCM-6)  
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2.2. Prior Treatments of Mixed Traffic Streams  

Mixed traffic streams are inherently present in most freeway settings. In the US, the 

traffic flow consists primarily of passenger cars, with a small percentage (say 5-10%) being 

trucks. Methods to account for the trucks are critical to analyze the traffic stream. Most 

models account for the trucks by using passenger car equivalents (PCEs). The 1965 Highway 

Capacity Manual first introduced the idea of a PCE and defined it as "The number of 

passenger cars displaced in traffic flow by a truck or a bus, under the prevailing roadway and 

traffic conditions.” Until today, the PCE is the major way to ensure that truck impacts are 

considered in HCM-based analyses.  

The PCE value depends upon the density, speeds, headways, speeds, capacity, queue 

discharge flow, etc. The HCM 2010 applies a PCE method developed by Webster and 

Elefteriado (1999) in which the flow rates for base flow and mixed flow are compared for 

constant density values.  This is illustrated in Figure 5.  

 

Figure 5: PCE Values Based on Equal Density (Webster and Elefteriadou, 1999) 
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In Figure 5, Point A is the flow rate Bq obtained by an auto-only (base vehicle) traffic 

stream when the density is D. B is the corresponding flow rate Mq for the mixed traffic 

stream. List et al. (2014) stated that Point C is a flow rate Sq obtained by replacing p  of 

the base vehicle traffic stream with the subject vehicle (e.g., a truck). The drawback of this 

method is that if the base flow and mix flow have different maximum densities, the PCE 

value is not able to match all the values on the mix flow curve onto the base flow curve.  

2.3. Prior Treatments of Truck Speeds 

Any traffic flow model has equations that predict speeds for the traffic streams. In the 

HCM 2010, for trucks, the speed versus distance-grade curves are presented as Exhibit 11-

A1. They originate from the methodology introduced by Schwender et al. (1957). Schwender 

et al. (1957) stated that it was a capacity determination technique intended for mountainous 

terrains to account for the effects of commercial trucks. Ozkul and Washburn (2014) 

indicated that Schwender et al. (1957)’s research was performed prior to the use of traffic 

simulation and utilized a simple maximum acceleration versus speed lookup table approach 

to determine maximum commercial truck acceleration values. The lookup table contains 

maximum acceleration values based simply on velocity. The curves are used to estimate a 

single grade that substitutes the grade combination of the segment, and also outputs a final 

speed of a commercial truck as it reaches the end of a composite grade segment.  

The study by Schwender et al. (1957) was acknowledged by Leisch (1977) in his 

research regarding capacity analysis techniques of freeway facilities.  Leisch’s (1977) speed-

profile provides a continuous plot of the average speeds of vehicles along the roadway, in 

each direction of travel, under free-flow conditions. Donnell (2001) mentioned that Leisch’s 
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technique makes special assumptions about trucks speed modeling procedure : 1) truck 

operating speeds are determined primarily by the mechanical characteristics of the vehicles; 

passenger car speeds mostly depend on driver characteristics; 2) trucks are representative of 

the population of particular highways, and a 200 W2P ratio was chosen for the purposes of 

the analysis; and 3) truck speeds are assumed to be 8 km/h (5 mph) slower than automobiles 

on curves by referring to 1972 highway statistics .  

Walton and Lee (1975) developed speed profiles for commercial truck speed on grades. 

They collected speed and gross weight field data and applied a stepwise regression analysis 

technique. 

St. John et al. (1978) appear to be the first to predict truck speeds using simulation. They 

investigated acceleration performance of passenger cars, pickups, recreational vehicles, and 

trucks. For the passenger cars’ performance model, they assumed that the acceleration 

capability was a linear function of speed. For pickup and truck performance, the equations 

also considered effect from vehicle gross weight, aerodynamic aids, and rolling resistance.  

Gillespie (1985) developed a simplified technique to predict truck hill-climbing 

performance based on the characterization of the available power for accelerating and 

overcoming grade. The population of heavy vehicles was categorized into multiple sub-

groups based on weight-to-power ratio. The categories included trucks, trucks with trailers, 

tractor-trailers, doubles, and triples. After categorizing, Gillespie studied truck performance 

for each sub-group. It was found that the ratio of the available power to weight is speed 

dependent but provides an easy means for calculating truck speed profiles on arbitrary 

grades.  
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Archilla and Fernandez De Cieza (1996) developed truck speed profiles for different 

grades. Simple force balance equations were fitted to field data. The model explained about 

80% of the observed variation. For developing speed profiles on grades, the weight-to-power 

ratio of 190 kg/kW was considered.  

Bester (2000) assumed a linear relationship between speed and acceleration. Then Bester 

adopted a traditional equation of motion to solve the travel distance, x, by assuming a 

constant acceleration and deceleration rate for a small travel distance. Lan and Menendez 

(2003) indicate that the resultant speed profile model suffered from the following drawbacks: 

1) the linear acceleration-speed function deviates significantly from the actual relationship, 

especially at lower speeds; and 2) derivation of the travel distance is based on an 

inappropriate assumption of the model and will only be an approximation even with the exact 

acceleration-speed relationship. 

AASHTO (2001) provides three groups of truck performance curves: 1) acceleration of 

heavy vehicles on upgrades and downgrades; 2) deceleration of heavy vehicles on upgrades; 

and 3) recreational vehicles on selected grades. The handbook assumes that the typical heavy 

vehicle is of 120 kg/kW (200 lb/hp) which is the value used in the HCM 2000. 

Rakha et al. (2001) developed a simple vehicle dynamics model based on a vehicle’s 

tractive effort and aerodynamic, rolling, and grade resistance forces. They provided a feasible 

range of input parameters for the use in the model and demonstrated the validity of their 

model using second-by-second speed measurements. 

Lucic (2001) extended Rakha et al. (2001) by introducing the concept of variable power 

in order to capture the buildup of power as the vehicle engages in gear shifts. The author 
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concluded that the use of constant transmission efficiency results in an over- estimation of 

vehicle speeds at low speeds and an under- estimation at high speeds.  

Lan and Menendez (2003) developed a well-defined speed profile for trucks based on 

dynamic, kinematic and operating characteristics of moving trucks on grades. They created 

speed profiles on grades for weight-to-power ratios of 121.7 kg/kW and 182.5 kg/kW. The 

exact speed-profile model was derived using numerical integration. The authors also 

described an approximation model suitable for calculation by hand.  

Harwood et al. (2003) provided a truck speed profile model spreadsheet that allows users 

to consider both roadway characteristics and truck characteristics. The road characteristics 

include the percent grade and elevation above sea level. The truck characteristics include 

desired speed, initial speed, weight-to-power ratio, and weight-to-front-area ratio. The truck 

acceleration consists of three parts: coasting acceleration during gear shifts, horsepower-

limited acceleration, and effective acceleration including an allowance of 1.5s for gear shift 

delays.  The limitations of this model are that the effect of grade is only included in coasting 

acceleration but not in the resistance equations, and there is no upper bound on tractive effort 

due to the weight on the powered axles.  

Washburn and Ozkul (2013) incorporated gear shifting into their truck simulation model, 

stating that failing to take into account the gear shifting characteristics of heavy vehicles 

causes the acceleration values be more optimistic since it is assumed that peak engine power 

is always available. They based their transmission gear ratios and shifting points on data 

from Wong (2008) and the Internet. In their formulations, a Paccar MX engine is assumed 

(480 HP and 1650 lb-ft torque) for the intermediate/interstate semi-trailers and double-
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Bottom Trailers. A Paccar PX-6 300 engine (300 HP and 660 lb-ft torque) is used for the 

single-unit trucks. 

The MFM model is an enhancement of Harwood et al. (2003). It adds a grade resistance 

term, a tractive effort limit, and corrects some errors in the simulation logic. It can match the 

results obtained by Rakha et al. (2001). 

2.4. Prior Efforts to Relate Auto Speeds to Truck Speeds 

The MFM computes auto rates based on truck rates, truck percentages, free flow rate, and 

traffic flow interactions. A major element of the MFM is this relationship of the auto speeds 

to the truck speeds. This relationship can be observed in Equations 2.9 to 2.11 which include 

truck impact terms that influence the auto speeds. 

Prior to development of the MFM, the HCM did not directly have truck speeds influence 

the auto speeds. Rather, the heavy vehicles are converted into passenger cars using PCEs and 

the speed-flow equations are then applied to compute the overall speed of the traffic stream.  

Aghabayk and Sarvi (2012) investigated car following model with the existence of heavy 

vehicles. Four types of passenger car and heavy vehicle combinations were considered. 

These were car-car, car-heavy vehicle, heavy vehicle-car, and heavy vehicle-heavy vehicle. It 

was found that the presence of heavy vehicles causes larger space and time headways, longer 

reaction time and more robust car following behavior.  

A recent study by Roh et al. (2014) focused on analyzing the influence of heavy vehicles 

on highway traffic flows in Greater Seoul Area (GSA) in Korea. This paper examined the 

effect of HVs on traffic flows with the real-world automatic vehicle classification of the GSA 

by analyzing the relationship between the average speed, HV ratio, flow rate, and number 

lanes. Speed and traffic flow rate were identified as relevant parameters to measure the 
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influence of HVs on the general traffic. Two-month data were collected through automatic 

vehicle classification (AVC) detectors along 4-lane, 6-lane, and 8-lane highways.  

Effect of heavy truck percentages and flow rates on speed was analyzed. The average 

speeds of the traffic stream with truck percentages varying from 5% to 50% in each 100 

veh/h/ln flow rate bin were compared for all three types of freeways. It was found that the 

average speed generally decreases as the flow rate and HV ratio increase for 6-lane and the 8-

lane highways. For the 4-lane highway, the speed decreases as the flow rate increases but the 

speed stabilizes when the HV ratio is between 25– 45% and even recovers after HV ratio 

exceeds 45%.  

Their study examined the relationship between HV ratios and mixed traffic stream and 

suggested that the reexamining existing methods of deriving HV factors for highway capacity 

manuals were in need. They suggested to change the way HCM derived HV factors but they 

neither made further suggestions of how to change it nor re-calculate the PCEs based on what 

they found. 

2.5. Heterogeneous Traffic Stream Models 

Most of the traffic flow models developed to date assume the traffic stream is 

homogenous, or that it can be approximated by one that is. The HCM 2010, for example, 

assumes flow can be measured in passenger cars per hour per lane and that the relationships 

among flow rate, density, and speed can be predicated on this homogenous surrogate. 

A few models use heterogeneous traffic streams. The main motivation has been based on 

the presence of radically different types of vehicles in the traffic stream (e.g., bicycles and 

mopeds). For example, Arasan and Dhivya (2010) developed a model based on data collected 

from a specific highway segment in India. Thankappan et al. (2010) also created a mixed 
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flow model, but intead of computing speeds for each vehicle mode, they computed a single 

speed for the composite traffic stream.  

The MFM treats trucks and autos separately. See Dowling et al. (2014), List et al. (2015), 

and the Transportation Research Board (2016).  It treats the traffic stream as being comprised 

of autos, single unit trucks (SUTs) and tractor trailer trucks (TTs). Recreational vehicles and 

buses are treated as though they were SUTs. The user is admonished to make suitable other 

assumptions, for additional vehicle types. The MFM predicts travel rates for autos, SUTs and 

TTs based on the overall flow rate in vehicles/hour/lane and the grade, grade length, and 

truck percentage.   

In the MFM, PCEs are not used. The flow rates are in veh/hr/ln. However, a PCE value 

can be inferred; and it pertains to the correspondence between the flow rates of the mixed 

traffic stream and an all-auto traffic stream. In this sense, the PCE value is implicit in the 

MFM’s capacity adjustment factor. The CAF does allow the mixed flow capacity to be 

equivalenced to the auto-only capacity. Hence, the implicit contribution of the trucks to the 

total flow rate can be ascertained. The 95th percentile flow rate is treated as the capacity. 

Once the capacity adjustment factor is computed, the corresponding PCE can be computed 

using Equation 2.3. 

1 (1 )T
T

T

CAF P
E

CAF P

 



                                                                                                    (2.3) 

The PCE computed in Equation 2.3 is a value that does not change with flow rate. It is 

fixed. In that sense, it is very different from the PCE value(s) predicated on constant density 

(e.g., as inferred by Figure 5).  

Also, in the HCM 2010, the truck traffic is implicitly treated as a quasi-separate traffic 

stream with its own speed, not related to the auto traffic. The estimation of these truck speeds 
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was through nomographs (Exhibit 11-A2 in chapter 11). In the MFM, the heterogeneous 

traffic flow is treated as one combined stream: it assumes the truck speeds affect the auto 

speeds, and the truck speeds are estimated using numerical simulation. 

The MFM has 1) a method for estimating the capacity of the freeway segment 

(veh/ln/hr), 2) an equation for estimating a baseline increase in travel rate due to the overall 

flow rate, 3) a model for estimating the travel rate for the SUTs and TTs, and 4) a model for 

estimating the travel rate for autos.  

To develop the MFM, the performance of a hypothetical three-lane tangent freeway 

facility was examined using VISSIM 5.4 by PTV (2011). The hypothetical setting comprised 

8 miles of 0% grade followed by 6 miles of a constant grade (up or down). The first 8 miles 

were used to ensure that all vehicles could enter the network regardless of the congestion 

conditions. On the 6-mile section, the first 5 miles were used to collect travel rates, flow 

rates, and travel times.  

The raw output data comprised time stamps and instantaneous travel rates (actually, 

speeds) for individual vehicles at specific locations. The locations monitored on the 6-mile 

graded section were at: 0.00, 0.25, 0.50, 0.75, 1.00, 1.50, 2.50, and 5.00 miles.  

The analyses were based on the following facility configurations and traffic conditions:  

 Grade (on the 6-mile test section): from -2% to 6% (This is 9 grades total.); 

 Truck mix: the mix of trucks between the two classes: SUTs and TTs;  

 Weight and horsepower distributions: the back-calculated distributions of weight and 

horsepower described earlier for SUTs and TTs (the back-calculating process was 

based on Weight-In-Motion (WIM) data in North Carolina and the distribution 



   23 

 

 

correspondence relationship between weight and horsepower concluded by Ahanotu 

(1999)); 

 Overall truck percentage: 0%, 2%, 5%, %10, 15%, 20%, 100%; 

 Nominal flow rate: 240, 480, 720, 1200, 1440, 1680, 1920, 2160, and 2400 vphpl.  

The flow rates examined were chosen because they are equivalent to V/C ratios of 10%, 

20%, 30%, 50%, 60%, 70%, 80%, 90%, and 100% for an auto-only traffic stream. 

Regardless of the flow rate, the truck population was 30% single unit trucks and 70% tractor 

trailer trucks. This was based on data from WIM stations in North Carolina.  

Rather than working with multiple simulation models separately, scenarios were formed 

in one combined simulation model. Each one was a combination of a grade, grade length, 

truck percentage, and truck characterization. The variations in V/C ratio were subsumed 

within these scenarios. This resulted in 504 scenarios: 72 all-auto scenarios (9 grades * 8 

lengths of grade), 360 mixed-traffic scenarios (9 grades *8 lengths of grade* 5 truck 

percentages), and 72 all-truck scenarios (9 grades * 8 lengths of grade). The simulation runs 

were based on free flow speeds of 50, 60, and 70 mph. The 70 mph scenarios were chosen to 

be mainly analyzed.  

To ensure the VISSIM model’s predictions of truck performance were defensible, a 

separate, stand-alone truck simulator was developed by List, Yang, and Rouphail (2014). It 

predicted travel times based on a specific grade, grade length, and truck (weight, horsepower, 

etc.). This was referred to as the truck kinematics model. It was based on earlier work done 

by Harwood et al. (2003).  

One use of the kinematic model was to predicts the amount of time it would take a truck 

to traverse a given freeway segment based on its vertical profile (grades and grade lengths), 
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the weight of the truck, its available horsepower, its frontal area, and other details. Figure 6 

shows the speed versus distance profiles it produced for various upgrade and downgrade 

starting from 55 mph and 8 mph in the report of Kittelson and Associates (2014). The trucks 

in this instance were assumed to have a W2P ratio of 150 lb/hp and a desired speed of 70 

mph.  

 

Figure 6: Speed versus Distance for 150 lb/hp Trucks for a Range of Road Grades 

Since not all the trucks in a given traffic stream would be identical, a random process was 

used to generate trucks of varied characteristics for the VISSIM simulations. VISSIM does 

this automatically based on defaults, but these defaults were modified so that the distributions 

of weight matched those obtained from WIM data collected by North Carolina DOT. The 

associated horsepower values were obtained based on data from a national study conducted 

by Ahanotu (1999) which is shown in Figure 7. 
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Figure 7: Horsepower and Weight for Trucks (Source: Ahanotu, 1999) 

These distributions were divided into two classes, one for SUTs and the other for TTs. 

The average W2P ratio for the SUTs was 100 lbs/hp and for the TTs it was  150 lbs/hp. 

An illustration of the results obtained is shown in Figure 8.  This is a plot of the speed-

flow relationships for all-autos, all trucks, and mixed flow (5% trucks) on a 5% grade for a 1-

mile-long grade. As mentioned, the model consists of three segments: an 8-mile segment 

with 0% grade followed by a 6-mile segment with 5% grade, and then a one-mile section 

with 0% grade. The entry speed is 70 mph. The speeds are space-mean speeds; that is, they 

are the inverses of the travel rates. As can be seen, the auto-only speed-flow relationship is 

very similar to the ones depicted in the HCM except that the speed tends to stay higher than 

the HCM would predict as the flow rate approaches capacity. The truck-only results show an 

initial speed of about 43 mph which declines to about 20 mph at high-flow rates. The 

maximum flow rate (capacity) for the auto-only flow is about 2400 autos/hour/lane. For the 

truck-only traffic stream, the capacity is only about 1700 trucks/hour/lane.  
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Figure 8: Speed versus flow for a 1-mile long 5% grade  

The initial intent was to create models that predicted the speeds of the autos and trucks. 

But these models proved unwieldly to specify and calibrate. They involved negative 

coefficients (since speed declines with distance for positive grades and the typical starting 

speed is high). Intuitive insights were difficult to develop. A decision was made to abandon 

that effort and focus instead on creating models that predicted travel rates instead and then 

invert the results to produce space-mean speeds.  

Focusing on the travel rates proved to be much easier and more straightforward. The 

coefficients were positive. Any influence on a positive grade increased the travel rate (grade, 

length of grade, percentage of trucks in the traffic stream, etc.). And the rates increased with 

larger values for Wt/Hp ratio, traffic flows, and percent trucks.  Intuitive interpretations of 

the model coefficients were easier to develop.  

The variables included in predicting the travel rates were derived from the parameters 

that defined the simulation conditions:  

 D: facility length 
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 W: W2P ratio 

 G: grade 

 F: flow rate 

 P: SUT and TT truck percentages  

Since the cause-and-effect relationships are complex and highly non-linear, standard 

procedures for function fitting proved difficult to use.  Much better success was obtained by 

using engineering-based deductive logic in conjunction with an error-minimizing calibration 

procedure to develop the predictive equations.  

The assessment methodology is portrayed in Figure 9. In step 5 the mixed flow speeds at 

capacity and at 90% of capacity are computed. These are values for autos, SUTs, and TTs 

separately. In step 6, an exponent for the MFM speed-flow curve is estimated. In step 7 the 

mixed flow speeds are computed for the mixed flow condition of interest. In step 8, the 

mixed flow density is computed for the mixed flow condition of interest. Based on that 

density information, the LOS can be determined. 
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Step 1: Input Data
Grade, Length of grade, 

Mixed flow rate,
Truck percentage, PHF

Step 3: Compute mixed free flow 
speed and free flow speed 

adjustment factor

Step 2: Compute capacity adjustment 
factor and capacity

Compare mixed flow rate to         
mixed flow capacity

Step 4: Compute the breakpoint

Step 5: Compute mixed flow speeds 
at capacity and 90% of capacity

Estimate speeds and densities for 
Auto, SUT, and TT separately

Step 6: Compute the exponent for 
the MFM speed-flow curve

Step 7: Compute the mixed flow 
speed for the mixed flow conditions

Step 8: Compute the mixed flow 
density for the mixed flow conditions

Mixed flow rate > capacity

Mixed flow rate <= capacityLOS=F

 

Figure 9: Analysis Methodology for the MFM (Source Exhibit 26-3, HCM-6)  

The mixed flow capacity adjustment factors computed in step 2 allow for the conversion 

of auto-only capacities into mixed traffic stream capacities. The equations are shown in 

Equations 2.4 and 2.5.  

    0.72 12.9* 3.16*1 0.53*   * 0,0.69* 1 * 0,1.72* 1 1.71*g g d

mix T mixCAF P max e max e      
 

       (2.4) 

   8* 0.01 0.126 0.03* 0.01g

mix T T T TP for P and P for P                                          (2.5) 

Where, 

𝐶𝐴𝐹𝑚𝑖𝑥= mixed flow capacity adjustment factor of the basic freeway segment 
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𝑃𝑇 = total truck fraction, combined SUT and TT in the traffic stream 

𝜌𝑚𝑖𝑥
𝑔

= coefficient for grade term in mixed flow CAF equation 

𝑃𝑇  = total truck percentage, fraction 

𝑔  = grade of the basic freeway segment, fraction   

 𝑑 = length of grade of the basic freeway segment (mi) 

Equations 2.6 and 2.7 compute the travel rates for SUTs and TTs.   

