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INTEROFFICE COMMUNICATION 

MIDWEST RESEARCH INSTITUTE 
April 9, 1997 

To: Air Quality Working Group 

From: Greg Muleski, MRI 

Subject: Reporting of paved road loading values 

Because we have had so much work on public paved road emission tests over the past 18 
months, this would be a good time to review our procedures for reporting surface loading 
values. Some confusion arises because the term ‘‘silt” can be used in different contexts. I 
believe that the procedures outlined below are generally applicable to almost any 
situation we might encounter. 

Total loading “L” is a relatively straightforward concept and is found as follows: 

where 
L =total surface loading 
B,,, 
B,, 
A = area sampled 

= weight of the full vacuum bag (Le., before any laboratory splits) 
= tare weight for the bag (i.e., before use) 

Silt loading “sL” is a little harder to define for all situations. For our purposes, we 
consider two limiting cases. The lower bound assumes that any sample mass left in the 
empty vacuum bag is no coarser than the portion recovered from the bag. The lower 
bound is found as follows: 

SLIOWC, = f L 

where L is the total surface loading and f represents the minus-200 mesh fraction of the 
sieved sample: 

f = M p a n  1 ( M s i e w  I + M s i e v c ~  + ... + 4,) 



The denominator represents the total mass of the sample after sieving. This should be 
close to B,,, - B,, (after allowing for any laboratory splits) but some difference should be 
expected. 

The upper bound on sL is based on the assumption that all unretrievable sample mass 
(Le., that material left in the bag after sample recovery) is finer than 200 mesh. The upper 
bound is found as follows: 

where 

B e w r y  = weight of the empty vacuum bag (Le., after sample recovery) 

The upper and lower bounds on silt loading should be close to one another and can serve 
as a QA check. In general. sL,, should be used to reDort “silt loading” or “sL.” 

The quantity “f’ defined above represents the “silt content” of the recovered sample. 
However, the silt content “s” reported for the paved road sample should be determined as 

s = sLup,, I L 

Similarly to the silt loading values, f represents lower bound on the silt content and 
should in fact be very close to s. Again, this would provide another QA check. 



'a v EMISSION FACTOR DOCUMENTATION FOR AP-42 SECTION 13.2.2 

Q OW @ha&. 
The document Compilarion of Air Polkuanr Emisdon Factors (AP-42) has been published by the 

U. S. E n v u o m e n l  Protection Agency (EPA) since 1972. Supplemenrr tdAP42 have been routinely 

published to add new emission source categories and to update existing emission factors. AP-42 is 

routinely updated by EF'A to respond to new emission factor nteds of EPA, State and local air pollution 

control programs, and industry. 
- 

An emission factor is a representative value that attempts to relate the quantity of a pollugnt - 
released to the amosphere with an activity associated with the release of that pollutant. Emission factors 

usually are expressed as the weight of pollutant divided by the unit weight, volume, distance, or duration 

of the activity that emits the pollutant. 'Ihe emission factors presented in AP-42 may be appropriate to use 

in a number of situations, such as making source-specific emission eJtimatt.s for area wide inventories for 

dispersion modeling, developing control strategies, screening sources for compliance purposes, 

establishing operating permit f a ,  and making permit applicability determinations. The purpose of this 

repon is to provide background information from test reports and other information to suppon revisions to 

AP-42 Section 13.2.2, Unpaved Roads. 

'This background repoi consists of five sections. Section I includes the introduction to the report.-- 

Section 2 gives a characterization of unpaved road emission sources and a description of the technology 

used to control emi&ons resulting from unpaved roads. Section 3 is a review of emission data collection 

and emission measurement procedures. It describes the literature scarch, the scrtening of emission data 

reports, and the quality rating system for both emission data and emission equations and methods of 

emission factor determination. Section 4 details how the revised Ap42 section was developed. It includes 

the review of specific data sets, a description of h mission equation was developed, and a 

summary of changes to the AFQ2 section. Section 5 presents the M-42 Section 13.2.2, Unpaved Roads. 

Throughout this report, the principal pollutant of interest is PM-IO-particulate matltr (PM) no 
. -  greater than 10 pmA (microns in aerodynamic diameter). PM-IO forms the basis for the current National 

Ambient Air Quality Standards (NAAQS) for particulate matter. PM-IO thus represents the particle size 

range that is of the greatest regulatory intenst. &cause formal establishment of PM-IO as @e sthdard 
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2. SOURCE DESCRIPTION 

2.1 SOURCE  CHARACTERIZATION^ 

Particulate emissions occur whenever vehicles travel on unpaved roads. Dust plumes tailing 

behind vehicles on unpaved roads are a familiar sight in rural arcas of the United States. Many indusmal 

areas also have active unpaved roads. When a vehicle travels an unpaved road. the force of the wheels on 

the road surface causes pulverization of surface material. Particles are lifted and dropped from the rolling 

'wheels, and the road surface is exposed to strong air currents in turbulent shear with the surface. The 

turbulent walcc behind the vehicle continues to act on the road surface after the vehicle has passed. 

2.2 EMISSICSNS'~ 

The emission of concern from unpaved roads is particulate matter (PM) including PM less than 

10 microns in aerodynamic diameter (PM-IO). The quantity of dust emissions from a given segment of 

unpaved road varies linearly with the volume of traffic. Field investigations also have shown that 

emissions depend on correction parameters that characterize (a) the condition of a parricular road and 

(3) the associated vehicle traffic. Parameters of intercst in addition to the source activity (number of 

vehicle passes) should include the vehicle characteristics (e.g., vehicle weight), the propcrdes of the road 

surface material being disturbed (e.g. silt content, moisture content), and the c i i t i c  conditions (e.g., 

frequency and amounts of precipitation). 

Dust emissicns from unpaved roads have been found to vary directly with thc fraction of silt in the 

F road surface material. Silt consists of particles less than 75 prn in diameter, and silt content cilll be 

determincd by measuring the proportion of loose dry surface dust that passes through a 2Wmesh screen, 

using the ASTMC-136 methd. 

2.3 HISTORY OF THE UNPAVED ROAD EMISSION FACTOR EQUATION IN AP-42 

The current version of the AP42 unpaved road emission factor equation for dry conditions has the 

following form: I 
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where: 

E = Emission factor, pounds per vehicle-mile-traveled, (lbNMT) 

k = Particle size multiplier (dimensionless) 

s = S i t  content of road surfdce material (96) 

S = mean vehicle speed, kilometers per hour (Lmihr) (miles per hour [mph]) 

W = mean vehicle weight, megagrams (Mg) (ton) 

w = m& number of wheels (dimensionless) 

- 

AP-42 discusses how Equation 2-1 can be extrapolaed to annual conditions through the 

simplifying assumption that emissions are present at the ‘dry‘ level on days without measurable 

precipitation and conversely, are absent on days with more than 0.1 in. (0.254 mm) of precipitation. 

Thus, the emission factor for annual conditiom is: 7 

(2-la) 
b. 

where all quantities are as before and: 

p = nm.5er of days with at least 0.254 mm (0.01 in.) of precipitation per year 

The particle size multiplier *K for different particulate sizc ranges is shown below. 

Aerodynamic Particle Si Multiplier Q for Equation 2-1 

530pm‘ s30pm 5 l5pm 5 l0pm d p m  r2.5pm 

1.0 0.80 0.50 0.36 0.20 0.095 
?hoke’s diameter 
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The earliest emission factor equation for unpaved roads fim appeared in AP-42 in 1975. The 

3 9 current version of the emission factor equation appeared in 1983 as pan of Supplement 14 to the third 

? 4/2'97 
4 / 

The carlies~ version of the unpaved road emission factor equation included the first two correction 

terms shown in Equation 2-1 (Le., silt cnntent and mean vehicle spced). However, the dam base for that 

version was limited to tests of publicly accessible unpaved roads mvelled by lightduv vehicles and had a 

small range of average a a v d  spetds (30 to 40 mph).' Subsequent emission tesfing {especially roads at 

-iron and steel plauts) expanded the ranges for both vehicle weight and vehicle speed. In 1978. a modified 

equation that included silt, spetd. and weight was published in an EPA report.' In 1979, the current 

version -tion 2-1) was fim published, it lncorporatcd a s.li&t reduction in the exponent for vehicle 5 .  

weight and added the wheel m c t i o n  term. 

Although the emission factor equation for unpaved roads has been modified over the past 20 years. 

all versions have impQut common features. All were developed using multiple lincar regression of the 

suspended particulate emission factor against c o d o n  patametcrs that describe sowce conditions. The 

silt content bas consistently ban found to be of critical imporrana in the prrdictive equation. The 

version of the predictive equation (and each subsequent refinement) included a roughly l i  (power of 1) 

relationship between the emission factor and the road sllrface silt content.' 

.. . .  

In addition to the unpaved road emission factor equation discussed above, other studies have btcn 

undenaken to model emissions from unpaved road vehicular traffic. For example, the 1983 background . .. - 
-*- & -. - _ _ ,  document for this =,don of AP-42 lists three other candida& emission factor ~quat ions.~ Equation 2-1 

was recommended over the other candidates on the basis of its wider applicability. 

addressed emissions from restricted classes of 

1981 report included separate emission facton for (a) Gght-to m c d i l 9 -  . 

unpaved roads for usc at western surface coal mines.' I' 

unpaved road emission factor (Equation 2-1). A 1991 sfli 

due to relatively high-@ uaffic on 

. . 
9 

\ 
'Note that during the 1970's. the exponent for the silt content * 
computatiomd ~ e .  ~ e ~ a l l  that this equation prcdapcd h x ~ & ~  

- ~. .~. ... . 
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3. GENERAL DATA REVIEW AND ANALYSIS PROCEDURES 

SEARCH AND SCREENING 

To reduce the amount of literamre collected to a final group of references from which emission 

could be developed, the following general aiterh were used. 

1. Emissions data must be from a primary reference. 

a. Source testing must be from a refereneed study that does not reiterate in fOtmat iOn from previou 

studies. ' 

b. The document must co&tute the original sou~ce of test data. For example, a t.cchnical paper 

was not included if the original study was contained in the previous document. If the exact source of the 

data could not be determined, the document was elimiuated. tlj\ 
2. The referenced study must congin test r d t s  based on more tban one w( run. 