𝜏𝑆𝑈𝑇 = 𝜏𝑘𝑖𝑛
𝑆𝑈𝑇 + 𝛥𝜏𝑇𝐼                                                                                                       (2.6) 

𝜏𝑇𝑇 = 𝜏𝑘𝑖𝑛
𝑇𝑇 + 𝛥𝜏𝑇𝐼                                                                                                          (2.7) 

𝜏𝑆𝑈𝑇 = SUT travel rate (sec/mi) 

𝜏𝑇𝑇 = TT travel rate (sec/mi) 

𝜏𝑘𝑖𝑛
𝑆𝑈𝑇= kinematic travel rate of single unit trucks (sec/mi) 

𝜏𝑘𝑖𝑛
𝑇𝑇  = kinematic travel rate of tractor trailer trucks (sec/mi) 

Δ𝜏𝑇𝐼= traffic interaction term (sec/mi) 

The rate equations for the trucks have two terms: a truck kinematic term and a traffic 

interaction term. The truck kinematic terms use a deterministic simulator to compute the 

required values. The simulator was derived from Harwood et al. (2003) and Rakha et al. 

(2001). Effectively, the speed in time step k is dependent upon the speed time step k-1, and 

the force applied to the truck due to the net difference between the force that can be applied 

by the engine and that applied by gravity. On upgrades, the truck slows down. On 

downgrades, it accelerates until it can maintain a target speed. When the truck reaches the 

end of the segment of interest, the travel time is noted. The truck rate is then computed by 

dividing the travel time by the distance traveled. If the average W2P of the trucks in the 

traffic stream is known, then the simulator can be used directly to compute kinematic truck 
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travel rate along with segment information such as grade and length. If not, a W2P ratio can 

be assumed for the SUTs (the default is 100 lbs/hp) and the TTs (the default is 150 lbs/hp). 

Figure 10 shows the travel time versus distance plot for TTs with 150 lb/hp along a freeway 

segment assuming they start at 70mph.  

 

Figure 10: Tractor Trailer Truck’s Travel Time vs Distance for 70 mph Free Flow Speed 

Source Exhibit 26-6, HCM-6  

The traffic interaction term is the contribution of the traffic interaction included in the 

mixed flow. It is shown in Equation 2.8. 

𝛥𝜏𝑇𝐼 = (
3,600

𝑆𝑎𝑜
−

3,600

𝐹𝐹𝑆
) × (1 + 3(

1

𝐶𝐴𝐹𝑚𝑖𝑥
− 1))                                                               (2.8) 

Where 

Δ𝜏𝑇𝐼= Traffic Interaction Term 

𝑆𝑎𝑜 =auto-only speed for the given flow rate (mi/h) 

𝐹𝐹S = base free flow speed of the basic freeway segment (mi/h) 
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This traffic interaction term is calibrated to match the auto-only speed-flow curve in the 

HCM-6 (Exhibit 12-7) for the auto-only condition. The traffic interaction term that matches 

the VISSIM simulation outputs is presented in Equation 2.9. 

Δ𝜏𝑇𝐼 = 0.3361(
𝑣𝑚𝑖𝑥

1000
)1.7                                                                                                (2.9) 

Where 

Δ𝜏𝑇𝐼= traffic interaction term 

𝑣𝑚𝑖𝑥 = mixed flow rate (v/h/ln) 

The auto rate equation has a functional form similar to the truck rate equations except 

that there are two additional terms that capture the impacts of SUTs and TTS. Equations 

2.10, 2.11 and 2.12 compute the travel rate for autos.  

𝜏𝑎 =
3,600

𝐹𝐹𝑆
+ 𝛥𝜏𝑇𝐼 +   𝛥𝜏𝑆𝑈𝑇 + 𝛥𝜏𝑇𝑇                                                                            (2.10) 

𝛥𝜏𝑆𝑈𝑇 = 100.42 × (
𝑣𝑚𝑖𝑥

1,000
)0.46 × 𝑃𝑆𝑈𝑇

0.68 × max(0,
𝜏𝑘𝑖𝑛

𝑆𝑈𝑇

100
−

3,600

(𝐹𝐹𝑆×100)
)2.76                   (2.11) 

𝛥𝜏𝑇𝑇 = 110.64 × (
𝑣𝑚𝑖𝑥

1,000
)1.36 × 𝑃𝑇𝑇

0.62 × max(0,
𝜏𝑘𝑖𝑛

𝑇𝑇

100
−

3,600

(𝐹𝐹𝑆×100)
)1.81                       (2.12)             

The variables are as defined before for equations 2.6 and 2.7 with the addition of: 

𝛥𝜏𝑆𝑈𝑇= travel rate increase due to the impact from SUTs (sec/mi) 

𝛥𝜏𝑇𝑇= travel rate increase due to the impact from TTs (sec/mi) 

𝑣𝑚𝑖𝑥 = mixed flow rate (v/h/ln) 

𝐹𝐹𝑆= base free flow speed of the basic freeway segment (mi/h) 

𝑃𝑆𝑈𝑇=single unit truck percentage, fraction 

𝑃𝑇𝑇 =tractor trailer truck percentage, fraction 

Figure 11 describes the mixed flow model in a more comprehensive way. In Figure 11(a), 

the outer most curve is the auto-only speed flow curve and the inner most curve is the mixed 
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flow model curve. The speed difference between the orange line and the auto-only speed 

flow curve is caused by the traffic interaction term, which is computed in Equation 2.8. If 

there were no traffic interaction, the auto-only flow curve would be a straight line. This is the 

causal relationship between flow rate and travel rate (speed). It can be seen that from the 

auto-only speed flow curve to the mixed flow model curve, not only the capacity drops but 

also the speed decreases. The capacity adjustment factor computed in Equation 2.4 is used to 

convert the auto-only capacity to mixed flow capacity (from point A to point B). Since truck 

travel rates are usually higher than auto travel rates (truck speeds are usually lower than auto 

speeds), the mixed flow speed drops from point B to point C because of the incoporation of 

the truck speeds. The truck travel rates are computed using Equations 2.6 and 2.7. The mixed 

flow model asserts that the truck travel rate is based on truck kinematic travel rate and the 

traffic interaction. This is hypothesis 1. The speed drops from point C to point D because the 

mixed flow model asserts that there is additional truck impact to auto speeds. This is 

hypothesis 2.  

The red curve in Figure 11(b) is the curve that applies the mixed flow model to fit the 

HCM speed equation. Equations 2.13 and 2.14 show the equations to compute the mixed 

flow speed in the HCM-6. 

𝑆𝑚𝑖𝑥 = {
𝐹𝐹𝑆𝑚𝑖𝑥                                𝑣𝑚𝑖𝑥 ≤ 𝐵𝑃𝑚𝑖𝑥

𝐹𝐹𝑆𝑚𝑖𝑥 − (𝐹𝐹𝑆𝑚𝑖𝑥 − 𝑆𝑐𝑎𝑙𝑖𝑏
𝑐𝑎𝑝 ) ∗ (

𝑣𝑚𝑖𝑥−𝐵𝑃𝑚𝑖𝑥

𝐶𝑚𝑖𝑥−𝐵𝑃𝑚𝑖𝑥
)𝜙𝑚𝑖𝑥      𝑣𝑚𝑖𝑥 > 𝐵𝑃𝑚𝑖𝑥

   (2.13) 

 𝜙𝑚𝑖𝑥 = 1.195 ∗
𝑙𝑛(

𝐹𝐹𝑆𝑚𝑖𝑥−𝑆𝑐𝑎𝑙𝑖𝑏
90

𝐹𝐹𝑆𝑚𝑖𝑥−𝑆
𝑐𝑎𝑙𝑖𝑏
𝑐𝑎𝑝 )

𝑙𝑛(
0.9∗𝐶𝑚𝑖𝑥−𝐵𝑃𝑚𝑖𝑥

𝐶𝑚𝑖𝑥−𝐵𝑃𝑚𝑖𝑥
)
                                                                                (2.14) 

Where 

𝑆𝑚𝑖𝑥 = mixed flow speed (mi/h) 
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𝐹𝐹𝑆𝑚𝑖𝑥= adjusted mixed free flow speed (mi/h) 

𝑆𝑐𝑎𝑙𝑖𝑏
𝑐𝑎𝑝

 = mixed flow speed at capacity (mi/h) 

𝑣𝑚𝑖𝑥=mixed flow rate (vphpl) 

𝐶𝑚𝑖𝑥= mixed flow capacity (v/h/ln) 

𝐵𝑃𝑚𝑖𝑥= breakpoint in mixed flow (v/h/ln) 

𝜙𝑚𝑖𝑥 = exponent for the speed-flow curve 

𝑆𝑐𝑎𝑙𝑖𝑏
90  = mixed flow speed at 90% capacity (mi/h) 

In the HCM model, there is a breakpoint. If the flow rate is greater than the breakpoint 

then the mixed flow speed follows a function curve. The idea is to match the speeds of the 

mixed flow model at 90th of the capacity and 100th of the capacity to the HCM model. The 

detailed procedure is described in the chapter 26 of the HCM-6.  
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Figure 11: The Mixed Flow Model Diagram 
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2.6. Summary 

Since the MFM is a traffic stream model, the literature review focused on traffic stream 

models and their aspects: flow, speed and density. Traffic stream models that aim to resolve 

the speed-flow relationship were reviewed in the first. Both homogenous and heterogenous 

traffic models were reviewed. In the homogenous traffic models, single regime and multi-

regime models’summaries were shown and briefly dicussed. The three-regime speed-flow 

relationship employed by the HCM was described and its equations were listed. In regards to 

heterogenous traffic models, a few papers focusing on traffic streams with various speeds 

were mentioned. Neither of them focuses on traffic streams with different vehicle modes. As 

a tool able to address speed-flow relationship of the mixed traffic streams, the MFM was 

reviewed in a detailed manner. The MFM’s consitituion, inputs, and development process 

including the simulation model setup, truck W2P ratios inputs, etc. were described. Besides, 

the MFM methodology and equations applied in the HCM were discussed.  

Section 2.2 reviewed the prior treament of mixed traffic streams. Webster and 

Elefteriadou (1999)’s work was reviewed primarily in this section since it was the 

methodology of converting truck flow rate to auto flow rate using PCE applied in the HCM 

2010. It was concluded that this PCE method treats truck traffic as a quasi-separate traffic 

stream while the heterogeneous traffic flow is treated as one combined stream assuming the 

truck speeds affecting the auto speeds in the MFM. 

Section 2.3 described the prior treatments of truck speeds and summarized that in the 

MFM model, the truck speed was obtained by enhancing Harwood et al. (2003) work and 

checked against Rakha et al. (2001)’s results. 
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Section 2.4 reviewed prior efforts to relate auto speeds to truck speeds, there is not much 

exiting research found in this area. Roh et al. (2014)’s work was described and they 

suggested to reexamine existing methods of deriving HV factors for highway capacity 

manuals while the MFM proposed a new way of addressing HV effects on the traffic stream. 

The literature review makes it clear that the MFM is the first macroscopic model that 

endeavors to: 1) treat the traffic stream as combined; 2) assume the truck speeds affect the 

auto speeds; 3) estimate auto, trucks speeds separately, and 4) use a numerical simulation-

based technique to estimate the truck performance. However, the main weakness of MFM is 

that it has not been validated by field data. It is based on simulation outputs. The following 

sections focus on a proposed method for validating the MFM. 
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SECTION 3. METHODOLOGY 

The methodology employed in this doctoral research effort has two parts. The first 

pertains to the testing of the principles upon which the MFM is based. The second assesses 

whether that predictions provided by the MFM provide reasonable estimates of observed 

truck and auto travel rates. The first part treats the hypotheses as assertions whose validity is 

to be tested by examining field data. For the most part, rejection tests are performed. The 

second part, partly dependent on the findings from the first, then check K-S to see if the 

MFM’s numerical predictions match those obtained from field observations. Moreover, if the 

trends seem reasonable but the numerical values are slightly different, does the MFM provide 

closer matches if the parameter values are adjusted.   

3.1. Hypothesis Test Methodology 

The MFM is predicated on a well-accepted causal relationship and two hypotheses. The 

causal relationship is that the travel rates increase as the flow rate increases, with or without 

trucks. This is referred to in the text as the “traffic interaction effect” or “traffic interaction 

term”. This relationship is the basis for all traffic models that have been developed to date.  

The two hypotheses are:   

 Hypothesis 1: Truck travel rates are principally dependent upon longitudinal vehicle 

kinematics; and, secondarily on traffic interactions. The kinematic analysis captures 

the time it takes the truck to traverse a given road geometry based on the truck’s  

weight, horsepower, and tractive capabilities.  

 Hypothesis 2: Auto travel rates are directly affected by interactions with the SUTs 

and TTs; and, these effects are different from and in addition to, the effects derived 

from treating the trucks as part of the traffic stream. More specifically, the prediction 
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of the auto travel rates involves four components: 1) a free-flow speed (effectively its 

unperturbed kinematics) that is unaffected by the vertical alignment, 2) a traffic 

interaction term, 3) direct impacts from the SUTs, and 4) direct impacts from the TTs.  

The “causal relationship” is important in this research because the research has an 

objective of separating the incremental effect of the trucks from that of the traffic stream in 

general. The reason is this: the test makes it possible to see the difference between the impact 

of the traffic interactions in a general sense (when the traffic stream is predominantly autos) 

and the impact that occurs directly because of the presence of SUTs and TTs in the traffic 

stream (see Hypothesis 2). Also, by testing, it becomes possible to document the generic 

traffic interactions for the facilities being used to test Hypothesis 2. This helps ensure that the 

incremental effect of the trucks can be seen. The datasets employed need to have 

observations (say every 5 minutes) of the flow rate, the truck percentage, and the mixed 

travel rate (space-mean speed).  

Hypothesis 1 has two parts. The first asserts that the primary contributor to the truck 

travel times (rates) is the kinematic travel time; that is, the ability of the trucks to accelerate 

and decelerate across the vertical profile given their W2P ratios and other attributes. It is 

important to recognize that any given truck on a particular trip has a specific W2P since it is 

the ratio of gross weight to horsepower. The second asserts that when the traffic flows are 

large there is an additional contribution to these travel rates caused by the generic traffic 

interactions (the causal relationship).  

Testing the first part means seeing if, at flow rates near-zero, the truck travel times (rates) 

for the trucks is determined by negotiating the grade or grade sequence. If this is the case, 

then this part of the hypothesis can be accepted.  
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Testing the second part means checking to see if, for high traffic flow rates, the truck 

travel times (rates) are higher than they would be based on the kinematics alone. If the travel 

times (rates) are higher, then the vehicle interactions have caused an increase the truck travel 

times (rates), and this part of the hypothesis can also be accepted. 

The datasets used for this test must be based on travel across a segment. They cannot be 

at a spot. The observations (say, every 5 minutes) need to include the flow rate, the truck 

percentage, the truck spot speed at the beginning of the segment, and the truck travel rate. 

The flow rate is used to classify the observations into those with low and high flow rates. The 

former observations are used to check the first part of the hypothesis; the latter, for the 

second part. The truck percentage helps the analyst understand whether the observations are 

for small or large numbers of trucks. The spot speed makes it possible to do the kinematic 

analysis. The truck travel time (rate) is the basis for testing the hypothesis.  

The first part of the hypothesis can be tested in two ways, either “forwards” or 

“backwards”. Both are described here. The “backward” test has been used.  

If the test is performed in the “forward” direction, the analyst assumes W2P and 

computes an estimated time (based on the kinematics). That time is then compared with 

observed times to see if the estimated time lies within (is central to) the distribution of times 

observed. If it is, then the hypothesis that the kinematics are responsible for the observed 

travel times can be accepted. This is in some ways a circular test because the choice of W2P 

has a direct impact on whether the hypothesis is accepted or not.  

If the test is performed in the “backward” direction, then the kinematic analysis is done in 

the reverse direction. A search routine uses the kinematic model to find the value of W2P 

that best explains the travel time for each observation. So as not to be confusing, instead of 
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using W2P to refer to this parameter, since the weight-to-horsepower ratio is not observed 

but rather deduced, the symbol ƞ is used. That is, ƞ is the back-calculated weight-to-

horsepower ratio that is needed in the kinematic model (with no traffic interaction implicitly 

assumed) to produce the observed travel time. (In that sense, the observations can be for 

individual trucks or for sets of trucks. The former is better, but the latter is acceptable.) Then, 

these parameters are assembled into a distribution of (implicitly) observed ƞ. This 

distribution is then examined to see if it typifies ƞ that would be expected for the trucks (say 

100-200 lb/hp). If so, then the hypothesis is accepted. If not, it is rejected. This approach 

does assume that the kinematic model provides a valid way to compute the travel times; but, 

if the assumption is false, then value of ƞ found by the search will be non-sensical. If the 

values are low, more like values that would pertain for cars (say 50-100 lb/hp), then the 

hypothesis must be rejected. If the ratios are too high (say 200 lb/hp or greater), then 

something else must be affecting the travel rates observed. It is this backward testing 

technique that has been employed here.  

To test the second part of the hypothesis – about the contribution of a traffic interaction 

effect for high flows - the same two testing options pertain. In the “forward” direction, ƞ is 

known or hypothesized, the kinematic travel rate is computed, and that result is compared 

with the observed travel rate. If the observed travel rate is higher than that predicted by the 

kinematics, then the traffic interaction contribution exists. If the values match, the traffic 

interactions have no impact. If the kinematic prediction is higher than the value observed, 

then either the assumed ƞ is too low or something else is influencing the truck travel rates 

that has not been captured by the model. Again, the test seems circular in nature. It has not 

been used. 
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In the “backward” direction, the same search procedure used in testing the first part of the 

hypothesis is again employed to find the value of ƞ that best explains each observed travel 

time. These results are assembled into a distribution. This distribution is compared with the 

one obtained in the first part of the test to see if there is a difference. If the second 

distribution has values of ƞ that are higher than those found in the first part of the test, then, 

the travel times (rates) where higher, the trucks were moving slower, the traffic interactions 

were having an impact, and the hypothesis can be accepted. If the distributions are equal, or 

the latter distribution has lower values, then the hypothesis must be rejected. There is no 

effect from the traffic interactions. This is the test that has been employed here. (There is a 

third option, not employed, in which the distribution of travel times (rates) from the high 

flow rate observations is compared with those for the low flow rate observations. If the travel 

times from the high flow rate observations are greater in distribution from those for the low 

flow rate observations, then the hypothesis can also be accepted.)  

Hypothesis 2 asserts that the auto travel rates are not only affected by a generic traffic 

interaction term but also by direct impacts from the SUTs and TTs. That is, there is not only 

a second term (the generic traffic interaction one) but two additional terms that capture the 

direct impacts of the SUTs and TTs.  

To test Hypothesis 2, both “forward” and “backward” tests are again possible. Both are 

explained below. The “backward” direction test has been used. 

In the “forward” case, it is assumed that the trucks do have a direct, incremental effect. 

Estimates are obtained of what the observed travel times (rates) should be by using the auto 

travel time (rate) equation with all four terms included. These results are then compared with 

the field observations of the auto travel rates. If the two are congruent, or if the field-
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observed rates are higher, then the trucks do have an impact. The hypothesis can be accepted. 

If the field-observed travel times (rates) are lower, then the trucks are not having a direct 

effect and the hypothesis should be rejected. As a slight variant, if only a composite travel 

rate is available (for the vehicle flows combined), then the auto, SUT, and TT travel rates are 

combined, proportionately, and the same comparative check is performed. As was identified 

for Hypothesis 1, this “forward” approach is in some ways circular because the choice of ƞ 

has a direct impact on whether the hypothesis is accepted or not. It affects the truck travel 

rates; and through them, the auto travel rate. Because of that concern, this “forward” 

direction test has not been used. 

 In the “backward” direction, the test assumes the hypothesis is false, and that assumption 

is then checked. A three-step procedure is used. First, travel rates for the autos, SUTs, and 

TTs are computed assuming, for the autos, that only the first two terms are operative; that the 

direct contributions from the SUTs and TTs do not exist. Second, a composite travel rate for 

the overall traffic stream is computed based on the percentages of autos, SUTs, and TTs in 

the traffic stream. Third, and finally, these composite travel rates are assembled into a 

distribution and then compared with the distribution of travel rates observed. If the 

distribution of composite rates involves values lower than those observed, then the 

assumption that the hypothesis was false is untrue. The hypothesis can be accepted. The 

SUTs and TTs are having direct effects on the auto travel rates. If the composite rates are the 

same (or higher), then the assumption that the hypothesis was false must be rejected. The 

SUTs and TTs are not having direct impacts on the auto travel rates.  
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The datasets employed must contain the flow rate, the truck percentage, and the auto and 

truck travel rates. The vertical profile must also be known as well as the spot speeds of the 

trucks at the beginning of the analysis section.  

3.2. Validating MFM Model Predictions 

The second part of the research effort focuses on checking the travel rate predictions 

provided by the MFM. The validity of those rates is dependent upon the fact that the 

underlying hypotheses are defensible, which is the focus of the previous tests. However, 

assuming those hypotheses are acceptable, the check of the model predictions can proceed.  

The datasets employed must have observations that include: the flow rate, the 

percentages of SUTs and TTs, the spot speeds of the trucks at the beginning of the analysis 

section, and the auto and truck travel rates. The vertical profile must also be known.  

The steps involved are as follows: 

1) Assemble the datasets that have the requisite information 

2) Test the prediction related to the traffic interaction term using relatively truck-free 

observations (auto-only conditions) to gain a clear assessment of the magnitude of this effect 

and its trend related to flow rate. This involves testing the predicted values against those that 

have been observed, seeing if a 1:1 correspondence can be obtained (an R2 assessment). If 

necessary, adjustments are made to the coefficient values in the traffic interaction term to 

maximize the collinearity. This involves checking the capacity adjustment factor (Equations 

2.4 and 2.5) and then checking the parameter values for the traffic interaction term (Equation 

2.8).  

3) Test the predictions of the truck travel rate equations to ensure that the observed 

values from the field can be matched. The same process described in 2) pertains with an 
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emphasis on adjusting W2P so that the predictions best match the field observations when the 

flow rate is low. This means testing equations 2.6 and 2.7 for conditions where the first term 

is dominant. (The value of the second term is effectively zero. ) Then, the coefficients for the 

traffic interaction term should be checked (and adjusted if necessary) based on observations 

when the flow rate is high (as high as the field observations will allow).  