3. The report must contain sufficient data to evaluate the tuting procedures and source opera- 

conditions. 

A linal set of reference materials was compiled after a thorough review of thc pertinent repom. 

documents, and information according to these criteria. 

3.2 DATA QUALITY RATING SYSTEM' 

As part of the analysis of thc emission data, the quantity and quaIity of the information contained in 

the final set of reference documents were evaluated. The following data are to be excluded from 

consideration: PN 
1. Test series averages reponed in units cannot be convened to the selected reporting units. 

2. Test series representing incompatible test methods. 

3-1 
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cannot be explained by informanon contained in the test report, the data arc suspect and were given a lower 

4.  
' . The test repom contain original raw data sheets. The nomenclature 

and equations used were compared to those (if any) specified by EPA to establish equivalency. The depth 

of review of the calculations were dictated by the reviewer's confidence in the ability and conscientiousness 

of the tester, which in unn was based on factors such as coasisoncy of rcsula and completeness of other 

arcas of the test report. 

3.3 EMISSION FACTOR QUALITY RATING SYSTEM' 

The wty of the emission factors developed from analysis of the tcst data was r a d  using the 

following general criteria: 

A: - Developed from A- and Stated source test data QLcn from many randomly chosen 

facilities in the indumy population. 'Ihe source category is specific enough so that variability within the 

source category population may be . .  . 

-: Developed only from A- or B-tatcd test data from a reasonable number of 

facilities. Although no specific bias is evident, it is not clcar if ~ I C  facilities tested represent a random 

sample of the industries. The source category is specific enough so that variability within the source 

category population may be . .  . 
. -  - 

C:: - Developed only from A-, E and/or C-ratcd test data from a reasonable number of 

facilities. Although no specific bias is evident, it is not clcar if the facilities tested represent a random 

sample of the industry. In addition, the source category is specific enough so that variability within the 
. .  . source category population may be 

-: The emission factor was developed only from A-, E, and/or C-rated test data 

from a small number of facilities, and there is reason to suspect that these facilities do not reprejcnt a 

random sample of the indumy. There also may be evidence of variability within the source category 

population. Limitations on the use of the emission factor are noted in the emission factor table. 
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'aength) required to generate the pollutant concentration measured. Emission factors are obtained by 

dividing the calculated emission rate by a source activity rate (e.g.. number of vehicles, or weigh1 of 

material &erred per unit time). A number of meteorological parameten must be concurrently reponed 

for input to this dispersion equation. At a minimum, the wind direction and speed must be recorded on-site. 
, .  

While the upwinddownwind method is applicable to virtually all types of sources. it has significant 

limitations witb regard to development of source-specific emission factors. The major limitations are as 

follows: 
- 

1. Io attempting to quantify a large area source, overlapping of plumes from upwind (background) 

sources may preclude the determination of the specific contribution of the arm source. 
-. 

2. Because of the impracticality of adjusting the locations of the sampling m y  for shifts in wind 

direction during sampling, it cannot lk assumed that plume position is fixcd in &e application of the 

dispersion model. 

3. The usual assumption that an area source is uniformly emitting docs not allow for realistic 

cprescntation of spatial variation in source activity. 

4. The typical usc of uncalibratcd amospheric dispersion models introduces the possibility of 

substantial c m r  (a factor of three according to Reference 4) in the calculated emission rate, even if the 

V G r e m e n t  of unobstructed dispersion from a simptifid (e.g., constant emission rate from a 

single point) sourcc.co&guration is met. 

The other measurement technique, exposurc profiling, offers distinct advantag=' for source-specific 

of fugitive emissions from open dust sources. The method uses the isokinetic protiling 

concept that is the basis for conventional ( d u d )  s01vce testing. The passage of airborn pollutant 

immediately downwind of the source is measured diredy by means of simultane~us multipoint sampling 

over the effective cross section of the fugitive emissions plume. This technique uscs a mass-balance 

calculation scheme similar to EPA Method 5 stack testing rather than requiring indirect calmladon 

the application of a generalized aanospheric dispersion model. 
'1- 
i l  

'8 I 

For measurement of nonbuoyant fugitive emissions. proriling sampling heads are distributed over a 
vertical network positioned just downwind (&ally 5 m) from the source. If total particulate emissions are 

. ,  
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to be measured, sampling intakes are pointed into the wind and sampling velocity is adjusted to match the 

local mean wind speed, as monitored by anemometers distributed over heights above ground level. 

The sire of the sampling grid needed for exposure profiling of a particular source may be estimated 

y observation of the visible size of the plume or by calculation of plume dispersion. Grid size adjustmen& 

/%y be required based on the results of preliminary testing. Particulate sampling heads should be 

symmetrically distributed over the coneenrated portion of the plume containing about 90 percent of the total 

mass flux (exposure). For example, assuming that the exposure from a point source is normally distributed. 

' the exposure valucs measured by the samplers at the edge of the grid should be about 25 percent of the 

centerline exposure. 