4) Check the predictions of the auto travel rate equations for observations where the 

truck percentage is high (as high as the data allow). This process is the same as that described 

for steps 2) and 3) above, with the emphasis being on seeing if collinearity exists between the 

predicted auto travel rates and those observed; and, adjustments being made to the parameter 

values of Equations 2.11 and 2.12 as necessary.  

3.3. Additional Details for the Statistical Tests 

In validating the hypotheses, there are many situations where two groups of data are 

being compared. In section 3.2, for example, the speeds under one flow rate category are to 

be compared those for another, different category. Comparing the cumulative distribution 

functions (CDFs) is a powerful way to do this assessment, both visually and quantitatively. 

The two-sample Kolmogorov–Smirnov test (K-S test) can be used to compare whether the 

two distributions differ.  

As textbooks like Benjamin and Cornell (1970) and Washington, Karlaftis, and 

Mannering (2011) indicate, the K-S test can be described as follows. Assume there are two 

sample distributions, and let 𝐹1̂(𝑥) be the CDF for sample group 1 𝐹2̂(𝑥) be the CDF for 

sample group 2. For each range j in the two distributions, for which 𝑥𝑗is the representative 

value, the difference between the two groups is given by: 

 |𝑑𝑗| = |𝐹1̂(𝑥𝑗) − 𝐹2̂(𝑥𝑗)|                                                                                              (3.1) 
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Where 

 𝑑𝑗= difference between 𝐹1̂(𝑥) and 𝐹2̂(𝑥) in range j 

 𝐹1̂(𝑥) = CDF for sample group 1 

 𝐹2̂(𝑥) = CDF for sample group 2 

Smirnov (1939) indicates that the test statistic should be: 

 𝑍 = 𝑚𝑎𝑥|𝑑𝑗|√
𝑛1𝑛2

𝑛1+𝑛2
                                                                                                     (3.2) 

 

The max dj value is illustrated in Figure 12. 

 

Figure 12: Maximum Difference between Two CDFs (Source: Wikipedia, 2017) 

For large sample sizes, the two-tailed probability level Smirnov (1939) estimated P-

values using the following formula. 

 𝑃 = 2[𝑒−2𝑍2
− 𝑒−2(2𝑍)2

+ 𝑒−2(3𝑍)2
− ⋯ ]                                                                   (3.3) 

Where, 
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p = p - value 

Z= z statistic 

P becomes zero when Z is greater than the value provided by Equation 3.3. If p is smaller 

than 𝛼, the null hypothesis is rejected. 

Linear regression analysis is also valuable for evaluating the MFM predictions. As 

textbooks like Benjamin and Cornell (1970) and Washington, Karlaftis, and Mannering 

(2011) explain, it is a statistical method that allows users to summarize and study 

relationships between two quantitative variables. Figure 13 shows one simple example of a 

regression analysis. Five pairs of variables are analyzed. The dashed blue line is the best 

fitting line that minimizes the squared distance along y-axis between the line and the data 

points. The line has a slope of 1.1 and an intercept of 1.9.  

 

Figure 13: Regression Analysis Example 

The coefficient of determination (denoted by R2) is 0.53. As described on Stratrek (2018), 

R2 can be interpreted as the proportion of the variance in the dependent variable that is 

predictable from the independent variable. The formula for computing R2 is Equation 3.4: 
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 𝑅2 = {
1

𝑁
∗

∑[(𝑥𝑖−�̅�)∗(𝑦𝑖−�̅�)

𝜎𝑥∗𝜎𝑦
}

2

                                                                                            (3.4) 

Where 

𝑅2 = coefficient of determination 

𝑁 = number of observations 

𝑥𝑖 = x value for observation i 

 �̅� = mean x value 

𝑦𝑖 = y value for observation i 

 �̅� = mean y value 

 𝜎𝑥= standard deviation of x 

 𝜎𝑦 = standard deviation of y 

The coefficient of determination is the square of the correlation (R) between predicted y 

scores and actual y scores. Thus, it ranges from 0 to 1. With linear regression, the coefficient 

of determination is also equal to the square of the correlation between x and y scores. An R2 

of 0 means that the dependent variable cannot be predicted from the independent variable. 

An R2 of 1 means the dependent variable can be predicted without error from the independent 

variable. An R2 between 0 and 1 indicates the extent to which the dependent variable is 

predictable. An R2 of 0.10 means that 10 percent of the variance in Y is predictable from X; 

an R2 of 0.20 means that 20 percent is predictable; and so on. 

3.4. Summary 

This section has described the methodology employed in this research effort. It has two 

parts. The first focuses on testing the hypotheses on which the MFM is based. The second 

deals with checking the travel rate predictions provided by the MFM.  

http://stattrek.com/Help/Glossary.aspx?Target=Correlation
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The hypothesis tests are used to check the principles upon which the MFM is based. 

Three critical hypotheses are considered. Hypothesis 1 is that the travel rate increases as the 

flow rate increases, with or without trucks. It is a widely accepted hypothesis; and the reason 

for checking it is to ensure that, for the sites used for checking the numerical predictions of 

the MFM, that the extent of the traffic interaction contribution to the travel rates is 

understood and documented. Hypothesis 2 is that the truck travel rates are dependent 

primarily upon kinematics and to a lesser extent on traffic interaction. Both “forward” and 

“backward” ways to check this hypothesis are presented. The “backward” way is employed 

in this research. It seeks to develop a distribution of observed ƞ values, for both low and high 

traffic flow rates and then compare those distributions with ƞ values that would be 

anticipated for trucks. Hypothesis 3 asserts that the auto travel rates are dependent upon four 

terms: 1) a free-flow travel rate (speed, effectively the auto kinematics term), 2) a traffic 

interaction term, 3) a direct contribution from the SUTs, and 4) a direct contribution from the 

TTs. Basically, it asserts that, in addition to the traffic interaction term, there are two 

additional terms that involve direct contributions to the auto travel rate from the SUTs and 

TTs. Both a “forward” and a “backward” way to test this hypothesis are presented. The 

“backward” way is employed.  

The prediction tests are conducted to see if the MFM, as presently calibrated, can provide 

credible estimates of auto, SUT, and TT travel rates for highway facilities observed in the 

field. The tests involve assembling datasets, creating estimates of the travel times (rates) by 

using the MFM, and then comparing those estimates with the field observed values.  

The statistical technique used to compare the estimated values with the field observations 

is the K-S test. Primarily, it is used to compare estimated distributions of travel rates and ƞ 
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values with those observed in the field. Linear regression is also used to compare these 

values.  

The methods used to do the testing have been described in this section as well as the 

requirements for the field datasets employed.  
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SECTION 4. DATA SOURCES AND DATASETS 

This section describes the sources of data used for validating the MFM and the datasets 

that were assembled from those sources.  

4.1. Relevant Data 

Since the MFM focuses on predicting auto and truck travel rates for situations where the 

grades are steep and the truck percentages high, data collection sites were sought where these 

conditions existed. The data needed are flow rates (at a 5- or 15-minute granularity) and 

space-mean speeds (or travel rates) broken down by single unit trucks, tractor trailers, and 

autos (or all other traffic). The vertical alignment is also needed. It is a challenge to identify 

facilities where all these data are available simultaneously. The facilities with high truck 

percentages tend to be in rural areas while those with high flow rates tend to be urban. 

Nonetheless, several sites were found where conditions were suitable for data collection.   

4.2. Datasets from Third Party Sources 

The datasets assembled to test the MFM were obtained from four sources: 1) PeMs, 2) 

here.com, 3) NPMRDS (the National Performance Management and Research Data Set) and 

direct field observations at three locations. PeMs and here.com provide spot speeds, traffic 

flow and truck percentages. NPMRDS provides separate auto, truck speeds, and combined 

speeds.  In addition, Google Earth Pro version 7.3 (2018) was used to obtain information 

about the vertical profiles. Table 3 shows the information of all the datasets collected from 

these data sources.  Each of these data sources and datasets collected is described below. 
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Table 3: Dataset Summary 

Data 

Source 

Data

-set 

Directional 

Freeway 

Segment 

Location 

Grade/ 

Segment 

Length 

(mi) 

Time 

Span 

(months) 

Data 

Collected 

(5 min) 

PeMs 1 
I-80 EB,  

3 lanes 

California 

near Meadow 

Vista, CA 

3.8%, NA 3 

auto and 

truck flow 

rate; mixed 

spot speed 

Here.com 

2 
I-440 WB, 3 

lanes 
Raleigh, NC 

<1.00%, 

NA 
6 auto and 

truck flow 

rate; mixed 

spot speed 
3 

I-440 EB,  

4 lanes 
Raleigh, NC 

<1.00%, 

NA 
12 

NPMRDS 

4 
I-440 WB, 3 

lanes 
Raleigh, NC 

<1.00%, 

0.4 
6 

auto, truck, 

and mixed 

space mean 

speed 

5 
I-440 EB,  

4 lanes 
Raleigh, NC 

<1.00%, 

1.4 
12 

6 
I-40 WB,  

4 lanes 

west of 

Asheville, NC 

Composite, 

steepest 

2.4%, 1 

1 

7 
I-40 WB,  

2 lanes 

west of 

Asheville, NC 
2.2%, 0.26 4 

8 
I-85 WB,  

2 lanes 

west of 

Durham, NC 

Composite, 

steepest 

3.5%, 4 

1 

Field 

Direct 

Measure-

ments 

9 
I-85 WB,  

2 lanes 

west of 

Durham, NC 

3.78%, 

1.04 
<1 

auto and 

truck flow 

rate, auto 

and truck 

space mean 

speeds 

10 
I-40 WB,  

3 lanes 

Black 

Mountain, NC 
5.4%, 3.7 <1 

11 
I-40 EB,  

3 lanes 
Asheville, NC 3.0%, 0.6 <1 

 

4.2.1. PeMs  

PeMs is one of the data sources employed for the validation. PeMS provides traffic data 

from various types of vehicle detector stations, including inductive loops, side-fire radar, and 

magnetometers. Inductive loops are the most common type of detection device used by 

Caltrans (2013). The PeMs system covers most freeways in California. 



   52 

 

 

Figure 14 shows the location of the PeMs sensor (dataset #1 in Table 3) that was used for 

validation. The black dot is the station location and the highlighted blue segment is the 

segment to which the data pertain. The segment is one-mile long and the average grade is 

3.8%. This location can be found by searching for location VDS 317532 within PeMS.

 

Figure 14: Data Collection Segment on I-80 

The sensor is near Auburn, CA, along eastbound I-80, between Sacramento and Lake 

Tahoe. It is on a significant grade. In Figure 15, the sensor highlighted with a red arrow is 

where the data were collected. The blue lines show the locations of other loop detectors. The 

gray area between the two purple arrows is the section to which the sensor is deemed to 

pertain. The sensor collects data in the eastbound direction. Three months of data were 

collected. 
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Figure 15: Sensor Location on EB I-80 

Figure 16 shows a screen shot of the PeMs data available for this location. On the lower 

right is the freeway name, district, county, city, postmile, corridor length, station ID,  number 

of lanes, and sensor type.  

 

Figure 16: PeMs User Interface for Eastbound I-80 

Figure 17 shows a screenshot of the freeway performance display. This figure can be 

recreated by choosing time series aggregate. Users can obtain the data from in between any 

specific hours. The finest granularity is 5 minutes. Flow, speed, truck flow, and truck 

proportion can be obtained. No vertical profile information is provided but it can be obtained 



   54 

 

 

through Google Earth Pro. The major deficiencies are that PeMS does not have separate auto 

speed and truck speed data and it only provides a spot speed for all traffic. 

 

Figure 17: VDS 317532 on I-80 

Three months of data were obtained. The dataset includes: auto flow rates, truck flow 

rates, and mixed spot speeds for each 5-minute interval. The data were then combined to 

create overlapping 15-minute observations.  

Figure 18 shows a screenshot of the overlapping 15-minute data points. Column A is the 

5 minutes timestamp, colum B is the 15-minute vehicle count per lane. Column C is the 
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inplicit flow rate per hour per lane. Column D is the truck percentage. Column E is the truck 

flow rate. Column F is the mixed speed.  

 

Figure 18: Screenshot of the PeMs data 

4.2.2. Here.com 

Two datasets were collected from Here.com. One is for station NC440180 (dataset #2 in 

Table 3) and the other one is for NC440160 (dataset #3 in Table 3). Six months of data were 

collected for the first site; a year of data for the second. 

Station NC440180 is along I-440 in Raleigh, NC as shown in Figure 19. The green dot 

with a black box shows its location. It is on a level freeway in an urban area, so grade is less 

than 1%. I-440 has 3 lanes in each direction at this location. The westbound traffic was 

analyzed.  
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Figure 19: Station 440180 Location on Here.com Map 

Station NC440160 is also along I-440 further east. In Figure 20, the green/yellow bubble 

with a black box shows the station’s location. The grade is less than 1%. There are 4 lanes in 

both directions at this location. The eastbound traffic was analyzed.  
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Figure 20: Station 440160 Location on Here.com Map 

The data collected included auto flow rates, truck flow rates, and mixed spot speeds at 

15-minute intervals. Figure 21 shows the main interface. The circles on the map represent the 

stations. Users can choose either mainline or on- or off-ramp stations.  



   58 

 

 

 

Figure 21: Here.com Interface 

Figure 22 shows a sample of the data retrieval screen.There are data for vehicle classes 1 

to 4. Class 1 is cars, class 2 is mid size vehicles, class 3 is trucks, and class 4 is extra long 

trucks. Vehicles were classified based on their sizes since the sensors cannot count axles. A 

single speed value is provided. The data has three limitations: 1) no detailed truck class 

information, 2) no space mean speeds and 3) no separate auto and truck speeds. 

 

Figure 22: Here.com Data Output 
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Figure 23 shows a screenshot of the data. Column A is the 15 minutes timestamp, colum 

B is the day of week, column C is the direction, column D is the number of lanes, column E 

is the speed in mph, column F is the volume of all lanes of each 15 minutes bin, column G is 

the 15 minutes volume of class 1 vehicles (cars), column H is the 15 minutes volume of class 

2 vehicles (mid size vehicles), column I is the 15 minutes volume of class 3 vehicles (trucks), 

and colume J is the 15 minutes volume of class 4 vehicles (extra long trucks). 

 

Figure 23: Screenshot of Here.com Station 440180 Data 

 

4.2.3. NPMRDS 

The National Performance Management Research Data Set (NPMRDS) has been 

developed for FHWA for use in its freight performance measures and urban congestion 

report programs. It has travel time measured for freight, passenger car, and mixed traffic. The 

travel times are reported by TMC (Traffic Message Channel) segment at a 5-minute temporal 

granularity. Most of the TMC segments are about a mile long. Separate passenger car and 

truck travel time data are available. The passenger car data are derived from mobile phones, 

portable navigation devices, and vehicle transponders. The freight data is based on embedded 

fleet system data from the American Transportation Research Institute (ATRI). The 

weakness of the NPMRDS dataset is that it does not report any flow rate data.  
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Data were collected for five TMC segments: 125P04979, 125-04990, 125-05298, 125-

04799, and 125N05296 (datasets #4 to #8 in Table 3). Six months of data were collected. 

One-year worth of data was collected 

Figure 24 shows the location of TMC 125P04979. It is a 0.4-mile segment located in 

Raleigh, NC. This segment was selected because it is in the same location as Here.com 

station 440180 previously discussed. (The data from the two sources could be combined to 

create a richer dataset.) The TMC segment is highlighted in light blue and the Here.com 

monitoring station is shown as a black dot. 
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Figure 24: TMC Segment 125P04797 from RITIS.org 

Figure 25 shows the location of TMC 125-04990. It is 1.4 miles long and further east on 

I-440 as shown in Figure 25. It is also level. This segment was selected because it is in the 

same location as Here.com station 440160 previously discussed. The data from the two 

sources were combined to create a richer dataset. The TMC segment is highlighted in light 

blue and the Here.com monitoring station is shown as a black dot.  

Here.com Station 

NC440180 

 

TMC Segment 

125P04797 
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Figure 25: TMC Segment 125-04990 from RITIS.org 

Figure 26 shows the location of TMC segment 125-05298. It is on I-40 near Asheville, 

NC with two lanes in each direction. It is a one-mile long segment.  It is a segment with 

composite grade, the steepest section is 2.4%. 

 

Here.com Station 

NC440160 

 

TMC Segment 

125-04990 
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Figure 26: TMC segment 125-05298 from RITIS.org 

Figure 27 shows the location of TMC segment 125N05296. It is along westbound I-40, 

15 miles west of Asheville with two lanes each direction. The segment is 0.26 miles long and 

has a grade 2.2%.  
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Figure 27: TMC Segment 125N05296 from RITIS.org 

Figure 28 shows the location of TMC segment 125-04799. It is along westbound I-85, 

west of Durham and has two lanes each direction. The segment is 4.04 miles long. It is a 

segment with composite grade, the steepest section is 3.5%. Data were collected for this site 

because it is coincident with the location where primary data collection was done. See later 

text. 
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Figure 28: TMC Segment 125-04799 from RITIS.org 

Figure 29 shows the user interface employed to obtain the NPMRDS data. There are two 

parts: the left side is the panel where the users can choose their preferences of the data and 

the right side is the map where it highlights the TMC segments that the users have chosen. It 

can be seen from the user panel that the users can choose TMC segments from the states, 

roads, regions, or enter the TMC codes directly. Then, the users need to specify the date 

ranges and data sources they want to download from and submit the download request. 
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Figure 29: NPMRDS Data Access 

Figure 30 shows a screenshot of the NPMRDS data collected. The first column lists the 

TMC segment number. The second, the time; the third, the combined speed; the fourth, the 

passenger car speed; and the fifth, the truck speed.  
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Figure 30: Screenshot of the TMC 125P04797 Data 

Figure 31 shows a plot of the space mean speeds that are reported. The combined speed is 

shown as well as the auto and truck speeds. 
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Figure 31: Speeds versus Time of Day from the NPMRDS Data 
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4.3. Direct Field Measurements 

Additional datasets were acquired by direct field measurement. The purpose was to create 

datasets that contained all of the information needed to validate the MFM.  

Video equipment was used to collect the required data. Figure 32 shows a schema of the 

equipment employed. Video cameras were used since they allowed the researcher to observe 

the traffic condition visually and distinguish between different vehicle classes by their 

appearances. A week’s worth of data without changing the batteries can be collected. The 

second function enables the user to set up hours of recording to cover peak hours and good 

amount of off peak hours and avoid night hours. The third function enables the user to 

differentiate between SUTs, TTs, and passenger cars from high-quality recording images. 
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Figure 32: Video Camera System for Direct Measurements 

Source: Advance Security (2017) 

The field set-up involved using two video cameras simultaneously. As shown for the 

example site in Figure 33, one camera was placed at location A and another at location B. 

This allowed the video cameras to record both of the time when vehicles entered and exited 

the segment. The two video cameras were synchronized before being installed.  
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Figure 33: WB I-85 Segment Location 

Regarding the installation process, the researchers needed to find objects such as poles or 

trees on the side of the road to attach the device. The installation process took two people. 

One person held the device while the other one attached it to a pole or tree. The researchers 

checked the installed device’s image quality and angles through the set-up screen that goes 

with this video device. Figure 34 shows an installed camera.  

A 

B 
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Figure 34: Installed Camera at the End of the Segment in Black Mountain 

Three pieces of information were extracted from the video images: flow rate and auto and 

truck speed. The flow rate was estimated by counting the vehicle exiting the segment. Figure 

35 shows the camera’s image at point B in Figure 33. The researcher used the virtual red line 

in Figure 35 as a reference line. Once the truck reached where the red line is, the researcher 

counted one and took down the time when the truck reached it.  
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Figure 35: Exiting Location of WB I-85 Segment 

The format of the raw extracted volume data is shown in Figure 36. Columns A,B,C and 

D show the hour, minute, second and 100th of a second the vehicle exit the segment. Column 

E is the vehicle type, 1 represents auto, 2 represents SUT, and 3 represents TT. By binning 

the volume into 5-minutes time bins by vehicle type, the 5-minutes flow rate of the segment 

were estimated.  

 

Figure 36: Screenshot of Raw Volume Data Format 
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Figure 37 shows the flow rate in 5-minutes bins. Columns labeled Auto, SUT, and TT 

represent the flow rate of autos, SUTs and TTs in that 5-minutes bin. With the 5-minutes 

binned flow rate information,  the researchers specified low flow rate and high flow rate 

conditions and chose certain time periods to extract speed data. 

 

Figure 37: Screenshot of Five-Minute Binned Flow Rate 

To extract the space mean speed data, both videos were watched to record the time when 

an individual vehicle entered the segment and the time when the vehicle exit the segment and 

its vehicle type. By subtracting these two time points, the vehicle’s travel time along this 

segment was acquired. For example, if the truck entered the segment at 16:25:49 and exit the 

segment at 16:27:03. Therefore, this truck’s travel time was 74 s. Since this segment is 1 mile 

long, this truck’s space mean speed was 48.6 mph. Unlike the flow rate, the autos and trucks’ 

space mean speeds extraction process was time consuming and labor intensive. Also, the 

purpose of space mean speed extraction was to have an idea of how autos and trucks perform 

as their flow rates vary and be able to generate cumulative density functions of their space 

mean speeds for certain flow rate conditions (low flow rate conditions or high low rate 

conditions).  Thus, it was not necessary to obtain each vehicle’s speed. Researchers could 
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choose certain flow rate conditions based on the 5-minutes binned flow rate data extracted 

from the video and obtain enough observations of the auto speeds and truck speeds under 

those conditions. In this case, minimum one hundred auto speed’s observations and one 

hundred truck speed’s observations were set for each specific flow rate condition and this 

allowed at least one observation at one percentile. 