To calculate emission rates using the exposure profiling technique, a conservation of mass approach ' is used. The passage of airborne particulate (i.e.. the quantity of emissions per unit of source activity) is 

obtained by spatial integration of distributed measurements of exposure (mass/area) over the effective cross 

section of the plume. 'Ihe exposure is the point value of the flux (masslarealtime) of airborne paniculate 

integrated over the time of measurement. f$* 
. .  Q 

3.4.2 

Usually the final emission factor for a given source operation. as presented in a test repon, is 

4 derived simply as the geomenic mean of the individual emission factors calculated from each test of that 

&/' ,source. Frcquendy the range of individual emission factor values is also presented. 

As an alternative to the prCSCnQtiOn of a final emission factor as a single-valued geometric mean, 

an emission factor may be presented in the form of a predictive equation derived by regression analysis of 

data. Such an equation mathematically relam emissions to parameten when characterizing source 

conditions. 'Ihcse parameters may be grouped into three categories: 

1. Measures of source activity or energy expended (e&, the speed and weight of a vehicle 

traveling on an unpaved road). 

2. Properties of the material being disturbed (e.g., the content of suspendable fines in the surface 

material on an unpaved road). 
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A total of 256 tern were performed in the study. Fifty-six of the tests were used in the 

development of the AP-42 emission factor equation. The source activity dismbunon for unpaved road WSIS 

was as follows: 20 uncontrolled haul road tests, 8 controlled haul road tests, 10 uncontrolled light- and 

mediumduty vehicle tests, 2 uncontrolled light- and mediumduty vehicle wtc. and 15 uncontrolled scraper 

tests. Table 4-27 presents summary test data and Table 4-28 presents detailed test information. 
L R & d L z t z d ? 7 7  ' *  

4.3 D E ~ L O P M E N T  OF CANDIDATE EMISSION FACTOR EQUATION 

For unpaved roads. an emission factor equation is much more successful than a single-valued - 
average in predicting particulate emissions at different sim with varying source parameters. This section 

describes the development of the emission factor equation that will be proposed for the updated A P 4 2  

Unpaved Rdsect ion.  

The development of a revised unpaved road emission factor equation was built upon findings from 

the reviewed data sets. First, the decision was made to include all tests of vehicles traveling over unpaved 

surfaces. For example, tern of scrapers in the 'travel mode' between cut and fill arcas were included. 

Also, tests of very large off-road haul truck used in the mining indushy were also included in the 

developmental data set. On the other hand, graders blading an unpaved road were not included because of 

the low speed involved. This decision had the effect of greatly expanding the historical data base. Not only 

is far more data available, but a wider range of vehicle weights and travel speeds is available. The 

decision was based on findings from Reference 4, which dealt with the western surface coal mining 

indumy. I! was found that the g e n c d  unpaved road emission facror equation (Equation 2-1) performed as 

well in estimating errrissions from haul truck and tight- to mediumduty vehiclu as did factors developed 

specifically for those sources within western surface coal mines. 

Next, the decision was made to add tests of watered roads to tcstq of uncontrolled roads. (Note that 

chemically controlled unpaved roads were not considered becausc those trcatmens cause lasting physical 

changes to the road surface.) This decision a h  was based on findings in the Reference 4 study. 'Ihat 

study and a later review included moisture as a potential correction parameter in developing a predictive 

equation for unpaved roads. It was found that both the old (Refmnce 14. circa 1980) and new 

(Reference 4. 1992) haul uuck data could be successfully fined with one equation that applied to both 

watered and uncontrolled surfaces. The decision was also supported by a similar approach taken in 

developing the current AP-42 paved road equation. In that casc, controlled and uncontrolled tests were 

combined. 

4-14 
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Inclusion of watered surfaces in the data base rcwagiZeS a fundamend difference in how the 

addition of water controls emissions (as opposed to the addition of other rypes of suppressants). First. the 

addition of water is a short-term control measure. In addition, it c a w  no permanent change in the road 

surface characteristics. To an extent, one could argue that a road subject to frequent rain is no different 
( - 

than a road which is routinely watered. 

Finally, the decision was made to focus on PM-10 emission US& Becaw Equation 2-1 was 

developed earlier than the 1987 promulgation the PM-10 NAAQSs. As represents a major departure from 

- the way in which ?he current AP-42 factor was developed. 7he focus on PM-IO was alx, the approach 

takcn in developing the ncwCs1 AP-42 emission factor for paved roads. Thc approach requires that the 

models developed for different particle size ranges be 'wnsisleut,' in the sense discussed klow. 
J 

As a first step. the "developmental" data basc was prepared from the test reports discussed in b e  

previous secrion, with the following'cxceptiom: 

1 .  No tcst data were included from Reference 5. As noted earlier, these data were rated "D.' 

2. No data were included from Reference 7, because the unpaved road considered had k n  

previously treated with a chemical dust supprcsrant 

3. No emission data were included from Reference 10 because thc source tested was a 'simulated" 

unpaved road formed by bficially loading a paved road. Note, however, that ratios of different 

paniculate size rang% were included for the purpose of developing PM-I5 and PM-2.5 emission factors. 