Insofar as the locations were concerned, certain requirements had to be met. Since the 

MFM focuses on the truck impact on traffic flow especially when the grades are steep and 

truck percentages are high, the main task was to find freeway sections with steep grades and 

a fine amount of trucks. The researchers were able to identify the average grade of a freeway 

section through Google Earth Pro (2018) and the grades should be more than 2.5%. Then, a 

significant amount of truck traffic needed to be present. Obtaining accurate truck percentages 

by time of day required a thorough observation of potential locations.  

Three spots were chosen: I-85 west of Durham, NC, I-40 near Black Mountain, NC, and 

I-40 southeast of Ashville, NC. 

Figure 38 shows the I-85 site west of Durham (dataset #9 in Table 3). It is one-mile long, 

two-lanes wide in each direction, and has a grade of 3.78%.  



   78 

 

 

 

Figure 38: WB I-85 Location West of Durham 

For this site, there were four time periods during which the data were extracted. The first 

one was from 16:00 PM to 18:00 PM on 20th September, 2015. The average flow rate is 770 

veh/hr/ln and truck percentage is 3%  in this period. The second one was from 7:30 AM to 

9:00 AM on 21st  September, 2015. The average flow rate is 606 veh/hr/ln and truck 

percentage is 9%  in this period. The third one was from 7:30 AM to 9:00 AM on 22nd 

September, 2015. The average flow rate is 630 veh/hr/ln and truck percentage is 12.3%  in 

this period. The fourth one was from 16:00 PM to 18:00 PM on 22nd September, 2015. The 

average flow rate is 1214 veh/hr/ln and truck percentage is 5.9%  in this period.  For each 

condition, a minimum of one hundred space mean speed observations were collected for both 

autos and trucks. 
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Figure 39 shows the location on I-40 near Black Mountain (dataset #10 in Table 3). It is 

3.7 miles long westbound I-40 segment’s location in Black Mountain area. It is a 3-lane 

segment with an average grade of 5.4%.  

 

Figure 39: WB I-40 Location in Black Mountain Area 

For this site, there were two time periods during which the data were extracted. The first 

one was from 15:00 PM to 18:55 PM on 24th October, 2015. The average flow rate is 527 

veh/hr/ln and truck percentage is 5.1%  in this period. The second one was from 7:30 AM to 

10:00 AM on 25th October, 2015. The average flow rate is 172 veh/hr/ln and truck percentage 

is 8.7% in this period. For each condition, a minimum of one hundred space mean speed 

observations were collected for both autos and trucks. 

Figure 40 shows the location of the I-40 eastbound segment near Ashville (dataset #11 in 

Table 3). It is 0.6 miles long, two-lanes wide in each direction, and has an average grade of 

3%.  
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Figure 40: EB I-40 Location in Asheville 

For this site, there were two time periods during which the data were extracted. The first 

one was from 16:00 PM to 18:30 PM on 24th October, 2015. The average flow rate is 992 

veh/hr/ln and truck percentage is 3.6%  in this period. The second one was from 8:00 AM to 

9:00 AM on 29th October, 2015. The average flow rate is 970 veh/hr/ln and truck percentage 

is 8.2% in this period. For each condition, a minimum of one hundred space mean speed 

observations were collected for both autos and trucks.  

Table 4 shows the summary of the data collected directly from field. 
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Table 4: Field Dataset Summary 

Locations Period Times Date 
Flow Rate 

(veh/hr/ln) 

Truck 

Percentage 

I-85 WB, West 

of Durham 

1 16:00 to 18:00 9/20/2015 770 3.0% 

2 7:30 to 9:00 9/21/2015 606 9.0% 

3 7:30 to 9:00 9/22/2015 630 12.3% 

4 16:00 to 18:00 9/22/2015 1214 5.9% 

I-40 WB,    

Black Mountain  

1 15:00 to 18:00 10/24/2015 527 5.1% 

2 7:30 to 10:00 10/25/2015 172 8.7% 

I-40 EB, 

Asheville 

1 16:00 to 18:30 10/24/2015 992 3.6% 

2 8:00 to 9:00 10/29/2015 970 8.2% 

 

4.4. Combined Datasets  

Neither Here.com nor PeMs provides separate auto and truck speed data, so truck speeds 

need to be obtained when using these two datasets. There are two ways to obtain truck 

speeds. One is to estimate truck speeds based on kinematics and traffic interaction. The other 

way is to combine NPMRDS data with Here.com or PeMs. PeMs and NPMRDS data cannot 

be combined because PeMs data only covers California but NPMRDS’s publicly acessible 

dataset does not cover California. It was described that station NC440180 data would be 

combined with TMC segment 125P04979 data and NC440160 data would be combined with 

TMC segment 125-04990 data. 

Here.com station 440180, Here.com has flow rate information but no separate auto and 

truck space mean speed information. NPMRDS data has separate space mean speeds of autos 

and trucks but no flow rate information. Therefore, by combining the Here.com and 

NPMRDS data, datasets with both separate auto and truck space mean speed and flow rate 

information can be estimated. The data collected from TMC segment 125P04979 in the 

NPMRDS can be combined with the data collected from station NC440180 to create a 
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comprehensive dataset with both separate space mean speeds and flow rate information along 

this westbound I-440 section. The combination process of the NPMRDS and Here.com data 

is described in chapter 5. More detailed information of TMC segment 125P04797 is 

described here. Similar to the previous TMC segment 125P04797, the data collected from 

TMC segment 125-04990 in the NPMRDS can be combined with the data collected from 

Here.com station NC440160 to create a comprehensive dataset with both separate space 

mean speeds and flow rate information along this eastbound I-440 section. 

Here.com and NPMRDS data were combined to two datasets to test hypothesis 1.The 

first dataset was combined from Here.com station NC440180 and TMC segment 125P04979 

since they are overlapping on the spot along I-440. Figure 24 shows both Station NC440180 

and TMC segment 125P04979. It is on a level freeway in an urban area. As it was described 

in previously, six months worth of data were collected from both Here.com and NPMRDS. I-

440 has 3 lanes in each direction at this location and the westbound traffic was analyzed. 

Auto flow rates, truck flow rates, and mixed spot speeds for each 15-minutes timestamp were 

collected for this segment from Here.com. Here.com data has 5-minute average mixed spot 

speed, 5-minute volume by classes, 5-minute truck percentage calculated based on auto and 

truck volumes. NPMRDS data has the combined space mean speed of autos and trucks, auto 

space mean speed, and truck space mean speed. The data have been combined using the time 

and date column as the index. Observations falling into the same flow rate bin were then 

combined and Figure 41 shows the combined dataset. To save some space in the table, part of 

the data such as volume by vehicle class was not displayed. After combining, a 

comprehensive dataset with auto and truck flow rates (not shown), and auto and truck space 

mean speeds was generated. Column I in Figure 41 shows the space mean truck speeds. It 



   83 

 

 

can be seen that there are instances where there is no space mean truck speed observation (it 

shows 0 mph) but the calculated truck percentage is not 0%. There are two reasons that this 

situation can happen. The first one is that Here.com and NPMRDS do not have the same 

vehicle class system, which means a truck in Here.com might not be seen as a truck in 

NPMRDS data, this happens mostly for smaller trucks. The second reason is that NPMRDS 

data uses an embedded fleet system to collect truck data and not every truck is embedded 

within the fleet system. Further, there are instances where there are no auto observations for 

some time periods in NPMRDS data while Here.com shows that there are auto volumes. This 

happens because auto data are derived from mobile phones, portable navigation devices, and 

vehicle transponders in NPMRDS and there can be situations where none of this information 

was available.  

 

Figure 41: NC440180 and TMC 125P04979 Combination Process 

However, situations when there are no auto or truck speed observations in NPMRDS but 

there are auto and truck volumes in Here.com happen rarely and mostly happen during low 

volume conditions. To avoid affecting the result, those data points were eliminated. 

Nevertheless, those are extreme cases. To validate the combination result, NPMRDS’ 

combined speeds and Here.com based mixed space mean speed which was computed using 

Here.com’s auto and truck flow rate information and NPMRDS’ auto and truck space mean 
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speed was compared. Equation 4.1 shows how the Here.com flow rate based mixed space 

mean speed is computed.  

,
all

Here m
truck auto

truck auto

f
S

f f

S S




                                                                                                   (4.1) 

,Here mS = Here.com flow rate based mixed space mean speed, mi/h 

allf = flow rate of the whole traffic stream from Here.com, veh/hr/ln 

truckf = truck flow rate from Here.com, veh/hr/ln 

autof = auto flow rate from Here.com, veh/hr/ln 

truckS = truck space mean speed from NPMRDS, mi/h 

autoS = auto space mean truck from NPMRDS, mi/h 

Here.com flow rate based mixed space mean speed was computed assuming this TMC 

segment 125P04979's auto and truck flow rates are the same as Here.com station NC440180. 

By comparing Here.com flow rate based mixed space mean speed with NPMRDS’s 

combined space mean speed, whether Here.com’s flow rate has big difference from 

NPMRDS’s flow rate can be observed. Figure 42 shows the comparison result. Those 

extreme cases when NPMRDS’s auto or truck speeds are 0 mph while Here.com’s auto or 

truck flow rates are not 0 veh/hr/ln have been eliminated.  

The blue line is the ratio 1:1 line, which means if all the points are on this line then Xs 

and Ys are exactly the same. The x-axis represents Here.com based mixed space mean speed 

and y-axis represents NPMRDS combined speed. It can be seen that the points stay very 
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close to the blue line except for some outliers. The correlation coefficient (see later text) is 

0.993. 

 

Figure 42: Comparison of Here.com Station NC440180 Data based Mixed Space Mean 

Speed and NPMRDS TMC 125P04979’s Combined Space Mean Speed 

Table 5 shows the correlation analysis result. The sample size is 6341. It can be seen that 

higher Here.com based mixed speeds are correlated with higher NPMRDS’s combined space 

mean speed and the Pearson’s r (correlation coefficient) is 0.993, which can be considered 

close to a perfect correlation. Therefore, the NPMRDS’s combined space mean speed can be 

trusted to use as the combined space mean speed for the Here.com and NPMRDS’s 

combined dataset. This combined dataset is referred as C-NC440180. 
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Table 5: Correlation Analysis between Here.com Station NC440180 Data based Mixed 

Space Mean Speed and NPMRDS TMC 125P04979’s Combined Speed 

  Here.com speed NPMRDS Speed 

Here.com Speed 1   

NPMRDS Speed 0.993 1 

 

The second dataset was combined from Here.com station NC440160 and TMC segment 

125-04990. The same combination process was used to combine these two datasets. This 

second combined dataset is referred as C-NC440160.Table 6 shows the information summary 

of the two combined datasets. 

Table 6: Combined Datasets Summary 

Dataset 
Here 

Station# 

NPMRDS 

TMC 

Segment # 

Free-

way 

Grade/ 

Segment 

Length 

(mi) 

Time 

Span 

(months) 

Data 

Contained  

(5 min) 

C-NC440180 NC440180 125P04979 

I-440 

WB, 3 

lanes 

<1.00%, 

0.4 
6 

auto and truck 

flow rate, auto 

and truck 

space mean 

speeds 
C-NC440160 NC440160 125-04990 

I-440 

WB, 3 

lanes 

<1.00%, 

1.4 
12 

 

4.5. Summary 

Data sources including PeMs, Here.com, NPMRDS, and direct field measurement were 

introduced and correspondent datasets collected from those data sources were described. 

PeMs and Here.com are similar in that both of them provide auto and truck flow rate and 

mixed spot speed. The only difference is that Here.com provides flow rates for four vehicle 

classes while PeMs provides flow rates for autos and trucks only. NPMRDS has separate 

auto and truck space mean speeds but no flow rate information.  The field direct measured 
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data has the most comprehensive information such as truck speed, auto speed, auto flow rate, 

and truck flow rate but it was time and labor intensive to extract data from video tapes. 

Therefore, field direct measured data is rich but not as extensive in terms of sample size as 

other datasets. There is 1 dataset collected from PeMs, 2 collected from Here.com, 5 

collected from NPMRDS, and 3 collected using direct field measurement.  

The combination process of Here.com and NPMRDS data was described. Two datasets 

were obtained from the combination process: C-NC440180 and C-NC440160. The following 

two sections show the process of applying the datasets acquired to validate the hypothese and 

predictions. 
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SECTION 5. RELATIONSHIP TESTS 

This section presents the analyses of the relationships upon which the MFM is based: the 

“causal relationship” and the two hypotheses. Field data from the sites described in Section 4 

are employed. The causal relationship is examined first followed by the two hypotheses. For 

each, the dataset(s) used are described along with the tests conducted and the results. 

5.1. Causal Relationship 

The causal relationship indicates that the travel rates increase as the flow rate increases 

with or without trucks. This relationship is the basis for all traffic flow models that have been 

developed to date. Hence, the main objective in examining this relationship was to ensure 

that it could be documented. In terms of the MFM, this hypothesis is found in the second 

terms of Equations 2.6, 2.7, and 2.10.  

To test the relationship, datasets that combined Here.com /NPMRDS TMC data were 

used. The sites were C-NC440180 and C-NC440160. Both sites are in the Raleigh, NC area 

along I-440. The locations were shown in Figures 24 and 25.  

Five actions were taken before the analysis commenced.  First, the PCE-based flow rate 

was computed for each observation. The truck flow rates were converted into PCE-based 

flow rates using a PCE value of 2.0. Equation 5.1 was employed.  

(1 % ) (1 % )pc v v Tf T f T f E                                                                                       (5.1) 

pcf = flow rate in passenger cars, pc/hr/ln 

%T =truck percentage, fraction 

vf = flow rate in vehicles, veh/hr/ln 
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TE = passenger car equivalent (PCE), 2 in this case 

The PCE for the trucks was assumed to be 2 because the terrain is level. (The basis for 

this choice can be found in Exhibit 12-25 of the HCM-6.) 

Figure 43 shows a plot of the resulting plot of speed versus PCE flow rates for C-

NC440180. The x-axis is the flow rate in pc/hr/ln and the y-axis is the NPMRDS-based 

combined space-mean speed (column G in Figure 41). It can be seen that capacity is about 

1,800 pc/hr/ln.  

 

Figure 43: Flow Rate versus Speed for C-NC440180  

The second action was to remove outliers such as the one at about 1500 pc/hr/ln with a 

speed of about 10 mph. These data points were removed manually.  

The third action was to remove data points where the truck percentage was greater than 

10%. This was done to avoid confounding the analysis using observations where the truck 
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percentage was high. Hypothesis 2 asserts that the trucks have a separate and additional, 

incremental effect on the auto travel rates. These observations were used for that testing.  

The fourth action was to remove data points associated with snow and freezing rain. To 

do this, weather information was obtained from Weather Underground (2017) was obtained. 

Figure 44 shows a screenshot of the hourly weather data.  

 

Figure 44: Weather Information 

The fifth and final action was to remove observations associated with flow under 

breakdown conditions. The existence of these data points can be seen in Figure 45 for 

densities exceeding 40 pc/mi/ln.  
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Figure 45: Flow versus Density, C-NC440180  

Figure 46 shows the plot of flow versus speed for C-NC440180 after the five actions 

have been taken. The y-axis is the combined speed computed from the NPMRDS data and 

the x-axis is the flow rate in PCEs from Here.com. 
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Figure 46: Processed Speed-Flow Plot, C-NC440180  

The same five actions were used for site C-NC440160. Figure 47 shows the resulting 

speed versus flow rate plot. 
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Figure 47: Processed Speed-Flow Plot, C-NC440160 

Once the data had been cleaned, the testing was done in parallel for four sets of data 

points: two where the truck percentage was low (less than 2%); and two more where the 

truck percentage was higher (2%-10% for C-NC440160 and 1%-10% for C-NC440180).  

First, correlation analyses were conducted. The data were binned based on flow rate and 

the trends in the correlation between flow rate and speed was checked. The expectation was 

that the correlation would be near zero for low flow rates and then become increasingly more 

negative as the flow rate increased. At or near capacity, the correlation might again diminish 

because the speeds were more affected by turbulence.  

Kolmogorov-Smirnov tests (K-S tests) were used to see if the CDFs for each bin were 

different, and if they advanced toward higher travel rates as the flow rates increased. The 

data were again binned based on flow rate and separate CDFs were developed for each bin. 



   94 

 

 

The results for the “auto only” datasets are presented first, followed by the results for the 

“with trucks” datasets.  

The plots of speed versus flow for the “auto-only” datasets are shown in Figures 48 and 

49. The data for C-NC440180 are shown in Figure 48 and for C-NC440160 in Figure 49. The 

x-axis is the flow rate in PCEs from Here.com and the y-axis is the combined speed from 

NPMRDS. The upper limit on the percent trucks was 2% for C-NC440180 and 1% for C-

NC440160. 

 

Figure 48: Speed-Flow Plot, 0-2% Trucks, C-NC440180 
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Figure 49: Speed-Flow Plot, 0-1% Trucks, C-NC440160 

The speed-flow plots for the datasets involving the higher truck percentages (2% to 10% 

for C-NC440180 and 1% to 10% for C-NC440160) are shown in Figures 50 and 51. 

 

Figure 50: Speed-Flow Plot, 2%- 10% Trucks, C-NC440180 
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Figure 51: Speed-Flow Plot, 1%- 10% Trucks, C-NC440160 

The results for the correlation analysis are presented first. Tables 7 and 8 show the 

findings for the “auto only” datasets. Five bins were employed: 0-400, 400-800, etc. up to 

2,000 pc/hr/ln. The third column shows the correlation of flow with speed, and the fourth 

column shows the number of observations in the bin.  

Table 7: Correlation Analysis, Auto-only Condition, C-NC440180 

From (pc/hr/ln) To (pc/hr/ln) Correlation (Flow & Speed) Sample# 

0 400 -0.053 283 

400 800 -0.178 871 

800 1200 0.004 1288 

1200 1600 -0.229 930 

1600 2000 -0.152 87 

Overall -0.254 3459 
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Table 8: Correlation Analysis, Auto-only Condition, C-NC440160 

From (pc/hr/ln) To (pc/hr/ln) Correlation (Flow & Speed) Sample # 

0 400 0.015 625 

400 800 0.033 1299 

800 1200 -0.022 1368 

1200 1600 -0.258 489 

1600 2000 -0.238 212 

Overall -0.266 3993 

 

The results show that the speed is negatively correlated with the flow rate. Moreover, the 

correlation is small initially, grows until it reaches a maximum value for flow rates between 

1200-1600 pc/hr/lane, and then declines. The Pearson’s r (correlation coefficient) for the 

overall group is -0.254 for C-NC440180 and -0.266 for C-NC440160. T-test was used to see 

if the overall r values are significantly different from 0 for both Table 7 and Table 8. The P-

values were less than 0.05 so the null hypothesis that r value equals to 0 gets rejected. This 

can be considered a weak negative linear relationship based on Rumsey (2016). 

For the “with trucks” datasets, the correlation analyses are presented in Tables 9 and 10. 

The trends are like those for the “auto-only” data.  

Table 9: Correlation Analysis, 2%-10% Trucks, C-NC440180 

From (pc/hr/ln) To (pc/hr/ln) Correlation (Flow & Speed) Sample# 

0 400 0.036 487 

400 800 -0.073 181 

800 1200 -0.008 883 

1200 1600 -0.194 343 

1600 2000 0.015 20 

Overall -0.263 1914 
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Table 10: Correlation Analysis, 1%-10% Trucks, C-NC440160 

From (pc/hr/ln) To (pc/hr/ln) Correlation (Flow & Speed) Sample # 

0 400 0.128 2194 

400 800 0.058 1029 

800 1200 -0.040 4462 

1200 1600 -0.154 2835 

1600 2000 -0.262 770 

Overall -0.236 11290 

 

Table 9 shows that the correlation is close to 0 when flow rate is lower than 1,200 

pc/hr/ln. Table 10, on the other hand, shows that from 0 pc/hr/ln to 800 pc/hr/ln the 

correlation is positive. This may be because that there were more data points under low flow 

rate conditions. The number of data points drops from 2,194 in the range 0-400 pc/hr/ln to a 

value of 1,029 in the range 400-800 pc/hr/ln. 

Table 9 shows the strongest correlation to be in the range of 1,200-1,600 pc/hr/ln. Table 

10 shows it to be in the range of 1,600-2,000 pc/hr/ln. This indicates that lower speeds are 

related to higher flow rates for both datasets.  The Pearson’s r (correlation coefficient) values 

are -0.263 for C-NC440180 and -0.157 for C-NC440160. These values indicate a weak 

negative linear relationship based on Rumsey (2016). T-test was used to see if overall r 

values are significant different from 0 for both Table 9 and Table 10. The P-values were less 

than 0.05 so the null hypothesis that r value equals to 0 gets rejected. 

The K-S test results are presented next. The “auto only” results are presented first 

followed by the “with trucks” results. For the “auto only” results, the bins were: 0-600, 600-

1,200, and 1,200-1,800 pc/hr/ln for C-NC440180; and 0-650, 650-1,300, and 1,300-1,950 

pc/hr/ln for C-NC440160. The CDFs are shown in Figures 52 and 53. 
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Figure 52: Speed CDFs, 0%-2% trucks, C-NC440180  

 

Figure 53: Speed CDFs, 0%-1% Trucks, C-NC440160  

As can be seen, in both cases, the CDFs tend toward lower speeds as the flow rates 

increase. For C-NC440180, the shift in speeds is about the same from one bin to the next; for 

C-NC440160, the shift from the first to the second bin is minimal, while the shift from the 
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second to the third is significant. Moreover, in both cases, the shifts for the lower percentiles 

are more pronounced compared with the higher percentiles. The fact that the distributions 

shift indicates that the traffic interaction impact does exist; and the disproportionate shift 

suggests that not only does the mean change, but the distribution shifts toward more slower 

speeds.  