Finally, some additional preparation of the data base w required. For example, References 12 

and 14 did not present PM-10 emission factors; values were developed by log-normal interpolation of the 

PM-15 and PM-2.5 ratios to total paxiidate emissions. In addition, References 1, 12, and 13 did not 

-vidual SI,& ce moisture contens. However, becaw silt content is determined after oven drying, 

,/ the necessary information was readily available for Refcnncc 1, which was being pnpared at the same 

time that the current work was being undertaken. In Reference 12. some individual tcsts had moisturc 

contents reported and a few additional tests w e n  associated with moirmre contents as well. Furthermore, 
ps).* 

._ 
the data from Reference 3 had been corrected for 'combustible' wntent (although upwind concentrations 

had not). Using information contained in thereport, "total' (is.. without regard to chemical composition) 

PM-IO emission factors were calculated for inclusion in the developmental data set. 

4-15 
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Model development relied on the stcpwist linear regression rourinc contained in the SYSTAT. 

Version 4 set of statistical routines. The default level of significance used by SYSTAT for a variable to 

"enter" the stepwise linear regression is 0.15 (15 percent). In this context, "level of significance" refers to 

the probability of mahg a so-called Type I mor. The possibility of making this kind of errof Kixs 

because we an dealing with samples drawn from a parent population. That is to say, under the default 

setting, samples drawn from two completely independent populations would be found IO have a significant 

relation 7 15 times out of 100. The 15 percent level of significance was used for 

exploratory data analysis; refined analysis relied on specifying a 5 or 10 percent significance level. - 
Stepwise multiple l i i  regression was used to develop a predictive emission factor equation from 

the data set. Five potential correction parameters were included: 
z 

1. Surface silt content, s; 

2. Surface moisture contents, M; 
3. Mean vehicle weight, W; 
4. Mean vehicle speed, S; and 

5.  Mean number of wheels, w. 

in order to obtain a multiplicative model as in the past. The dependent 

PM-10 emission factor. 

In addition to the emission factor and correction parameter value, the data base also contained coda 
indicating _ -  

\L 

a. publicly accessible unpaved road 

c. 'simulated" unpavedroad 
. 3. The predominant typc of vehicle traveling the road; 

4. Light or medimduty vehicles; 

5.  Haultrucks; 

6. Scrapers in the travel mode; and - 
7. Heavyduty. over-the-road trucks. 
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~n alternative to Equation 4-1 results from tightening the significance requirement, from 10 percent to 

5 percent, for a variable to enter the regression. In this case, speed does not enter the equation, and the 

-. 

0.82 wa.46 , Mo.28 e = k s  

Equations 4-1 and 4-2 represent the two candidate emission factor equations considered in this study. 

Initially, preference was given to Equation 4-1 because the inclusion.of speed was viewed as providing 

- additional predictive accuracy for instances involving very slow or very fast traffic. Furthermore. the 

resulting equation would (like the current -42 model) allow one to gauge the effect of speed reduction as 

a control technique. Equation 4-1 was initiauy chosen and validation of that model proceeded. - 
However, in performing the next step, it was found that speed did not always enter the regression 

when part of the data set was held back for validation purposes. When roughly 25 pcrcent of the data XI 

was reserved for validation purposes (as described in the next section), weight, silt and moisture entered 

fist, but at times the numb% of wheels, rather than spued, entered on the fourth step. It was judged that, 

with a 15 percent level of significauce set as the criterion for a variable entering the regression. the 

resulting model could bc too close to being unstable. Although vehicle speed entcrcd at the 10 percent level 

of significance in Equation 4-1, the inclusion of speed was highly dependent on the data set being used. For 

example, exclusion of only one or two low-speed tcsts from the data resulted in speed not entering the 

regression at even the 15 percent level of significance. On the other hand, dropping those tests had no 

effect on the other terms in the model. Thus, the four-parameter model (Equation 4-1) appeared to be 

relatively unstable. - . 

Further justification in selecting the 'no-spd" model uprcsscd as Equation 4-2 was based on a 

comparison of the power of 0.32 to exponents developed in other tcst programs designed to directly 

consider the effect of vehicle speed. For example, Reference 6 test data support a relationship between 

emissions and speed raised to the 1.86 power. Other studies have developed models with powers of speed 

ranging from roughly 1 to 2. The inconsistency between the result found here and that found in other 



’ for both variables were comparable to those in the PM-10 model. The differences betarcen the results for / tests were associated with moisture content, and the depc-hence of PM-15 emissiom on moisture content 

PM-10 and PM-15 were due mainly to difference in the size of the available data base for PM-15. Not all 

Uncontrolled (n = 10s) 

could not bc discerned. i 

PM-2.5 I PM-10 PM-15 I PM-IO 

0.140 1.53 

For PM-2.5, however, stepwist regression of the emission tcsts led to a result different from rhat 

for PM-IO, PM-15 and PM-30. Silt, weight, number of wheels. moisture content, and average w e d  

entered the regression (in that order). The p w e a  for silt, weight and moiswe were fairly comparable to 

-the corresponding powers in the PM-10 model. Nevertheless, dcspite the five parameters. the resulting 

modcl has a low R-squand value and thus would bc expcctcd to have limited predictive accuracy . 
\ 

overall (n- 128) 

Emison factors for PM-2.5 and PM-15 were developed by multiplying the PM-10 model by the 

mean measured ratio of that sizc range to PM-10 in the available data base: 

I 0.148 I 1.52 
I Watered (n=20) I 0.1% I 1.46 I 

No significant difference was found between the ratios for watered versus unconrrolled conditions, so the 

overall mean was applied. - -  
In summary, the following emission factor equation is recommended for inclusion in AP42: 

e = k (s/12)* (wn)b (M/l)’ 

where: k, a, b and c are empirical constants given below and 

e = size-specific emission factor (Iblmt) 

s = suxface material silt content (W) 
W = mean vehicle weight (tom) 

M = surface material moisture content (5%) 

4-2 1 
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The parameters for size-specific emission factors in Equation 4-5 are given below: 

0.4 

C -0.3 

0.4 0.4 0.5 

-0.3 -0.3 -0.4 

- 
Based on the rating system given in Section 3.5, both the PM-10 and PM-30 emission factors are 

rated "A." The remaining facton are downgraded one letter because they were developed by scaling an 

A-rated model. - 
. .  4.3.1 

A series of validation studies were undertaken to examine the predictive accuracy of the various 

emission factors recommended in the preceding section. Validation focused on the PM-IO model. 

The first two PM-IO validations used the data base assembled for developing the model. The fist 

made use of a cross-validation analysis of the PM-IO data set In this approach, each data point is 

eliminated one at a time. The regression obtained from the 'reduced" data base is used to estimate the 

missing data value. In this way, a set of 'n' quasi-independent observations is obtained from the data set of 

%" tcsts. . 
- -  

The PM-IO cmss-validation (CV) show that the model is fairly accurate for a very broad range of 

source conditions. Table 1 indicates that, although the model may slightly under- or werpredict emission 

for some specific subset of the data base, the general agreement is quite good. The CV analysis W e r  

found that, for the quasi-independent estimates of the measured emission factors, 

1. 52 percent are within a fa&r of 2; 

2. 73 percent are within a factor of 3; 
3. 90 percent are within a factor of 5; and 

4. 98 percent are within a factor of 10. Sb 



. 4 . 4  DEVELOPMENT OF DEFAULT VALUES FOR ROAD SURFACE MATWAL PROPERTIES 

As noted earlier. all previous versions of the AP-42 unpaved road emission factor have included the 

road surface silt content as an input variable. The predictive equations recommended in the last section are 

no exception. AP-42 Section 13.2 bas always strcssed the importance of using site-specific input 

parameters to develop emission &mates. Recognizing that not all users will have access to site-specific 

information, AP-42 bas included methods to allow readers to determine default values appropriate to their 

- 
Table 13.2.2-1 currently in M-42 conainS default silt information for various applications. As 

part of this update, the table was modified to (a) include updated inforamtion on construction sites and log 

yards and @)Tefonnat the information for publicly accessible roads. Item (a) was a relatively 

straightloward process. On the other hand, item (b) required a thorough reexamination, as described 

below. 

Furthermore, it was necessary to develop default information for moisture content. Because 

mosture content is raised to such a low power (exponent of 0.3 in Equation 4-3), the use of default values 

should not result in unacceptable levels of uncertainty in 

when the recommended default value of 1 percent moisture is used for unconwlled industrial roads, then 

resulting emission estimates. For example, 

96 percent of the resulting emisison factor estimates are within a factor of 2 . 72 percent of the resulting emission factor estimates arc within a factor of 1.5 

52 percent cf h e  resulting emission factor estimates are within a famr of 1.25 . 
of the emission factor estimate based on the site-specific moisture content Similarly, when a default value 

of 0.5 percent is used for publicly accessible roads in mC developmental dam set, all 43 of the resulting 

emission factor estimates are within a factor of 2 of &e value based on site-specific moisute content. 

T h e  inclusion of the surface moisture wntent as an input variable is  not considered to represent an undue 
burden on the users of AP-42. In particular, the methods presented in AP-42 Appendix C.2 require oven 
drying before sieving. In other words, determination of the silt wntent of a road surface sample requires 
that the m o i m e  content of the sample also be determined. Thus, users of AP-42 who have already 

information available as well. 
determined site-specific values for road surface silt content 

oc 
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\ In order to develop default information for publicly accessible unpaved roads, a data set of 

available silt and moisture contents was assembled. The 78 data points were collected either as pan of a 

field emission testing program or as input necessary to prepare emission inventories. Note that xveral of 

the inventory-type samples were aggregated from subsamples collected from different road segmenrs within 

some ponion of the study area. - ._ 

Data are classified as being from either an   cast em" or a “wcstcm” location, bascd on the common 

4 a b e t w e e n  ‘pedalfer” and ‘pedocal“ soils. For pcdalfer soils common in the eastern U.S., - prccipication exceeds evaporation. Conversely, evaporation is greater than precipitation in the West and the 

soils are termed “pedocal.’ The 97fh meridian is roughly coincident with the dividing line between pedalfer 

and pedocal soils. Also, to the extent practical, data wen classified as being from a ‘gravel” or ‘din” type 

of unpaved r S d  surface. 