The results of the K-S tests for the low-versus-medium flow rate comparison are 

presented next in Tables 11 and 12. 

Table 11: K-S-Tests, Low vs Medium Flow Rate, Auto-only, C-NC440180 

Most Extreme 

Differences 

Absolute 0.121 

Positive 0.121 

Negative -0.001 

Kolmogorov-Smirnov Z 2.624 

P-value (2-tailed) * 0.0000018 

Low flow rate sample size/ Stedv 633/3.629 

Medium flow rate sample size/ Stedv 1809/3.809 

*In many of the tests the P-value is very small, like the value shown here. Later, in those 

cases, the P value is simply shown as being zero (0.000).  

 

Table 12: K-S-Tests, Low vs Medium Flow Rate, Auto-only, C-NC440160 

Most Extreme 

Differences 

Absolute 0.086 

Positive 0.024 

Negative -0.086 

Kolmogorov-Smirnov Z 2.443 

P-value (2-tailed) * 0.0000131 

Low flow rate sample size/ Stedv 1322/4.227 

Medium flow rate sample size/ Stedv 2088/3.641 

* In many of the tests the P-value is very small, like the value shown here. Later, in those 

cases, the P value is simply shown as being zero (0.000).   

 

The largest absolute differences between the medium and low flow density functions are 

0.121 and 0.086 for C-NC440180 and C-440160 respectively. The sample sizes are 633 and 
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1,322. The standard deviations are 3.629 and 4.227. The sample sizes for the medium flow 

rate conditions are 1,809 and 2,088. The standard deviations are 3.809 and 3.641.  

The P-values are less than the alpha value 0.05, so the null hypothesis, H0, that the low 

and medium flow rate distributions are the same is rejected and the alternative hypothesis, 

Ha, that they are different is accepted . This result is consistent with the visual analysis of 

Figures 52 and 53. 

The K-S tests for the medium and high flow rate CDFs are shown in Tables 13 and 14. 

Table 13: K-S Test Results, Medium vs High Flow Rate, Auto-only, C-NC440180 

Most Extreme 

Differences 

Absolute 0.152 

Positive 0.000 

Negative -0.152 

Kolmogorov-Smirnov Z 3.876 

P-value (2-tailed) * 0.000 

Medium flow rate sample size/ Stedv 1809/3.809 

High flow rate sample size/ Stedv 1015/5.335 

* The P values are effectively zero. See the note for Table 11 

Table 14: K-S Test Results, Medium vs High Flow Rate, Auto-only, C-NC440160 

Most Extreme 

Differences 

Absolute 0.440 

Positive 0.000 

Negative -0.440 

Kolmogorov-Smirnov Z 9.399 

P-Value (2-tailed) * 0.000 

Medium flow rate sample size/ Stedv 2088/3.641 

High flow rate sample size/ Stedv 584/5.430 

* The P values are effectively zero. See the note for Table 11 

The P-values are less than the alpha value of 0.05 (they are effectively, zero), so the null 

hypothesis, H0, that the distributions are the same is rejected and the alternative hypothesis, 

Ha, that they are different is accepted . This result is again consistent with the visual analysis 

of Figures 52 and 53.  
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Now the K-S tests for the higher truck percentage datasests are presented. The speed 

CDFs are shown in Figures 54 and 55.   

 

Figure 54: Speed CDFs, 2%-10%, Trucks C-NC440180 

 

Figure 55: Speed CDFs, 1%-10%, Trucks C-NC440160 
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The trends are like those in Figures 52 and 53. The CDFs shift left as the flow rates 

increase; and, the shift is more pronounced at the lower percentiles. The findings from the K-

S tests are presented in Tables 15 and 16 for C-NC440180 and C-NC440160 respectively. 

Table 15: K-S-Tests, Low vs Medium Flow Rate, with Trucks, C-NC440180 

Most Extreme 

Differences 

Absolute 0.126 

Positive 0.126 

Negative -0.016 

Kolmogorov-Smirnov Z 2.434 

P-Value (2-tailed) * 0.000 

Low flow rate sample size/ Stedv 631/3.070 

Medium flow rate sample size/ Stedv 920/3.987 

* The P values are effectively zero. See the note for Table 11 

Table 16: K-S-Tests, Low vs Medium Flow Rate, with Trucks, C-NC440160 

Most Extreme 

Differences 

Absolute 0.085 

Positive 0.024 

Negative -0.085 

Kolmogorov-Smirnov Z 3.536 

P-Value (2-tailed) * 0.000 

Low flow rate sample size/ Stedv 2480/2.931 

Medium flow rate sample size/ Stedv 5686/2.825 

* The P values are effectively zero. See the note for Table 11 

The P-values in both tables are less than the alpha value 0.05, so the null hypothesis H0 

that the low and medium flow rate conditions have the same speed distributions must be 

rejected and the alternative hypothesis Ha that they are different is accepted .  

Tables 17 and 18 show the K-S results for the medium and high flow rate conditions. 
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Table 17: K-S-Tests, Medium vs High Flow Rate, with Trucks, C-NC440180 

Most Extreme 

Differences 

Absolute 0.238 

Positive 0.001 

Negative -0.238 

Kolmogorov-Smirnov Z 3.832 

P-Value (2-tailed) * 0.000 

Medium flow rate sample size/ Stedv 920/3.987 

High flow rate sample size/ Stedv 363/7.690 

* The P values are effectively zero. See the note for Table 11 

Table 18: K-S-Tests, Medium vs High Flow Rate, with Trucks, C-NC440160 

Most Extreme 

Differences 

Absolute 0.252 

Positive 0.000 

Negative -0.252 

Kolmogorov-Smirnov Z 10.813 

P-Value (2-tailed) * 0.000 

Medium flow rate sample size/ Stedv 5686/2.825 

High flow rate sample size/ Stedv 2733/5.502 

* The P values are effectively zero. See the note for Table 11 

The P-values are again less than the alpha value 0.05, so the null hypothesis H0 that the 

medium and high flow rate CDFs are the same is rejected and the alternative hypothesis Ha 

that they are different is accepted.  

As an additional assessment, one of the datasets from the direct field measurements was 

used to further test this hypothesis. The location is along I-85, as shown in Figure 38. From 

Table 4, the data for Periods 2 and 4 were compared. Period 2 has a low flow rate of 606 

veh/hr/ln and a truck percentage of 9% while period 4 has a higher flow rate of 1214 veh/hr/ln 

and a truck percentage of 5.9%. Figure 56 shows the CDFs of speeds for the two periods. It 

can be seen that the CDF for Period 4 has lower speeds than for Period 2. The flow rate for 

Period 4 is higher than that for Period 2.  
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Figure 56: Auto Speed CDFs for Periods 2 and 4 in Table 4, I-85 WB 

Table 19 shows the K-S test results from comparing these two periods.  

The P-value is less than the alpha value of 0.05, so the null hypothesis H0 that the CDFs 

are the same is rejected and the alternative hypothesis Ha that they are different is accepted.  

Based on these analyses, the causal relationship was examined. The nature of the traffic 

interactions at several of the sites has been explored; and it is different.  

Table 19: K-S Test, Periods 2 4, From Table 4, I-85 WB 

Most Extreme 

Differences 

Absolute 0.133 

Positive 0.133 

Negative -0.026 

Kolmogorov-Smirnov Z 1.400 

P-Value (2-tailed)  0.014 

Period 2 sample size/Stedv 220/3.987 

Period 4 sample size/Stedv 226/3.655 
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5.2. Hypothesis 1 

As explained in Section 3, Hypothesis 1 asserts that the trucks travel rates are determined 

primarily by kinematics and secondarily by traffic interaction. The relationships are repeated 

here in Equations 5.2 and 5.3.  

𝜏𝑆𝑈𝑇 = 𝜏𝑘𝑖𝑛
𝑆𝑈𝑇 + 𝛥𝜏𝑇𝐼                                                                                                       (5.2) 

𝜏𝑇𝑇 = 𝜏𝑘𝑖𝑛
𝑇𝑇 + 𝛥𝜏𝑇𝐼                                                                                                          (5.3) 

Where, 

𝜏𝑆𝑈𝑇 = SUT travel rate (sec/mi) 

𝜏𝑇𝑇 = TT travel rate (sec/mi) 

𝜏𝑘𝑖𝑛
𝑆𝑈𝑇= kinematic travel rate of single unit trucks (sec/mi) 

𝜏𝑘𝑖𝑛
𝑇𝑇  = kinematic travel rate of tractor trailer trucks (sec/mi) 

Δ𝜏𝑇𝐼= Traffic interaction term (sec/mi) 

Effectively, at low flow rates, the travel rate depends upon how fast the truck can 

negotiate the facility’s vertical geometry. Then, as the flow rate increases, there is an 

additional contribution to the travel rate because of traffic interactions.  

To test this hypothesis, two tests must be performed. First, during low flow conditions, 

the observed truck travel times (rates)  must be tested against those predicted by the 

kinematics. If there is a match, then the first term in Equation 5.2 can be deemed valid. Then, 

for high flow rates, if the observed truck travel times (rates) match those predicted by both 

the kinematics and the traffic interaction term, then the overall equation can be deemed valid 

and the hypothesis accepted.  

A major problem is that there are no datasets where the weight-to-horespower ratios of 

the trucks are known. This means the travel times (rates) cannot be predicted in the 
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“forward” direction. Any ƞ assumed is a guess. If the wrong value is assumed, the hypothesis 

might be rejected when in fact it should have been accepted. Hence, the “backward” test was 

employed, as described in Section 3.  

For both parts of the hypothesis, the kinematics model is combined with a search 

algorithm to find, for each observed truck travel time, the value of ƞ that produces that 

observation. Clearly, these values are not the actual ƞ values for individual trucks. Rather, 

they are the values needed to predict the observed travel times. It is important to keep this in 

mind. 

Given that ƞ values are back calculated, during low-flow conditions, they should typify 

values that pertain to trucks, because the hypothesis asserts that the kinematics alone is 

responsible for producing the travel times. This is because the first terms in Equations 5.2 

and 5.3 should be dominant. Similarly, during high (higher) flow rate conditions, the back-

calculated values of ƞ should be higher, because the traffic interaction term is increasing the 

travel rates. If the distribution of ƞ for the high-flow observations are larger in distribution 

than the ones for the low-flow observations, then it is possible (reasonable) to accept that the 

travel time (rate) is being produced by a combination of the kinematics and the traffic 

interactions, meaning both the first and second terms in Equations 5.2 and 5.3 are valid.  

To test the hypothesis, sites with significant grades were employed. Three sites were 

used: TMC 125-05298 and TMC 125N05296 west of Asheville, NC; and TMC 125-04799 

west of Durham, NC. The vertical profiles for these three sites are shown in Figures 57, 58, 

and 59. The x-axis is in miles and the y-axis is in feet. Google Earth shows the original 

elevation as the pink area shows. The dashed lines are the grades calculated based on 
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elevation changes. 

 

Figure 57: Elevation Map of TMC 125-05298 in Asheville 

 

Figure 58: Elevation Map of TMC 125N05296 
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Figure 59: Elevation Map of TMC 125-04799 

The second site (TMC 125N05296)’s grade within the study section is relatively 

constant. For the first (TMC 125-05298) and third (TMC 125-04799), they vary. The 

kinematic computational engine created in Excel for NCFRP-41 can deal with both simple 

and composite grades. A description of the model can be found in Dowling et al. (2014). 

Because the grades for the second site relatively constant, the version for simple grades was 
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employed. For the first and the third, because they compound grades, the version for 

composite grades was used. 

The datasets included truck and auto travel rates (speeds). Figures 60, 61, and 62 show 

the trends in the auto and truck speeds versus time of day for the three sites after removing 

outliers.  

 

Figure 60: Speeds versus Time of day for TMC Segment 125-05298 

 

Figure 61: Speeds versus Time of Day for TMC Segment 125N05296 
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Figure 62: Speeds versus Time of Day for TMC Segment 125-04799 

Unfortunately, no flow rate data were available. Hence, a simpler strategy was needed to 

distinguish between observations associated with low and high (higher) flow rate conditions. 

Fortunately, since the back calculation method does not need the flow rates per-se, the 

observations during the peaks were treated as being for high (higher) flow rate conditions and 

those for the rest of the day as being for low flow conditions. In Figure 60, the auto and truck 

speeds are lower from 15:00 to 19:00. Hence, it was assumed that these were observations 

associatd with “higher” flow rates. In Figure 61, the auto and truck speeds are lower from 

14:30 to 20:00, so observations during this time were assumed to be for “high flows”. Figure 

62, there appear to be two “high flow” time periods: 7:30-11:00 and 16:00-20:00. The 

observations during both of these time period were treated as being “high flow”.  

Since travel times (rates) for individual trucks were not available, the average space-

mean speeds by 5-minute time interval were used. Hence, the values of ƞ were based on the 

average travel rates, not those for individual trucks.  

The steps in the test were as follows. First, the 5-minute data points were separated into 

peak and off-peak categories as described above. Next, the observed travel rates were 

computed by inverting the reported space-mean speeds. Third, for each 5-minute observation, 
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a value of ƞ was found using the Excel solver that best explained the observed travel. Details 

about the solver can be found in Lasdon et al. (1975). Fourth, CDFs were developed for these 

values of ƞ. Fifth, the distribution of ƞ for the off-peak observations was checked to see if it 

had values typical of trucks. Since the values were typical, the first terms in Equations 5.2 

and 5.3 were accepted. Sixth, and last, the distribution of ƞ for the peak condition was 

compared with that for the off-peak condition to see if the former had higher values. Also, a 

K-S test was performed to see if the two CDFs were different. Since they were deemed to not 

be the same, the second terms in Equations 5.2 and 5.3 for the traffic interactions were 

deemed valid.  

To back calculate ƞ, desired speeds and entry spot speeds were required. Since neirther of 

these speeds was available, they were estimated.  

For the first site, the desired speed was set to the highest observed truck speed. That value 

was about 65 mph as shown in Figure 60. For the entry speed, 65 mph was also used. The 

profile, shown in Figure 57, has three parts: a -3.3% grade with the length of 0.3 mi, a 0.0% 

grade with the length of 0.36 mi, and a 2.7% grade with the length of 0.34 mi. According to 

the kinematic analysis from the truck speed profile, tractor trailer trucks with ƞ of even 200 

lbs/hp can reach 65 mph when starting from 0 mph along the 0.66 mi segment. Therefore, the 

entry speed for the 2.7% grade section was set to be 65 mph; and that is where the kinematic 

simulations started.  

For the second site, the desired truck speed was again set to 65 mph, the highest truck 

speed observed, as shown in Figure 61. The entry speed was also set to 65 mph. As can be 

seen in Figure 58, the vertical profile of the segment preceding the observation section has 

two parts: a -2.9% grade with the length of 0.62 mi, and a 3.4% grade with the length of 0.38 
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mi. According to the kinematic analysis from the truck speed profile, tractor trailer trucks 

with ƞ of 200 lbs/hp can reach 65 mph when accelerating from 0 mph along the 0.62 mi 

segment with -2.9%. Therefore, the entry speed at the beginning of the 3.4% grade section 

was set to be 65 mph; and that is where the simulations started.  

For the third site, the desired speed was set to 70 mph. This is again the highest truck 

speed observed, as shown in Figure 62. For the entry speed, 70 mph was also used. As can be 

seen in Figure 59, the segment leading up to the observation section has two parts: a -1.4% 

grade with the length of 0.72 mi, and a 0.9% grade with the length of 0.3 mi. A preliminary 

analysis showed that all trucks can reach 70 mph at the end of the 0.75 mi segment with -

1.2% grade. Therefore, the entry speed before the 2.65% grade section was set to be 70 mph; 

the simulations started there. Also, unlike the previous two sites, this location had three 

different grades in the study segment. Therefore, the kinematic model for composite grade 

segments was used. 

For comparison purposes, distributions of ƞ for the auto travel rates were also computed. 

As indicated previously, and must be emphasized, these ratios are not actual values, they are 

back-computed values that indicate the values of ƞ required for the autos to have the travel 

times observed. For the low flow conditions, it is interesting to see if these ratios are 

consistent with values that would be expected for autos (say 50-100 lb/hp.) If they were, then 

there would be evidence, unrelated to the trucks, that the kinematic model was capable of 

estimating auto travel times as well. For the higher flow conditions, these values should be 

larger since the traffic interaction term, and potentially the third and fourth terms would be 

increasing the travel rates and, as a result, leading to larger estimate of ƞ.  



   114 

 

 

Figures 63, 64, and 65 show the CDFs for the estimated ƞ for both trucks and autos for 

the three locations. It is obvious that the ratios for the trucks are higher than for the autos. 

The lowest ratio for the autos is about 10 lbs/hp while for the trucks it is 130, 95, and 70 

lbs/hp respectively for Figures 63, 64, and 65. Since these are back-calculated values, and not 

the true ratios, the differences may be attributable to the different vertical geometries.  In 

Figure 63, there are 4,403 auto off peak observations, 3,431 truck off peak observations, 

1,265 auto peak observations, and 1,137 truck peak observations. In Figure 64, there are 

16,227 auto off peak observations, 15,787 truck off peak observations, 5,696 auto peak 

observations, and 5,685 truck peak observations. In Figure 65, there are 3,599 auto off peak 

observations, 3,082 truck off peak observations, 2,047 auto peak observations, and 1,942 

truck peak observations. 
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Figure 63: CDFs for Estimated ƞ Values, 125-05298 
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Figure 64: CDFs for Estimated ƞ Values, 125N05296 
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Figure 65: CDFs for Estimated ƞ Values, 125-04799 

An important observation is that the ratios for the trucks are higher than those for the 

autos in both the peak and off-peak conditions. This means the trucks have higher ƞ values, 

all else being equal. It is also important to note that while the 0th percentile values for the 

autos are very similar for all three sites, the 0th percentile values for the trucks are different. 

As mentioned before, this is because the 0th percentile travel times (rates) are different; and 

this difference is attributable to the differences in the vertical profiles; and perhaps to 

differences in the truck populations. Finally, the distributions of the ratios for peak conditions 
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always involve higher values than off-peak. This is evidence that there is a contribution from 

the traffic interaction term.   

To see whether the off-peak and peak truck CDFs were different or not, K-S tests were 

performed. Tables 20, 21, and 22 show the results for the three locations. The P-values are 

always less than the alpha value of 0.05, so the null hypothesis H0 that the off-peak and peak 

ƞ has the same distributions is rejected and the alternative hypothesis Ha that they are 

different is accepted. This reinforces the anticpation that the traffic interactions do exist, 

consistent with the analyses based on Figures 63, 64, and 65. 

Table 20: K-S Tests, ƞ, 125-05298 

Most Extreme 

Differences 

Absolute 0.238 

Positive 0.001 

Negative -0.238 

Kolmogorov-Smirnov Z 3.832 

P-Value (2-tailed) * 0.000 

Off peak sample size/ Stedv 3431/36.457 

Peak sample size/ Stedv 1137/157.165 

* The P values are effectively zero. See the note for Table 11 

Table 21: K-S Tests, ƞ, 125N05296 

Most Extreme 

Differences 

Absolute 0.066 

Positive 0.066 

Negative -0.024 

Kolmogorov-Smirnov Z 4.279 

P-Value (2-tailed) * 0.000 

Off peak sample size/ Stedv 15787/60.256 

Peak sample size/ Stedv 5685/113.698 

* The P values are effectively zero. See the note for Table 11 
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Table 22: K-S Tests, ƞ, 125-04799 

Most Extreme 

Differences 

Absolute 0.098 

Positive 0.098 

Negative 0.000 

Kolmogorov-Smirnov Z 3.392 

P-Value (2-tailed) * 0.000 

Off peak sample size/ Stedv 3082/39.143 

Peak sample size/ Stedv 1942/70.055 

* The P values are effectively zero. See the note for Table 11 

In addition, the dataset for one of the direct field measurement sites was used to 

supplement these analyses. The segment is along I-40 WB in the Black Mountain area, as 

shown in Figure 39. It is 3.7 mi long with a grade of 5.4%. In Table 4, the auto and truck 

space-mean speed data from Period 1 were used. Period 1 had an average flow rate of 527 

veh/hr/ln and a truck percentage of 5.1%. Figure 66 shows the CDFs for autos and trucks. 

The maximum space-mean speed for trucks is about 51 mph while for the autos it is about 74 

mph. The median value for trucks is 34 mph. If 55 mph is employed as both the initial speed 

and desired speed, then estimate of ƞ is about 138 lbs/hp, which is a reasonable. This again 

illustrates that trucks are affected by their kinematics. 
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Figure 66: Auto and Truck Space Mean Speeds CDFs from Black Mountain  

In conclusion, three datasets and one group of the direct field measured data were used to 

test the validity of Hypothesis 1. Even though, they do not produce exactly the same results, 

two conclusions can be drawn. The first is that trucks are affected by their kinematics. The 

kinematic model produces ƞ values for all three sites that are consistent with typical truck 

values. Moreover, the back-calculated values for the peak conditions are greater than those 

for off-peak. Hence, it is reasonable to conclude that the truck travel rates are affected by 

traffic interactions. Therefore, Hypothesis 1 can be accepted.  
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5.3. Hypothesis 2 

Hypothesis 2 states that the auto travel rates are determined by four inputs: 1) kinematics, 

which is effectively equivalent to the free-flow speed, 2) traffic interactions with other 

vehicles, 3) direct impacts from the SUTs, and 4) direct impacts from the TTs. It is the last 

two terms that are mainly at issue in this hypothesis. 

Since the validity of the impact from the traffic interaction term was assessed in testing 

causal relationship, the task here is to check that there really are separate, distinct inputs from 

the SUTs and TTs, above and beyond that which is captured by the traffic interaction term. If 

not, then the first two terms in Equation 2.10 are sufficient to predict the auto travel rates. 