Statistical analysis of the data set was undertaken to examine whether significant differences exist 

between the characteristics of castern vs. western and gravel vs. dirt roads. Because the available data xt 

bad not been developed for this use, Le., specifically to explore how unpaved road surface characteristics 

vary because of different road nuface materials or different locations in the couahy, the data set congins 

unequal subsets of data. The 78 data points arc distributed as shown below: - 
Dirt 

Glwel 

unknown 

LQcah 
Eas !?&st 

10 14 

I5 31 

0 8 

The unequal sample sizes makc it difficult to efficiently examine differences. F i i  the choice of 

statistical tests becomes limited. Generally, the most powerful methods 10 examine treatment and interation 

effects rely on having equal number of observations pcr cell. On an even more fundamental basis, there is 

a question whether the available data represent a reasonably representative. random sample from publicly 

accessible unpaved roads. That assumption would underlie any statistical test undertaken. 
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In keeping with the findings summanzed ' above, it was decided to provide separate default silt values for 

gravel and dirt roads, for use throughout the United States (i.e.. no distinction between east and west). 

Furthermore, only one default moisture content would be provided for usc on any type of publicly 

accessible unpaved road in the country. The default values for silt content are based on the corresponding 

- h a v e l R o a d s  6.4 percent 
Dirt Roads 1 1  percent 

The mean ovyall moisture content for the data set is 1.1 percent. However. this value substantially differs 

from the mean moisture content of 0.6 percent for tcsts of emissions from public unpaved roads. It is 

recommended that this npf sewe as the basii for a default value in AP-42. Inncad, a default value of - 

4.5 SUMMARY OF CHANGES TO AP-42 SECTION 

4.5.1 

Changes to the text in Section 13.2.2 had several block within the section updated to describe rhe 

new unpaved road equation. Many of the changes arc the d t  of the addition of moisture as an equation 

parameter Bnd the removal . -  of speed, mean number of +IS, and precipitation as parameten. AJSO, 

Table 13.2.2-1 was modified and updated to provide default silt content and moisture contens from various 

locations within the wntinenQ1 United Stam. Section 13.2.2 follows with text removed from the old 

AP-42 version suiked out. New wording added since the last version is in bold betwecn brackea [ 1. The 
figures arc not presented here, but are included in Section 5 of this report. 

13.2.2 Unpaved Roads 

13.2.2.1 General 

Dust plumes hailing behind vehicles traveling on unpaved roads are a familiar sight in rural 

areas of the United States. When a vehicle travels an unpaved mad, the force of the wheels on the 
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It k important to note that Equation 1 calk lor the average rharaaeristia of all 

vehicles traveling the road. For example, if 98 percent of MIC on the road are 2-ton cars 

and trucks while the renahhg 2 percent corrtkts of 20-ton trucks, then the mean weight b 

2.36 tons. More Speeirdy, Equation 1 b not intended to be used to calculate a separate 

emission factor for each vehicle dass. Instead, only one emission factor should be calculated 

that represents the "fleet" average of aIl vehicles haveling the road.] 

/ 
- 

. 

Moreover, to re& the quality rating of the equation when addressing a specific unpaved 

road, it is necessary that reliable correction parameter values be determined for the road in 

question. The field and laboratory procedures for determining road surface silt content arc given in 

M-42 Appendices C. 1 and C.2. In the event that site-specific values for wrrection parameters 
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control efficiencies associated with petroleum mins applied to unpaved roads.Ig Several items 

should be noted: 

1. The term "ground inventory" represcots the total volume (per unit area) of peuoleum 

resin wncenuate (nor sohion) applied since the start of the dust control season. 

r 2. Because petroleum resin products must be periodically reapplied to unpaved roads. h e  1 

use of a &-averaged control efficiency value is appropriate. Figure 13.2.2-2 

presents control efficiency values averaged over 2 common application intervals. 2 

w a h  and 1 month. Othcr application intervals will require interpolation. 

Ground inventory, Average control 
Period **WYd efficiency, 96' 

efy0.037 0 &Y 
JUne ezq0.0733 62 

J d Y  eSe[O.ll] 68 

August -0.151 14 

September &Eqo.rtq 80 

- -  

3. Note that zero efficiency is assigned until the ground inventory reaches 

-%.M d o n  per square yard €PW*~HWY&I. 

Average controlled 
emission factor. 

w + + W l b r n  
537.13 

H P . 7  
WP.31 
OS2[1.8] 

8r48[1.4] 

As an example of the application of Figure 13.2.2-2, supposc that the equation was used to 

esrimate an emission factor of 

NSO, suppose that, starting on m y  1. the road is treated with ~ 9 0 . ~ 2 1  g a ~ y a ~ ]  of a solution 

(1 part petroleum resin to 5 parts water) on the 6.m of each month through September. Then, the 

following average controlled emission factors arc fouad: 

.1 I b m  for PM-10 from a parricular road. 