Otherwise, the third and fourth terms are needed.  

As indicated in Section 3, a test in the backward direction was employed. It involved 

comparing the field observed composite (overall) travel rates with a weighted mixed-flow 

composite travel rate τw that assumed the auto and truck travel rates were independent of each 

other except for the traffic interaction term. The equation employed to compute the 

composite rate was: 

t

ao ao t t
w

ao

P P

P P

 






                                                                                                         (5.5) 

Where, 

aoP : auto percentage, fractional, 

tP : truck percentage, fractional, for combined SUTs and TTs  

w : weighted independent space-mean or spot travel rate, sec/mi 

ao : auto-only space-mean or spot rate, sec/mi 
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truck : truck space-mean or spot rate, sec/mi 

Since the “auto-only” travel rate was used, the third and fourth terms in Equation 2.10 

were excluded.  

CDFs for τw were then compared with CDFs for τo the observed rates. K-S tests were 

used to see if the CDFs were different. If the distributions had matched, the contributions 

from the third and fourth terms in Equation 2.10 would have to have been zero. That would 

have meant there was no observable, separate, additional impact on the auto travel rates due 

to the trucks. The hypothesis was false. However, since they were different, and especially 

since the observed composite rates were lower, then the third and fourth terms had to be 

contributing to the auto travel rate. The hypothesis was true.  

This hypothesis was tested by using two datasets: C-NC440160, in North Carolina, where 

auto and truck travel rates were both available and the flow rate values were known; and 

VDS 317532, in California, a PeMs location, where the composite travel rate was known 

along with the flow rate, but not separate rates for autos and trucks. Since the datasets were 

different, the analysis approaches had to be slightly different.  

For C-NC440160, the first step was to identify the relationship between the flow rate and 

the auto-only travel rate ao . The data for truck percentages from 0-1% were used. Figure 67 

shows a plot of the data points. Clearly, the auto speeds gradually drop when the flow rate 

increases.  
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Figure 67: Speed and Flow, 0-1% Trucks, C-NC440160 

The relationship for ao  was created by fitting a function through the binned data shown 

in Table 23.  

Table 23: Speed versus Flow rate, 0-1% Trucks, C-NC440160 

Flow Rate 

(pc/hr/ln)  

Auto 

Speed 

(mph) 

Sample 

Size 

Standard 

Deviation 

0-200 63.0 284 25.34 

200-400 63.6 341 29.89 

400-600 63.0 531 24.86 

600-800 63.6 763 16.03 

800-1000 64.0 773 9.36 

1000-1200 63.6 597 7.06 

1200-1400 61.2 244 5.15 

1400-1600 60.3 244 5.72 

1600-1800 58.6 180 8.09 

1800-2000 54.9 36 7.90 

 

These values were used in Equation 5.5 instead of the observed field values because, 

presumably, the latter include the effects of the truck flows on the auto travel rates, per the 
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third and fourth terms in Equation 2.10. The auto speed column is the median value of the 

auto speeds within the bin. The sample size and standard deviation are also presented.  

The next step was to compute the values of τw, the estimated weighted composite travel 

rate for every 5-minute observation. For the autos, the equation based on the data in Table 23 

was employed given the flow rate in the interval. For the trucks, the reported travel rate was 

used. Figure 68 shows a comparison between the two values. Figure 68 (a) shows the 

comparison for truck percentages 1% to 5%. Figure 68 (b) is for truck percentages above 5%.  

In the case of the τw values, there are a lot of overlapping data points.  



   125 

 

 

 

Figure 68: Estimated and Observed Speeds versus Flow Rate, C-NC440160 

Figure 69 shows comparison of the NPMRDS mixed speeds’ CDFs and weighted 

independent speeds. 

 

(a) 

(b) 
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Figure 69: CDFs for Estimated and Observed Speeds, C-NC440160 

Tables 24 and 25 show the K-S test results from comparing the CDFs for the observed 

and estimated values for 1%-5% trucks and more than 5% trucks.  
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Table 24: K-S Test Results, 1%-5% Trucks, C-NC440160 

Most Extreme 

Differences 

Absolute 0.224 

Positive 0.223 

Negative -0.224 

Kolmogorov-Smirnov Z 16.520 

P-Value (2-tailed) * 0.000 

NPMRDS Mixed Speed/ Stedv 10899/3.886 

Modeled Speed/ Stedv 10899/1.813 

* The P values are effectively zero. See the note for Table 11 

Table 25: K-S Test Results, >5% Trucks, C-NC440160 

Most Extreme 

Differences 

Absolute 0.558 

Positive 0.558 

Negative -0.190 

Kolmogorov-Smirnov Z 14.120 

P-Value (2-tailed) * 0.000 

NPMRDS Mixed Speed/ Stedv 1282/2.858 

Modeled Speed/ Stedv 1282/0.448 

* The P values are effectively zero. See the note for Table 11 

In both instances, the P-values are less than the alpha value of 0.05, so the null 

hypothesis H0 that the estimated and observed speeds have the same distributions can be 

rejected. The alternative hypothesis Ha that they are different is accepted. Also, the absolute 

difference, which reflects the distance between the two CDF curves, in Table 25 is almost 

twice as the value in Table 24. This suggests that the truck impacts are more significant when 

the truck percentage is higher.  
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The analysis of the data for VDS 317532, the PeMS site in California, is presented next. 

Since no direct observations of truck travel rates were available, the test procedure was 

slightly different. Those rates had to be estimated. 

The kinematic simulator was used to estimate travel rates for the trucks. Figure 70 shows 

the elevation map for the study segment and the preceding segments.  

 

Figure 70: Elevation Map for VDS 317532 and the Preceding Segments 

Several inputs were needed to do the kinematic calculations. These were: the percentage 

of SUTs, W2P for the SUTs and TTs, a desired speed, and a speed at the beginning of the 

kinematic simulation.  

Since no truck class data are available for this area, satellite images were used to develop 

a rough estimate of the ratio between SUTs and TTs. It was found to be 1 to 3. Hence, the 

ratio of the percent SUTs to percent TTs was set to 1:3.  

Consistent with the work done in NCFRP-41 and NCHRP 03-115, W2P values were set 

to 100 lbs/hp for SUTs and 150 lbs/hp for TTs. 

The desired speeds for the SUTs and the TTs was set to 55 mph. This is consistent with 

California speed limits.  
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The end of the 0% grade on the preceding section was used as the starting point for the 

kinematic simulations. At that location, the speeds of both the SUTs and TTs should be 55 

mph. As can be seen in Figure 70, the preceding freeway section has three parts: a 4% grade 

for 0.48 mi, a 0% grade for 0.3 mi, and a 3.2% grade for 0.3 mi. With W2P assumed, the 

crawl speed of the TTs on the 4.0% part is 39.6 mph. It takes 1,622 ft for them to return to 55 

mph on a level grade. Hence, at the end of the 0% part, they will be traveling at 55 mph. The 

SUTs have a lower W2P, so they will also be at 55 mph at the end of the 0% part.  

After operating on the 3.2% grade for 0.3 miles, the SUTs enter the study segment at 55 

mph while the TTs enter at 43.4 mph. Based on this, the kinematic simulator estimates space-

mean speeds of 55 mph for the SUTs and 46.9 mph for the TTs.  

To these values, the contribution of the traffic interaction term was added to compute the 

truck travel rates for each observation.  Development of the traffic interaction contribution is 

described next as part of the auto speed analysis. 

For the auto-only speeds the speed-flow relationship for observations involving nearly 

0% trucks were employed. A plot of the speed-flow relationship for these data points is 

shown in Figure 71.  

 

Figure 71: Speed-Flow Relationship for 0% Trucks, VDS 317532  
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It seems clear that the autos maintain speeds of about 70 mph nearly to capacity. This 

means the traffic interaction term is small. To develop a speed-flow relationship, the auto-

only data were binned by flow rate. The trucks present in the traffic stream were converted to 

autos using Equation 2.3 and a PCE of 3.0. This PCE value was employed because it is 

suggested for rolling terrain in Exhibit 12-25 of the HCM-6.  

Table 26 shows the results. The bin size is 200 pc/hr/ln. The auto speed column is the 

median value of the auto speeds within the correspondent bin. Similar to Table 23, it can be 

seen that some of the auto speeds under lower flow rate conditions are lower than the auto 

speeds under higher flow rates. The truck speeds were developed using Equations 2.6 and 

2.7, and the kinematic travel rates (speeds) of 55 mph for SUTs and 46.9 mph for TTs. The 

ratio of 3:1 for SUTs to TTs was used to weight those values.  

Table 26: Auto Speeds and Truck Speeds with Traffic Interaction, VDS 317532 

Flow Rate 

(veh/h/ln) 

Auto 

Speed 

(mph) 

Sample 
Standard 

Deviation 

Modeled 

Truck Speed 

(mph) 

0-200 66.36 3072 1.09 47.66 

201-400 67.84 1253 1.22 48.41 

401-600 68.34 794 1.21 48.66 

601-800 68.47 773 0.73 48.73 

801-1000 68.51 1103 0.75 48.75 

1001-1200 68.73 1040 0.76 48.86 

1201-1400 68.82 961 0.73 48.90 

1401-1600 68.68 415 0.88 48.83 

1601-1800 68.50 357 0.83 48.74 

1801-2000 68.65 311 1.02 48.81 

2001-2200 68.46 145 0.87 48.72 

2201-2400 67.71 82 0.89 48.34 

2401-2600 67.71 42 0.86 48.34 

 

Figure 72 shows an overlay of the field observations and the estimated composite speeds.  

It can be seen in parts (a) to (e) that while the observed speeds and the estimated speeds are 
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close to each other when truck percentages are low, they diverge when the truck percentage 

is higher. When the truck percentage is greater than 15%, the observed speeds tend to be 

substantially lower than the estimated speeds. This supports the assertion that the trucks have 

additional, direct impacts on the auto speeds, and those impacts are more significant at higher 

flow rates and truck percentages.  
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Figure 72: Speed-Flow Plots, Estimated and Observed Speeds, VDS 317532 
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Figure 73 presents the CDFs for the estimated and observed speeds for the various 

categories of truck percentages. Consistent with the plots in Figure 72, the CDFs for the 

observed speeds have lower values, particularly for the higher truck percentages.  
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Figure 73: CDFs for Estimated and Observed Speeds, VDS 317532 
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Tables 27 to 31 show the results of the K-S tests for the various truck percentage 

categories. Scenarios from truck percentages of 1% to 5% to truck percentages greater than 

20%. 

Table 27: K-S Test Results, 1% To 5% Trucks, VDS 317532 

Most Extreme 

Differences 

Absolute 0.319 

Positive 0.319 

Negative -0.151 

Kolmogorov-Smirnov Z 20.917 

P-Value (2-tailed) * 0.000 

Field Mixed Speed/ Stedv 8605/1.039 

Weighted Independent Speed/ Stedv 8605/0.068 

* The P values are effectively zero. See the note for Table 11 

Table 28: K-S Test Results, 5% To 10% Trucks, VDS 317532 

Most Extreme 

Differences 

Absolute 0.315 

Positive 0.315 

Negative -0.044 

Kolmogorov-Smirnov Z 5.793 

P-Value (2-tailed) * 0.000 

Field Mixed Speed/ Stedv 676/1.045 

Weighted Independent Speed/ Stedv 676/0.788 

* The P values are effectively zero. See the note for Table 11 

Table 29: K-S Test Results, 10% To 15% Trucks, VDS 317532 

Most Extreme 

Differences 

Absolute 0.157 

Positive 0.157 

Negative -0.113 

Kolmogorov-Smirnov Z 1.402 

P-Value (2-tailed)  0.039 

Field Mixed Speed/ Stedv 159/1.587 

Weighted Independent Speed/ Stedv 159/0.784 
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Table 30: K-S Test Results, 15% To 20% Trucks, VDS 317532 

Most Extreme 

Differences 

Absolute 0.327 

Positive 0.327 

Negative -0.231 

Kolmogorov-Smirnov Z 1.667 

P-Value (2-tailed)  0.008 

Field Mixed Speed/ Stedv 52/2.748 

Weighted Independent Speed/ Stedv 52/0.819 

 

Table 31: K-S Test Results, More than 20% Trucks, VDS 317532 

Most Extreme 

Differences 

Absolute 0.707 

Positive 0.707 

Negative -0.244 

Kolmogorov-Smirnov Z 3.203 

P-Value (2-tailed) * 0.000 

Field Mixed Speed/ Stedv 41/5.652 

Weighted Independent Speed/ Stedv 41/0.931 

* The P values are effectively zero. See the note for Table 11 

The P-values in all of these tables are all less than the alpha value of 0.05, so the null 

hypothesis H0 that the estimated and observed speeds have the same distributions is rejected 

and the alternative hypothesis Ha that they are different can be accepted.  

One additional analysis was performed related to this hypothesis based on the field data 

collected along I-85 westbound. Figure 74 shows the CDFs for auto and truck speeds for two 

different situations. The average flow rates are similar but the truck percentages are different, 

being 3% and 12.3%.  
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Figure 74: Comparison of Two Periods’ Auto and Truck Space Mean Speed from Field 

Measured Data along I-85 WB 

It can be seen that the CDFs of the truck speeds for these two periods are very similar, 

which means that the traffic interaction impact of these two periods is also similar. However, 

the CDFs for the auto speeds are different. The assertion of hypothesis 3 is that this is caused 

by impacts attributable directly to the presence of the trucks seems defensible.  

To see if the CDFs for the auto rates really were different, a K-S test was performed. The 

results are shown in Table 32. 
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Table 32: K-S Test Results, Auto Speed CDFs, Period 1 versus Period 3, I-85 

Most Extreme 

Differences 

Absolute 0.206 

Positive 0.206 

Negative 0.000 

Kolmogorov-Smirnov Z 2.175 

P-Value (2-tailed) * 0.000 

Period 1 Auto Speed/Stedv 220/3.610 

Period 3 Auto Speed/Stedv 226/3.844 

* The P values are effectively zero. See the note for Table 11 

Table 33: K-S Test Results of Period 1 and Period 3’s Truck Speeds 

Most Extreme 

Differences 

Absolute 0.101 

Positive 0.051 

Negative -0.101 

Kolmogorov-Smirnov Z 0.887 

P-Value (2-tailed)  0.410 

Period 1 Truck Speed/Stedv 110/4.723 

Period 3 Truck Speed/Stedv 261/5.549 

 

The P-value in Tables 32 s less than the alpha value of 0.05 while the P-value in Table 33 

is greater than 0.05 ,which illustrate that trucks speeds are from the same population while 

auto speeds are not. This demonstrates that trucks speeds are affected mainly by grades and 

auto speeds are affected by trucks speeds especially then the truck percentage is high. 

Based on these three analyses, it can be concluded that hypothesis 2 is valid. The auto 

travel rates are affected by not only traffic interaction but also additional impacts from the 

trucks in the mixed traffic stream. 

5.4. Summary 

This section presents the results of examining the causal relationship and testing 

hypotheses 1 and 2. In each case, the testing procedure employed is described as well as the 

data used, and the results.  
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Two datasets combined from Here.com and NPMRDS were used in examining the causal 

relationship. The speed CDFs of different flow rate bins were presented and analyzed for 

both auto-only (low truck percentages) and mixed (higher truck percentages) conditions and 

K-S tests were conducted to identify if those CDFs differ from each other or not. Period 2 

and period 4’s data directly measured from I-85 WB’s auto speeds CDFs were presented as a 

supplemental material. The causal relationship is that an increase in the traffic flow rate 

causes an increase of the travel rate with or without trucks. It was found that the extent of this 

interaction varies from one location to another.  

Three datasets collected from NPRMDS were used in the validation of Hypothesis 1. The 

datasets were separated by peak and off-peak hours. The values of ƞ were back-computed for 

the field-observed truck and auto speeds using the kinematics equations in the truck profile. 

CDFs of estimated ƞ for autos and trucks by off-peak and peak hours were compared and 

analyzed. K-S test results were conducted to find out whether the CDFs differ from each 

other. The auto and truck space mean speeds CDFs comparison directly measured from I-40 

WB in Black Mountain area was presented as a supplemental material. Hypothesis 1 that 

truck travel rates are affected by both kinematics and traffic interaction was validated in this 

process.  

Two datasets were used to validate Hypothesis 2. One is the dataset combined from 

Here.com and NPMRDS and the other one was collected from PeMs. Weighted independent 

speeds were based on auto-only speeds, traffic interaction terms observed from auto-only 

speeds and truck kinematics. The field mixed speeds’ and weighted independent speeds’ 

CDFs were compared for different truck percentages. K-S tests were conducted to see if 

those CDFs differ from each other. The results show that they do differ and field mixed 
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speeds tend to be lower than weighted independent speeds. Two periods auto and truck space 

mean speeds directly measured from I-85WB were presented as a supplemental material. 

Hypothesis 3 that the auto travel rates are affected by traffic interaction and an additional 

impact from truck travel rates in the mixed traffic stream is validated. 
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SECTION 6. MIXED FLOW MODEL VALIDATION 

This section describes the use of field data to test and validate the MFM equations 

presented in the HCM-6. As in Chapter 26 of the HCM-6, Equations 2.4 to 2.12 were used to 

determine the travel rates of autos, SUTs, and TTs for the mixed flow conditions. These 

results were compared with field observed values to see if the MFM equations could predict 

the observed values.  

An important observation is that the MFM equations that appear in the HCM-6 were 

calibrated based on simulation data. Moreover, the simulation-based estimates of the travel 

times were predicated on assumed W2P values of 100 lbs/hp and 150 lbs/hp for the SUTs 

and TTs respectively. Those values, while reasonable and defensible, were not based on field 

data. No sources of empirical data could be found. Hence, one of the objectives of this 

research was to ascertain whether those values needed to be adjusted, at least for the 

locations examined, to allow the MFM to match the field-observed travel rates.  

It is useful to note that adjustment (recalibration) of prediction equations is always 

important when local conditions warrant it. The HCM-6 admonishes analysts to use field-

observed values of capacity and speed-flow relationships to adjust its predictive equations, 

where such data are available. The same holds true for the MFM. For example, Chapter 12 in 

the HCM-6 suggests that the capacity values and possibly relationships, should be adjusted 

for local conditions. In this regard, those adjustments extend to W2P for the trucks, which the 

validation procedure identifies through back-calculations, as described later in this section, to 

ensure that the MFM equations have been fitted to the field conditions being analyzed.  

   If a value of W2P for the TTs that minimizes the sum squared error between field truck 

travel rates and estimated truck travel rates were to match the value given in the HCM-6, this 
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would reinforce the national validity of using that value. On the other hand, if this 

representative (average) value were different from that in the HCM-6, this would suggest that 

the local field conditions examined were different than those assumed in the HCM-6; and it 

might suggest that the default value used for TTs in the MFM in the HCM-6 should be 

adjusted when being applied for areas in North Carolina. By extension, it is possible that 

these adjustments might be defensible more generally, but the data examined here do not 

allow such a conclusion to be drawn.  

Regarding the parameter values used in other parts of the MFM, a similar statement is 

true. If those values provide predictions that fit the field data, then both the equation forms 

and their parameter values would be valid. However, if adjusted values are better, then this 

means that, while the equations forms were valid, adjusted parameter values would be better, 

at least for the field sites analyzed; and, perhaps, more generally.  

6.1. Data Description 

The data used to check the MFM predictions included: the segment lengths and grades in 

the simple or composite grade cases, the SUT and TT percentages, the flow rate, and the free 

flow speed. Based on these inputs, the MFM predicts: the auto and truck travel rates. As 

described in Section 4, Here.com and PeMs can provide the overall mixed flow travel rate 

but not travel rates for autos and trucks separately (the auto and truck flow rates are 

provided). Moreover, at least in the case of PeMs, those values tend to be spot rates observed 

at fixed locations. NPMRDS has separate auto and truck travel rates but no flow rates. As 

described in Section 4, Here.com provides flow rates for autos, mid-size vehicles, trucks and 

extra-long trucks while PeMs provides flow rates for autos and trucks. Here.com defines 

vehicle class by size of the vehicle. Here.com tends to be an urban setting with locations 
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mostly in level areas. Therefore, combining Here.com and NPMRDS provides the required 

information, but for the locations observed, the grades are not steep enough to generate 

significantly different travel rates for the trucks. The combined Here.com and NPMRDS 

datasets were able to provide insights when validating the causal relationship and hypothesis 

2, but for evaluating the predictions of the MFM, data are required for locations with 

significant grades. Hence, this section’s analysis only uses the data directly collected in the 

field, as described in Section 4.1.  

The field data sites and the durations of collection are shown in Table 34. 

Table 34: MFM Evaluation Data 

Location Date From To 

# of  

Observations  

Averaged 

each 5-min  

# of 

Observations 

Averaged 

each 15-min  

Length 

(mi) 
Grade 

Asheville 10/25/2015 16:00 18:30 30 28 0.6 3.00% 

Asheville 10/29/2015 8:00 9:00 12 10 0.6 3.00% 

Black 

Mountain 
10/24/2015 15:05 16:35 18 16 3.7 5.40% 

I-85 9/21/2015 16:00 18:05 25 23 1.04 3.80% 

I-85 9/22/2015 16:00 18:00 24 22 1.04 3.80% 

 

Five-minute observations were collected within each of the timeframes. Overlapping 15-

minute estimates of the flow rates, truck percentages, and travel rates were developed for 

every 5-minute interval. A duration of 15 minutes was chosen to be consistent with the HCM 

which uses 15 minutes as the basis for all performance assessments. In the case of the first 

location near Ashville, there were 30 5-minute interval observations. From these, 28 

overlapping 15-minute observations were computed. For example, the 15-minute based 

observation for the interval from 16:05 to 16:10 is the average of the 5-minute observations 

for 16:00-16:05, 16:05-16:10, and 16:10-16:15.  Hence, the 15-minute observation labeled 
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“16-10” starts at 16:05 and ends at 16:15. Similarly, the one labeled “16:15” starts at 16:10 

and ends at 16:20. The SUT flow rates proved to be too low to be useful for computing a 

separate SUT-related impact, so the SUT and TT flow rates were combined. Therefore, in 

this analysis, the composite travel times (rates) are based on just autos and TTs, with the 

SUTs subsumed into the TTs. From among all the locations and observation time frames, 99 

data points were obtained. The reason that Black Mountain’s data points start from 15:05 is 

that few truck were observed from 15:00 to 15:05.  

Table 35 shows the sample size, mean and standard deviation for the raw 5-minute auto 

and truck flow rate observations and the overlapped 15-minute observations. Clearly the 

standard deviation in the overlapped data is lower, as it should be.  

Table 35: Characterization of the 5-minute and overlapped 15-minute observations 

Category 

Sample 

size 

Mean 

(veh/hr/ln) 

Std dev 

(veh/hr/ln) 

5-min Auto 109 1013 254.10 

5-min Truck 109 63 26.13 

15-min Auto 99 1012 232.13 

15-min Truck 99 63 19.62 

 

Figure 75 shows the observation sites sorted by truck percentage. The variation shown in 

Figure 75 is not large, from 6% to 6.2% trucks but the truck percentage varies from 2% to 

10%. The flow rates of the whole dataset vary from just less than 400 vehicles/hour/lane to 

more than 1400 vehicles/hour/lane and the speed ranges from 60mi/h to 65mi/h. Clearly, this 

is for traffic conditions significantly less than capacity; the field data did not provide 

observations at or near capacity. 
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Figure 75: Screenshot of the Data used to Evaluate the MFM Equations 

Figure 76 shows a plot of the speeds versus the flow rates. The dots are the auto space 

mean speeds and the triangles are truck space mean speeds.  

 

Figure 76: Flow Rate versus Auto and Truck Space Mean Speeds 

Blue corresponds to Asheville; orange is for Black Mountain; and gray is for I-85. The 

truck speeds for the Black Mountain site are lower than those in the other two locations. This 

is because that site has the steepest grade (5.4%). The free flow speed for the Black Mountain 

site is about 62 mph, so the free flow speed for that location was assumed to be 62 mph. 

Similarly, for the Asheville site, the free flow speed is about 66 mph; and for I-85, it is about 

65 mph. These values were used in the validation. 
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6.2. Evaluation Procedure 

The computations for the MFM followed the steps outlined in Example Problem 5 of 

Chapter 26 the HCM-6. To illustrate, the results for the I-85 site are presented in the 

equations below. As Figure 38 showed, the segment is 1.04-miles long and has a 3.78% 

upgrade. It has 6.1% TTs and 0% SUTs. The free flow speed is about 65 mph. The flow rate 

is 1,272 v/h/ln. 

Basic Solution Values 

The capacity adjustment factor for this site is given by Equations 6.1 and 6.2 (Equations 

2.4 and 2.5 in Section 2). 

    0.72 12.9* 3.16*1 0.53*   * 0,0.69* 1 * 0,1.72* 1 1.71*g g d

mix T mixCAF P max e max e      
 

  (6.1) 

   8* 0.01 0.126 0.03* 0.01g

mix T T T TP for P and P for P                                          (6.2) 

The truck percentage is greater than 1%, so. 

0.126 0.0 0.03 61 . 4* 0 12g

mix    

And, as a result, 

     

     

0.72 12.9* 3.16*

0.72 12.9*0.0378 3.16*1.04

1 0.53*   * 0,0.69* 1 * 0,1.72* 1 1.71*

1 0.53*0.061   0.124* 0,0.69* 1 * 0,1.72* 1 1.71*

0.842

g g d

mix T mixCAF P max e max e

max e max e

 



     
 

     
 



 

The capacity adjustment factor cannot be determined based on the field data because the 

flow rates are too low. Hence, the value given in Chapter 26 of the HCM-6 is used.  

Auto-Only Speed 

The auto-only speed for each flow rate is computed using Equation 6.3 (which is the 

same as Equation 26-10 in Chapter 26 of the HCM-6). 
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                              (6.3) 

Where   

𝐹𝐹S = base free flow speed of the basic freeway segment (mi/h) 

𝑐 = base segment capacity, pc/h/ln (see Exhibit 12-6 in Chapter 12 of the HCM-6) 

𝐵𝑃𝑎𝑜 = breakpoint in auto-only flow condition (see Exhibit 12-6 in Chapter 12 of the 

HCM-6) 

𝐷𝑐 = Density at capacity, 45 pc/mi/ln  

𝑣𝑚𝑖𝑥 = mixed flow rate (v/h/ln) 

𝐶𝐴𝐹𝑚𝑖𝑥 = mixed flow capacity adjustment factor, see Equation 6.1 

In Equation 6.4, the base segment capacity is computed using Equation 6.4 (see Exhibit 

12-6 in Chapter 12 of the HCM-6). 

2,200 10( 50)c FFS                                                                                                (6.4) 

2,200 10(65 50) 2,350c     pc/hr/ln 

The breakpoint for the auto-only flow condition is computed using Equation 6.5 (Exhibit 

12-6 of Chapter 12 of the HCM-6). The capacity adjustment factor is not the one for the 

MFM (𝐶𝐴𝐹𝑚𝑖𝑥). Rather, it is the one from Chapter 12 of the HCM-6. It is used to adjust for 

conditions considering heavy vehicles, driver populations, and lane widths. Since Equation 

6.5 is used to compute the breakpoint for auto-only flow condition, it is assumed that the base 

condition is one where there are no heavy vehicles, the driver population is mostly composed 
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of regular users, the lane widths are 12 ft, and there are adequate lateral clearances. 

Therefore, the capacity adjustment factor is 1.0, consistent with Chapter 12 of the HCM-6.  

  21000 40 75ao baseBP FFS CAF                                                                           (6.5) 

Where 

aoBP = breakpoint in auto-only flow condition, pc/hr/ln 

SFF = base free flow speed of the basic freeway segment (mi/h) 

baseCAF = capacity adjustment factor for base conditions (numerically, =1) 

  21000 40 75 65 1 1400aoBP          pc/hr/ln 

1272
1511

0.842

mix

mix

v

CAF
   

Since the value of 
mix

mix

v

CAF
is greater than 1,400, the auto-only speed for the flow rate is as 

follows. 
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2

2

0.84

2,350 1,272
65 * 1,40

2
64.83

0
45

  65
2,350 1,400

aoS

   
    

   



mph 

Traffic Interaction Term 

The traffic interaction term value is computed based on Equation 6.6 (which is the same 

as Equation 2.8). 
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3,600 3,600 1
1 3 1TI

ao mixS FFS CAF


    
          

    
                                                             (6.6) 

Where 

TI = Traffic Interaction Term 

aoS = auto-only speed for the given flow rate (mi/h) 

SFF  = base free flow speed of the basic freeway segment (mi/h) 

mixCAF  = mixed flow capacity adjustment factor, see Equation 6.1 

The traffic interaction term is computed as follows. 

3,600 3,600 1
1 3 1 0.229

64.83 65 0.842
TI

    
          

    
s/mi 

To validate these results, the 25 data records from all three datasets with less than 5% 

trucks were used.  

3,600
a TI

FFS
                                                                                                              (6.7) 

The equation for computing 
TI is: 

3,600 3,600 1
1 1TI

ao mix

a
S FFS CAF


    

          
    

                                                             (6.8) 

One parameter value was needed, a. The Excel Solver was used to minize the sum 

squared error between the estimated auto travel rates and field auto travel rates under low 

truck percentage conditions (less than 5%) to develop this value. The solver found that a = 

10.639 provided the best fit. That means that the estimated traffic interaction term at these 

locations should be greater. Equation 6.8 was simplified  to: 
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3,600 3,600 1
1 10.639 1TI

ao mixS FFS CAF


    
           

    
                                                   (6.9) 

Then, the auto travel rate equation becomes Equation 6.10.   

3,600 3,600 3,600 1
1 10.639 1   a SUT TT

ao mixFFS S FFS CAF
  

    
               

    

                   (6.10) 

 Figure 77 compares the observed auto travel rates with the adjusted parameter values.  

 

Figure 77: Auto Travel Rates with Raw and Adjusted Parameter Values 

The orange dots are for the recalibrated traffic interaction term. The blue dots are for the 

uncalibrated values using the defaults in the HCM. Most of the data points overlap. Just a 

few points are clearly different. The largest difference is less than 1 sec/mi.  

Table 36 shows a comparison of the estimated auto travel rates with the uncalibrated and 

recalibrated values. As can be seen, the recalibrated values better match the observed values. 

However, the improvement in the mean squared error (MSE) is less than 10%, so the 

uncalibrated results are not significantly different from the observed field results even though 
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the match could be improved. It is possible that the limited size of the dataset (25 data points) 

is having an effect. The improvement might have been more significant if the number of data 

points was larger. For the slope, the p values for both the raw and adjusted auto travel rates 

are greater than 0.05, so the null hypothesis that slope equals to 1 cannot be rejected and the 

null hypothesis retains. For the intercept, the p values for the raw and adjusted auto travel 

rates are greater than 0.05, so the null hypothesis that intercept equals to 0 cannot be rejected 

and the null hypothesis retains. 

Table 36: Raw and Adjusted Auto Travel Rates 

  
Raw Estimated 

Auto Travel 

Rate 

Recalibrated 

Estimated Auto 

Travel Rate 

Slope 1.09 0.89 

P (Slope=1) 0.479 0.427 

Intercept -3.96 7.19 

P (Intercept=0) 0.590 0.353 

R Square 0.754 0.652 

MSE 2.239 2.040 

 

Since a better MSE value was obtained using the adjusted values for a and b, these 

adjusted values were used for the remaining tests. The implication is that the traffic 

interaction term contribution was 0.406 sec/mi: 

3,600 3,600 1
1 10.639 1 0.439

64.83 65 0.842
TI

    
           

    
 s/mi                             (6.11) 

Again, the fact that this is a constant suggests that the observations do not have enough 

data points at or near capacity. 
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Truck Travel Rates 

All 3 datasets with 99 points were used to perform this analysis. The truck travel rates 

were determined by combining the kinematic travel rate with the traffic interaction term as 

shown in Equations 6.12 and 6.13: 

𝜏𝑆𝑈𝑇 = 𝜏𝑘𝑖𝑛
𝑆𝑈𝑇 + 𝛥𝜏𝑇𝐼                                                                                                     (6.12) 

𝜏𝑇𝑇 = 𝜏𝑘𝑖𝑛
𝑇𝑇 + 𝛥𝜏𝑇𝐼                                                                                                        (6.13) 

Where, 

𝜏𝑆𝑈𝑇 = SUT travel rate (sec/mi) 

𝜏𝑇𝑇 = TT travel rate (sec/mi) 

Δ𝜏𝑇𝐼= traffic interaction term (sec/mi) 

The kinematic travel rates were computed first based on the 150 lbs/hp for TTs as 

suggested in the HCM-6. Then, the Excel solver was used to find W2P that would enable the 

predicted values to better match the travel rates observed. It was assumed that the trucks 

observed were derived from the same population for all three sites. Thus, the solver was used 

to find W2P that would best match all the observed truck travel rates. The truck travel rate 

was computed using Equation 6.14.  

, , ,

TT

TT i kin i TI i                                                                                                          (6.14) 

And the sum squared error was computed by Equation 6.15: 

,

2

, )( TT i TT iSSE                                                                                                     (6.15) 

Where, 

,TT i = estimated TT travel rate of data record i (sec/mi)  
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,

TT

kin i = estimated kinematic travel rate of tractor trailer trucks for a value of W2P of data 

record i (sec/mi) 

,TI i = traffic interaction term of data record i (sec/mi) 

,TT i = field TT travel rate of data record i (sec/mi) 

SSE = sum squared error 

The sum of the squared errors was minimized. The Excel solver found that the best value 

for the TTs’ weight-to-horsepower ratio was 117.6 lbs/hp. As mentioned before, this analysis 

assumed that the truck populations for the three sites were the same. If more data points had 

been available for each site, the adjusted weight-to-horspower ratios could have been 

computed for each site.  

Figure 78 shows a plot of the observed truck travel rates versus the estimated rates. The 

blue line shows where equality would exist between the observed and estimated values. The 

blue dots show the estimated values provided by the adjusted W2P. The orange dots show the 

rates with the HCM’s default assumption of 150 lbs/hp. There are three horizontal lines for 

the 150 lbs/hp and 117.6 lbs/hp values. This is because: 1) a value of W2P was used for all 

three spots; 2) the three locations had different grades and lengths of grade, so their 

predictions were numerically different; and 3) the contributions from the traffic interaction 

term were different.  
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Figure 78: Field Truck Travel Rate versus Estimated Truck Travel Rate 

Table 37 shows the results of regressing the estimated values against the observed values. 

It shows the R square values and the mean squared errors. The R square value for the 150 

lbs/hp and 117.6 lbs/hp results are nearly identical but the mean squared error for the 117.6 

lbs/hp case are smaller. Moreover, the results for the 117.6 lbs/hp value show a slope closer 

to 1 and a smaller intercept, which places the values closer to the 1:1 ratio line. For 117.6 

lbs/hp, the P value for slope is greater than 0.05, which means the null hypothesis that the 

slope equals to 1 cannot be rejected. The P value for intercept is greater than 0.05, which 

means the null hypothesis that intercept equals to 0 cannot be rejected. 
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Table 37: Numerical Performance of the Two Estimates of W2P 

  

150 lbs/hp 

Truck  

117.6 lbs/hp 

Truck 

Slope 0.626 0.975 

P (Slope=1) 0.000* 0.547 

Intercept 22.698 1.800 

P (Intercept=0)) 0.000* 0.525 

R Square 0.860 0.854 

MSE 71.525 16.188 

 

In conclusion, two observations seem pertinent. First, the adjusted W2P did improve the 

match between the field and estimated data. Second, the adjusted value helped in a similar 

manner for all three sites. It may be that the trucks at all three locations have a similar 

distribution of W2P as was assumed. 

Auto Travel Rate in Mixed Flow 

Equations 6.16 to 6.18 show that the auto travel rate is computed using four terms: the 

free flow travel rate, the incremental addition to the rate due to traffic interaction, and the 

incremental additions due to SUTs and TTs.  

3,600
  a TI SUT TT

FFS
                                                                                       (6.16) 

0.46 0.68 2.763,600
100.42 ( ) max(0, )

1,000 100 ( 100)

SUT

mix kin
SUT SUT

v
P

FFS


     


                       (6.17) 

1.36 0.62 1.813,600
110.64 ( ) max(0, )

1,000 100 ( 100)

TT

mix kin
TT TT

v
P

FFS


     


                            (6.18)                                                                                                         

Where, 

SUT

kin = kinematic travel rate of single unit trucks (sec/mi) 

TT

kin = kinematic travel rate of tractor trailer trucks (sec/mi) 
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TI = traffic interaction term (sec/mi) 

SUT = travel rate increase due to the impact from SUTs (sec/mi) 

TT = travel rate increase due to the impact from TTs (sec/mi) 

mixv = mixed flow rate (v/h/ln) 

FFS = base free flow speed of the basic freeway segment (mi/h) 

SUTP = single unit truck percentage, fraction 

TTP = tractor trailer truck percentage, fraction 

The validity of the free flow rate term and traffic interaction term have been addressed in 

previous analyses; so the third and fourth terms are the focus. The third term cannot be 

checked since there were very few SUTs in the traffic stream. Hence, the focus turns to the 

last term which reflects the travel rate increase caused by the TTs:  

3,600
( ) max(0, )
1,000 100 ( 100)

TT
b c dmix kin

TT TT

v
a P

FFS


     


                                             (6.19) 

The fourth term depends on four parameter values: a, b, c, and d (besides W2P and the 

other parameter values that are part of the truck travel rate equations). The Excel solver was 

used to find optimal values of a, b, c, and d. The sum squared error between estimated and 

observed auto travel rates was minimized. The resulting values for a, b, c, and d were 541.5, 

0, 1.91, and 0.17 respectively. Then Equation 6.18 becomes Equation 6.20.  

0 1.91 0.173,600
541.5 ( ) max(0, )

1,000 100 ( 100)

TT

mix kin
TT TT

v
P

FFS


     


                                 (6.20) 

Then the TT was computed as follows: 
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0 1.91 0.171,272 65.38 3,600
541.5 ( ) 0.061 max(0, ) 1.79

1,000 100 ( 100)
TT

FFS
      


 s/mi        (6.21) 

The resulting R2 is 0.606. 

As an aside, the numerical values for a, b, c, and d in the default equation in the HCM 

can be seen in Equation 6.18.  

1.36 0.62 1.813,600
110.64 ( ) max(0, )

1,000 100 ( 100)

TT

mix kin
TT TT

v
P

FFS


     


                           (6.18)                                                                                                         

Several observations can be made based on the numerical values in Equation 6.20. First, 

the flow rate term does not substantially affect the truck impact term. This is consistent with 

the conslusion drawn from the previous calibration of the traffic interaction term: the flow 

rate is not high enough to have significant impact on the travel rate. Since the truck 

percentage is in fractional in Equation 6.18, the solver suggests the impact from the truck 

percentage term should be smaller while the difference between the truck kinematic travel 

rate and the kinematic travel rate’s impact should be greater. This is reasonable because the 

original parameters were obtained from the simulation result which have truck percentages 

that vary from 2% to 100%. Also, in the simulation analyses, the average value of W2P was 

assumed to be 150 lbs/hp for tractor trailers while here it was found that the tractor trailer 

trucks’ average value of W2P for these three locations should be about  117.6 lbs/hp. Lastly, 

the Excel solver optimization suggests that the overall truck impact should be greater in that 

the coeffecient for the fourth term is increased from 110.64 to 541.5.   

The overall the estimated auto travel rate for the example site is as follows. 

0.43
3

9
,600

  
6

0 1 7
5

. 9a                                                                                         (6.22) 

57.614a   s/mi 
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Figure 79 shows the estimated auto travel rates using Equation 6.16 with the parameters 

staying unchanged and estimated auto travel rates without truck impact term which was 

computed from Equation 6.18 plotted against field auto travel rate as well as the recalibrated 

estimated auto travel rates.  

 

Figure 79: Observed and Estimated Auto Travel Rates, Raw and Recalibrated 

The blue dots show the estimated auto travel rates using Equation 6.16. The orange dots 

are the estimated rates without the truck impact term. The gray dots are the recalibrated 

estimated auto travel rates. It seems clear that the the truck impact terms are significant. They 

improved the estimated auto travel rates so they better matched the observations.  

Table 38 compares the values of the estimated auto travel rates, the estimated auto travel 

rates without truck impact term, and the recalibrated estimated auto travel rates. The 

estimated auto travel rate has a higher R square, and a smaller mean squared error than the 

estimated auto travel rate without truck impact term. This reinforces the notion from Figure 
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79 that the truck impact term improves the estimated auto travel rates so they better match 

the observations. The recalibrated, estimated auto travel rates have the best match with the 

observed values among these three categories of estimated auto travel rates. Futhermore, the 

P values for null hypotheses that slope equals 1 is greater than 0.05 for the adjusted estimated 

auto travel rate, which means that null hypotheses cannot be rejected. 

Table 38: Numerical Performance of the Estimated Auto Travel Rates  

  

Estimated Auto 

Travel Rate without 

Truck Impact Term 

Estimated Auto 

Travel Rate with 

Truck Impact Term 

Adjusted Estimated 

Auto Travel Rate with 

Truck Impact Term 

Slope 0.770 0.699 0.856 

P (Slope=1) 0.028 0.002 0.051 

Intercept 14.609 18.293 8.302 

P (Intercept=0) 0.009 0.000* 0.042 

R Square 0.387 0.413 0.606 

MSE 4.852 3.752 1.134 

 

6.3. Summary  

This section has tested the ability of the MFM to predict travel rates for trucks and autos 

in mixed flow conditions. A total of 99 data records from three locations with steep grades 

were used to conduct the assessment.  

Several insights can be obtained from the analysis. The first is that the value of W2P that 

best explains the observed tractor trailer truck travel rates (117.6 lbs/hp) is lower than the one 

presented in the HCM-6 (150 lbs/hp). This seems reasonable because the data were collected 

at locations in mountainous areas where the truck fleets may naturally have more power so 

they are not adversely affected by the grades. The second is that the tractor trailer truck 

impact term’s coefficients optimization that suggests the overall truck impact should be 

greater than that predicted in the HCM-6. This means in the real world, truck impact to the 
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travel rates is higher than it is in the VISSIM 5.4 simulation tool. The third is that the impact 

of the truck percentage term in Equation 6.18 should be smaller and the impact of the 

difference between the truck kinematics travel rate and free flow travel rate term should be 

greater. This indicates that one of the reasons that the trucks impact the auto travel rates in 

the traffic stream is that trucks have lower speeds than autos. 

However, all the equation forms should stay the same, only the changes in the parameter 

values. The final results are shown in Figure 79 and Table 38. They indicate that the 

estimated auto travel rates with the adjusted truck impact term match the observed rates best. 

This suggests that the equation form used to estimate the auto travel rates in the MFM are 

defensible; but the parameters values may need to be adjusted for specific conditions. The 

W2P distribution of the truck population should be 117.6 lbs/hp. In addition, the value of “3” 

in the traffic interaction term should be changed to 10.639 as shown in Equation 6.23.  

3,600 3,600 1
1 3 1

3,600 3,600 1
1 10.639 1

TI

ao mix

TI

ao mix

S FFS CAF
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                                                    (6.23) 

Equation 6.24 shows how the parameters values should be adjusted for the field data 

observed; as in the exponent for PTT should be set to 1.91 instead of 0.62. 

1.36 0.62 1.81

0 1.91 0.17

3,600
110.64 ( ) max(0, )

1,000 100 ( 100)
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                       (6.24) 
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SECTION 7. SUMMARY. CONCLUSIONS, AND FUTURE 

WORK 

This doctoral research has focused on validating the mixed flow model (MFM) developed 

in NCFRP 41 and NCHRP 03-115 to predict travel times for autos and trucks on basic 

freeway sections. See Dowling et al.  (2014) and Zegeer (2016). It is now incorporated into 

chapters 25 and 26 of the HCM-6.  See Transportation Research Board (2016). 

Since the 1965 HCM, PCEs have been used by the basic freeway capacity and quality of 

service assessments to convert trucks and other vehicles into equivalent passenger cars. 

However, Dowling et al. (2014) found that this practice could not provide defensible 

estimates speeds (travel rates) for cars or trucks when significant grades and/or high truck 

percentages were present. The speed estimates were too high and the capacity values were 

too large. These findings motivated the development of a new basic freeway model that more 

correctly captured the interactions between the trucks and the rest of the traffic stream. The 

MFM deals with vehicle flow rates in terms of vehicles per hour, not passenger car 

equivalents. It addresses truck impact based on truck kinematics, flow rates, and truck 

percentages. It predicts auto and truck speeds and the capacity to be expected.  

7.1. Dissertation Summary  

The dissertation contains eight sections: introduction, literature review, methodology, 

data sources, hypothesis tests, prediction validations, future work, and summary and 

conclusions. The contents of each is described below. 

Section 1 outlines the problem being addressed and describes the MFM. It indicates that 

the core element of the MFM is a set of equations that predict travel rates for trucks and autos 
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based on the vehicular flow rate and other inputs that describe the conditions of the freeway 

segment under study (e.g., truck percentage, percent grade, and length of grade), which is 

based on three hypotheses. It also presents main contributions to knowledge. 

Section 2 contains the literature review. The literature review makes it clear that the 

MFM is the first macroscopic model that endeavors to: 1) treat the traffic stream as 

combined; 2) assume the truck speeds affect the auto speeds; 3) estimate auto, trucks speeds 

separately, and 4) use a numerical simulation-based technique to estimate truck travel times 

for undulating grades. 

Section 3 presents the methodologies used to validate the MFM’s three main hypotheses 

and to validate its numerical predictions. Both the “forward” and “backward” directions 

methods to test the hypotheses were described. To check the validity of the hypotheses, tests 

in what is described as the “backward” direction were employed.  

Section 4 describes the datasets that were collected. Eight of them were from the 

secondary sources: Here.com (2), NPMRDS (5), and PeMs (1). Three others were from new 

data collection efforts undertaken by the author and several assistants. Efforts were made to 

combine datasets between Here.com, NPMRDS, and PeMs at same locations. 

Section 5 presents the results of the tests for the causal relationship and the two 

hypotheses. For the causal relationship, two datasets and one group of the direct field 

measured data were used. They were grouped into flow rate-based bins and then, for each 

one, a CDF of the travel rates was developed. It was found that the differences between the 

CDFs grew as the percentiles decreased which meant that the causal relationship could be 

observed.  
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In the case of Hypothesis 1, three indirect datasets and one group of direct field measured 

data were used. Two conclusions were drawn. One was that the truck travel rates (times) 

were affected by the kinematics. The kinematics model was able to predict the travel times if 

the values of ƞ were adjusted (back calculated through an optimization search) so that the 

predictions matched the observed values.  

In the case of hypothesis 2, it was found that the truck impacts are more significant when 

the truck percentage is higher. This was ascertained by comparing the absolute difference 

between NPMRDS mixed speed with the weighted independent speed for different truck 

percentages.  

Section 6 presents the results of validating the MFM equations. It shows that they can 

estimate field observations of both truck and auto travel rates. The validations were based on 

data collected at three field locations in North Carolina. The predictions of the auto travel 

rates were enhanced by making adjustments to the parameters of the traffic interaction term, 

coefficients of the truck impact terms and values of W2P. It was concluded that further 

research based on additional field observations would be valuable.  

7.2. Conclusions 

The main conclusions from this research are the following: 

1) The MFM equations can be used to estimate travel rates for autos and trucks under 

mixed flow conditions. Perhaps of greatest significance is the fact that the equation 

for estimating the auto travel rates does need to have a third and fourth term that 

capture the impact on the auto travel rate from the presence of the SUTs and TTs in 

the traffic stream, above and beyond that captured in the traffic interaction term. 

2) The hypotheses upon which the MFM is based are defensible. 
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3) There were not enough SUT observations to allow an analysis of the W2P value for 

that truck type: but for the TTs, the W2P value used in the MFM was downward 

adjusted when applied in North Carolina areas. For the three field sites where primary 

data were collected, the value of 150 lbs/hp for TTs suggested in the HCM-6 needed  

adjustment. Whether the adjustments need to be made to the W2P values of the SUTs 

and TTs in the HCM-6 needs further study. In this doctoral research, based on 

observations for North Carolina, a better value for the TTs would be 117.6 lb/hp.  

4) Some of the other parameter values employed in the MFM (other than W2P) might 

also need adjustment. The adjustments appear to be driven by the North Carolina data 

used for the field assessment rather than a trend that seems generalizable. This issue 

would need to be addressed by collecting additional data and conducting further 

research. The values for the coefficients in the general traffic interaction term 

decreased the emphasis on the capacity adjustment factor and made the numerical 

value constant. This seems to be caused by the absence of field data observations for 

large flow rates. No real significance to this difference is perceived. 

5) The impact of TTs on the auto travel rate for mixed flows should, perhaps be larger. 

See Equation 6.20 and Table 38. The recalibration amplified the overall truck impact. 

The lead coefficient increased from about 110 to 541. This nearly five-fold increase 

may be only due to the values in the datasets collected; but, it may be evidence of a 

more general finding. Since the change is based on limited observations, and not tied 

to a physics-based phenomenon, unlike the changes to W2P, the author perceives that 

this finding does not suggest that the HCM-6 equations should be updated, but rather 

that more analysis is warranted.  
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7.3. Future Work 

Many opportunities for follow-on work exist. This doctoral research has only begun the 

validation of the MFM.  

In the mixed flow model’s numerical validation chapter, recommendations were made for 

adjustments to the W2P value for the TTs and several other parameters based on the North 

Carolina data. Not all of the parameters have been examined, however. Further research 

would be valuable to examine additional parameters and to test the model using more 

extensive datasets. For example, the 117.6 lbs/hp value for TTs was an average for all three 

locations based on 5-minute data. Since the datasets contain individual truck speeds for three 

locations, future work could focus on back calculating the ƞ value for trucks individually.  

For example, in Section 6, it was found that a better value of the W2P for TTs would be 

117.6 lbs/hp rather than the 150 lb/hp suggested in HCM-6. This is based on a regression-

based parameter estimation analysis. It is not based on data from the trucks observed. 

Manufacturers do not seem to publish horsepower information for the trucks they actually 

sell; and buyers can select a wide range of possible engines. Moreover, the W2P ratio is 

based not only on the truck’s horsepower but also its weight; and its gross weight can vary 

widely from one load to the next. Even if the truck is only ever loaded or empty, its status is 

different on the loaded versus the empty portion of the round trip.  

Doing more analyses for different settings would be extremely valuable. It seems likely 

that the value of W2P that works best for a specific setting and analysis will always vary. 

Hence, unless there is something peculiar about North Carolina, which seems unlikely, it 

does appear that the 150 lb/hp value suggested in the HCM-6 may be too high. A value like 

117.6 lb/hp for TTs may be more defensible. While this is a change of only 32.4 lb/hp, it 
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appears to make a significant difference in the correlation of the predicted values with those 

observed in the field. Hence, doing more research to determine the values that seem to fit 

most often is very valuable.  

Finding ways to collect information about W2P from wayside sensors seems useful. One 

way to do this is to install weigh-in-motion (WIM) or truck weigh stations at places where 

there is a significant grade. Understandably, agencies typically chose level tangent locations 

presently, but that is because they perceive that this is the best place to put them. Maybe, that 

is not completely true. While this author is certainly not an expert in WIM or weigh stations 

technologies or location philosophies, placing some WIM or weigh stations on significant 

grades might be valuable. The trucks would likely be in a stable condition in terms of their 

vertical kinematics, which is very important to get an accurate weight, and they would be at a 

crawl speed (if the location was chosen carefully). Hence, based on the weight and speed, 

W2P could be inferred.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Other methods of learning about W2P should also be explored. One option would be to 

acquire information from local carriers. Another way would be to survey trucks at weigh 

stations. In the latter case, the weight would be known from the scale. The driver would 

provide the horsepower. Many drivers know that number or can find it. 

A third option would be to query vehicle records (e.g., kept by Departments of Motor 

Vehicles) based on the VINs collected at the WIM stations. While some DMVs might be 

reluctant to provide this information, others might be willing to do so. If so, the VINs from 

the inspection station visits could be used. In addition, if the sample was obtained randomly, 

the horsepower values could be combined with weight observations for similar trucks to 

create a bi-variate distribution whose statistical properties could be analyzed.  
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In a separate sense, the data collected by service organizations like PeMS and Here.com 

could be enhanced so that more comprehensive information was available. For example, as 

was mentioned in Section 4, PeMs and Here.com do not have separate auto and truck space-

mean speeds. Adding those pieces of data to each observation would make it possible to 

check some aspects of the MFM.  

Another option would be to place additional sensors in locations where there are 

significant truck flows, and/or the grades are steep. For example, Here.com’s sensors are 

typically in urban areas. While this is understandable (the flow rates are large; there is a 

demand for the information; the travel rates vary), having sensors in rural areas would also be 

useful. Perhaps this is something that research organizations could undertake. 

Another avenue for future work is enhancement and automation of the data collection and 

analysis process. Distilling useful information from the raw field data was, in this research, 

time consuming and challenging. For example, individual trucks had to be observed in both 

the video recordings from the upstream and downstream cameras to obtain travel times.  

One idea is to use Bluetooth sensors to obtain MacIDs and time stamps. Those MacIDs 

and time stamps, at the upstream and downstream location, could be used to compute travel 

times. While the vehicle types would not be known, these observations could be combined 

with the videotapes to match MacIDs to vehicles; and, then, travel times for trucks and autos 

could be obtained. With pattern recognition software, the process of matching the travel 

times to the vehicles could potentially be automated. At least, the MacIDs and time stamps to 

take the analyst to the sequence of frames in the downstream videotape that would likely 

contain the vehicle of interest. This is not full-proof, since there could be multiple MacIDs 

observed at the time the truck is seen; and there is latency in the Bluetooth observations; but 
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it would save a lot of time spent searching for the truck of interest at the downstream 

location.  

Also, automating the process of fusing observations from different datasets would be 

very helpful. In this research, data from Here.com and NPMRDS were combined to create 

datasets that could be used to check the hypotheses. This was enough labor intensive that 

only a few locations were examined. If the process of identifying co-located sensors could be 

automated as well as the data fusion steps, it would be possible to examine a much larger set 

of sites. For example, future efforts could focus on examining additional locations where 

PeMs/Here.com stations and NPMRDS TMC segments are co-located in mountainous areas.  

The field data collection effort could also be improved by using toll tags, radar guns, 

instrumented vehicles, and truck GPS data. Toll tag readers would enable researchers to 

identify the class of each vehicle, and thereby its travel time. If the penetration rate of the toll 

tags was known, the flow rate could be estimated. Radar guns could be used to collect spot 

speeds. Truck GPS data would be useful in checking the speed profiles predicted by the 

kinematics-based truck travel time estimation model. These tools in combination could be 

applied to evaluate or calibrate the MFM along the test segments.   

An ideal nationwide dataset would report flow rates, grades, and truck percentages as it is 

depicted in Figure 80. Each axis shows the range of values of interest. To estimate the 

distribution of the data points in the dataset collected, the data points could be binned by flow 

rate, grade, and truck percentage. The bin sizes would depend on the quantity and quality of 

the data. The larger the dataset was, the more the data would be binned. The space could be 

divided into multiple sub-spaces and each sub-space could indicate the number of data points 

inside the combined bin of flow rates, grades, and truck percentages.  
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Figure 80: Goal Field Dataset Dimension 

 

7.4. Concluding Comments 

In closure, this dissertation has described doctoral research that focused on validating the 

MFM in the HCM-6. It sets the stage for further developing the MFM, in the HCM, that 

better captures the effects of trucks on the behavior of the facilities. Considerable follow-on 

work seems needed; for additional locations, traffic mixes, and application domains. 

Examples of the former are steeper grades, higher flow rates, larger truck percentages; 

examples of the latter are weaving sections, diverge and merge locations, work zones and 

arterials. 

 

 

 

 

 

16 20 24 26 >28 22 18 14 10 12 8  6 2 

Grade 

Truck Percentage (%) 

 4 

6 

4 
5 

1 
2 

3 

7 
8 

Flow Rate (veh/hr/ln) 

200 
400 
600 
800 

1000 

1200 

1400 

1600 

1800 
2000 
2200 

2400 



   174 

 

 

SECTION 8. REFERENCES 

AASHTO. (2001). A policy on geometric design of highways and streets. Washington, D.C. 

 

May, A.D. (1990). Fundamentals of traffic flow. Prentice - Hall, Inc. Englewood Cliff New 

Jersey 07632, second edition. 

 

Advance Security (2018). http://www.surveillance-spy-cameras.com/ 

 

Aghabayk, K., Sarvi, M., Young, W., Wang, Y. B. (2012). Investigating heavy vehicle 

interactions during the car following process. Proceedings of the Transportation 

Research Board 91st Annual Meeting, January 22nd-26th, Washington, D.C., USA. 

 

Ahanotu, D. N. (1999). Heavy-duty vehicle weight and horsepower distributions: 

measurement of class-specific temporal and spatial variability (Doctoral dissertation). 

Georgia Tech., GA.                                              

 

Arasan, V.T., Dhivya, G. (2010). Simulation of highly heterogeneous traffic flow 

characteristics. Proceedings 24th European Conference on Modelling and Simulation 

(ECMS). 

 

Archilla, A. R. Fernandez De Cieza, A. O. (1996). Truck performance on Argentinean 

highways. Transportation Research Record: Journal of the Transportation Research 

Board 1555, 114–123. 

 

Bester, C. J. (2000). Truck speed profiles. Transportation Research Record No. 1701, 

Transportation Research Board, Washington, D.C., 111–115. 

 

Benjamin, J.R., and C.A. Cornell (1970). Probability, Statistics, and Decision for Civil 

Engineers, McGraw-Hill, New York, NY. 

 

Caltrans. (2013). An introduction to the California Department of Transportation 

Performance Measurement System (PeMS).  

 

Donnell, E. T., Ni, Y., Adolini, M., Elefteriadou, L. (2001). Speed prediction models for 

trucks on two-lane rural highways. Transportation Research Record, Transportation 

Research Board, 1751, 44–55. 

 

Dowling, R., G. List, B. Yang, E. Witzke, and A Flannery (2014). Incorporating truck 

analysis into the highway capacity manual. Final Report, Project NCFRP-41. 

Transportation Research Board. 

http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=3128 

 

Gillespie, T. D. (1985). Methods for predicting truck speed loss on grades. Final Report.  

 

Google Earth Pro (2018). https://www.google.com/earth/download/gep/agree.html 

http://www.surveillance-spy-cameras.com/
http://apps.trb.org/cmsfeed/TRBNetProjectDisplay.asp?ProjectID=3128
https://www.google.com/earth/download/gep/agree.html


   175 

 

 

Greenshields, B. D. (1934). The photographic method of studying traffic behavior. 

Proceedings of the 13th Annual Meeting of the Highway Research Board, 382– 399. 

 

Harwood, D. W., Torbic, D. J., Richard, K. R., Glauz, W. D., Elefteriadou. Lily. (2003). 

NCHRP Report 505: “Review of Truck Characteristics as Factors in Roadway 

Design”. Transportation Research Board, Washington, D.C. 

 

Lan, C. J., Menendez, M. (2003). Truck speed profile models for critical length of grade. 

ASCE Journal of Transportation Engineering, 129(4): 408-419.  

 

Leisch, J. E., Leisch, J. P. (1977). New concepts in design speed application. Transportation 

Research Record 631, Transportation Research Board, National Research Council, 

Washington, D.C., 4–14. 

 

Lasdon, L.S., Waren, A.D., Jain, A., Ratner, M. (1975). Design and testing of a GRG code 

for nonlinear optimization. Tech. Memo 20.353, Operation Research Department, Case 

Western Reserve University, Cleveland, Ohio. 

 

List, G., Yang, B., Rouphail, M. N. (2015). On the treatment of trucks for freeway capacity 

analysis. Transportation Research Record 2483. Pp. 120-129.  

 

Lucic, I. (2001). Truck modeling along grade sections (Master Thesis). Virginia Polytechnic 

Institute and State University, Blacksburg, VA. 

 

Ozkul, S., Washburn, S. (2014). Updated commercial truck speed versus distance-grade 

curves for the highway capacity manual. Transportation Research Board, Washington 

D.C. 

 

PTV. (2011). VISSIM 5.4, D-76131 Karlsruhe, Germany. 

 

Rakha, H., Lucic, I., Demarchi, S., Setti, J., Aerde, M. (2001). Vehicle dynamics model for 

predicting maximum truck acceleration levels. Journal of Transportation Engineering, 

127(5), 418–425. 

 

Roh, C. G., Son, B., Byon, Y. J. (2014). Influence of heavy vehicles on highway traffic 

flows: case study in Greater Seoul Area, Korea. Transportation Research Board 94th 

Annual Meeting, Washington D.C. 

 

Rumsey, D. J. (2016). Statistics For Dummies, 2nd Edition.  

 

Schwender, H. C., Normann, O. K., Granum, J. O. (1957). New methods of capacity 

determination for rural roads in mountainous terrain. Highway Research Board 

Bulletin, 167, 10-37. 

 

Smirnov, N. (1939), "On the estimation of the discrepancy between empirical curves of 

distribution for two independent samples". Bull. Math. Univ. Moseou 2:2. 



   176 

 

 

Stat Trek. (2018). Coefficient of Determination. 

http://stattrek.com/statistics/dictionary.aspx?definition=coefficient_of_determination 

 

St. John, A. D., Kobett, D. R. (1978). Grade effects on traffic flow stability and capacity. 

Technical Report NCHRP Report 185, Transportation Research Board, National 

research council, Washington, D.C. 

 

Thankappan, A., Tamut, Y., Vanajakshi, L. (2010). Traffic stream modeling under 

heterogeneous traffic conditions. Traffic and Transportation Studies. Proceedings of 

the Seventh International Conference on Traffic and Transportation Studies, American 

Society of Civil Engineers. 

 

Transportation Research Board (1950). Highway Capacity Manual. Transportation Research 

Board, National Research Council, Washington, D.C. 

 

Transportation Research Board (1965). Highway Capacity Manual. Transportation Research 

Board, National Research Council, Washington, D.C. 

 

Transportation Research Board (1985). Highway Capacity Manual. Transportation Research 

Board, National Research Council, Washington, D.C. 

 

Transportation Research Board (2000). Highway Capacity Manual. Transportation Research 

Board, National Research Council, Washington, D.C. 

 

Transportation Research Board (2010). Highway Capacity Manual. Transportation Research 

Board, National Research Council, Washington, D.C. 

 

Transportation Research Board (2015). Highway Capacity Manual, Sixth Edition: A Guide 

for Multimodal Mobility Analysis. Washington, D.C. 

 

USDOT. (2018). Next Generation Simulation (NGSIM) Vehicle Trajectories and Supporting 

Data. 

https://data.transportation.gov/Automobiles/Next-Generation-Simulation-NGSIM-Vehicle-

Trajector/8ect-6jqj 

 

Walton, M. C., Lee, C. E. (1975). Speed of vehicles on grades. No. CFHR 3-8-73-20-1F 

Final Report. University of Texas at Austin, Center for Highway Research. 

 

Wang, H., Li, J., Chen, Q.Y., Ni, D. (2009). Speed-density relationship: from deterministic to 

stochastic. TRB, 88th Annual Meeting at Washington D.C.  

 

Washburn, S., Ozkul, S. (2013). Heavy vehicle effects on Florida freeways and multilane 

highways. FDOT Contract BDK77 977-15 (UF Project 00093817). 

 

http://stattrek.com/statistics/dictionary.aspx?definition=coefficient_of_determination
https://data.transportation.gov/Automobiles/Next-Generation-Simulation-NGSIM-Vehicle-Trajector/8ect-6jqj
https://data.transportation.gov/Automobiles/Next-Generation-Simulation-NGSIM-Vehicle-Trajector/8ect-6jqj


   177 

 

 

Washington, S. P., M.G. Karlaftis, and F.L. Mannering (2011). Statistical and Econometric 

Methods for Transportation Data Analysis, Second Edition. CRC Press, New York, 

NY. 

 

Weather Underground. (2017). www.wunderground.com  

 

Webster, N., Elefteriadou, L. (1999). A simulation study of truck passenger car equivalents 

(PCE) on basic freeway sections. Transportation Research Part B: Methodological 

33(5): 323-336. 

 

Wikipedia. (2017). Kolmogorov-Smirnov test. 

https://en.wikipedia.org/wiki/Kolmogorov%E2%80%93Smirnov_test 

  

Wong. J.Y. (2008). Theory of ground vehicles. 4th Ed. John Wiley and Sons, Inc. 

 

Zegeer, J. (2016). Production of a Major Update to the 2010 Highway Capacity Manual. 

NCHRP Project 03-115. Transportation Research Board, Washington, DC. 

http://www.wunderground.com/
https://en.wikipedia.org/wiki/Kolmogorov%E2%80%93Smirnov_test