Newer dust suppressants are succcssful in controlling emissions from unpaved roads. 

Specific test results for those chemicals, as well as for petroleum resins and watering, arc provided 

in References i%mmgHF[l7 through 201. 
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4.5.2 

Analysis of the test data exhibited an emission factor equation appropriate for average conditions. 

The equation no longer contains speed and mean number of wheels as parameters. The current data base 

shows a correlation of emissions to the surface moisture content, which was added as a parameter. The 

addition of surface moisture content to the new equation nullifies the need to account for annual 

precipitation, which was removed from the equation. As with the old equation, the new equation allows for 

the emission calculations of different particle sizes (PM-2.5, PM-10, PM-15, and PM-30) with the use of 

-appropriate coustantF. The old Scction 13.2.2 Equation (1) is presented below (saiked out) followed by the 

new Section 13.2.2 Equation (1). 

WMtM@+@&jj Old Equatiorf ( 1 )  

wtrcrc: 

k = particle sizc multiplier (dimensionless) 

k - 
P - 

. 

New Equation (1) e = k (s/l2)* (w/3)b 

where k, a, b and c are empirical constan& given below 

e = size-specific emission factor (lb/vmt) 

s = surface material silt content (96) 
W = mean vehicle weight (tons) 

M = surface material moisture content (96) 
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__-- _-_ - - -- 45 of 94 (48 ~ ~ c e n t )  are withina factor of 2 

57 of 94 (61 percent) are within a factor of 3 
73 of 94 (78 percem) are withina factor of5 

patEM-15 
42 of 94 (45 percent) are wiw a facw of 2 

62 of 94 (66 prcent) are wilhin a factor of 3 
82 of 94 (87 psrccnt) are w i h h  a fam of 5 

Because these are wentially ihpcndmt applicab'.ons of the predictive equatia @.e., the individual 

test results were not directly used in tbe development of the quation), a broader spread of the predicted-* 
observed is to be e~rpscmd. Neverbhs,  both the PM-2.5 and PM-15 factors in Equabon 4-5 provide very 
acceptable esdmates of measured emiesiOn factors. 

4.4 SUMMARY OF CHANGES To AP-42 SECTION 

4.4.1 &&UX&YG 

Changes m the text m Section 132.2 had s e d  blocka widin me section updated to describe the 
new unpaved road equation. Many of the changes are. tlre result of the addition of mobare as an equation 

parameter and the removal of speed, mean number of wheels, and precipitation a8 parameters. Also, 
Table 13.2.2-1 was modified and updated to prwide default silt content and moisiure content8 fromvarioua 

locations within the continental United Smm. section 13.2.2 follows with text removed from the old 

AP-42 version aiked out. New wording added Since the last version iS in bold between brackera [ 1. The 
figures are notprrsemsdhore, but are indudedinSection5 of this tepolL 

13.2.2 Unpaved Roads 

13,2.2.1 General 

h a  p1ume.s miling behind vehides uaveling on unpaved roads are a famiIiar Sight in mal 
areaa of tbe United States, whsn a vehicle aavels an unpaved road, the force of the wbeels on the 
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road surhce causa pulverkabn of surface material. Particlea are lifted and dropped fim the 

rolling whwls, and the road& is exposed m strong curnula in turbulent shear with the 
surface. The turbulent wake behind the vehicle continw to act on the road surface aftsr the 

vehicle has passed. 

The -thy of dust emissions irom a given segment of unpaved road varies W l y  with 

tbe volume of b f f i c .  Field iavest%afians also have show that emissions depend OD correction 

parameters 3 
that characterize the condition of a particular road 

and the associated &de oaffie.* 

Duet e m i s h  from unpaved mads have been found to vary -. 

[direcdy with] siIt @&des smaller than 75 micrometers bm] in diameter) in U I ~  road surface 

matorials.f The silt fraction is detcrmiaed by measuring rhe proportion of loose dry nuface dust 
h t  passes a ZWrnesh screen. using the ASTMG136 meW. Table 13.2.21 summarizes 

measured d t  valaca fot induhial aod nrraf [public] unpaved roads. 

Since the dl content of a rural din road will vary with Iocatian, it should be measured for 

use in projecting emissions. As a con5ervative approximation, the silt content of t ie  parent soil in 
the area can be used Tests, however, ahow that road silt content is narmally lower than in the 
surrounding parent soil. because the finss are crmtinually removed by the vehicle !xfic, leaving a 
higher percentage of coarse particles. 

wnpaved rod dust emhiom have also been farnd to vary hdireetlg with the 6utface 

moisture con- d the road material Table U.2.21 aka presenls me.mred road d a c e  
m o h r e  wntenla Par bosh industrial and publicly accesible unpaved r o d .  Note that the 

425 
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No. of 
~ w t s  

N0.665 P . 1 4  

Mean St,dev. 

moisturevaIue4 given in &e table --conditions; that is to say, the r& had 
nnt been watered nor had rainfall occurred shortly before the sampla] 

13.2.2-1. TYPICAL. SILT CONTENT AND MOBIVIZE VAz;LTEs OF SURFACE 
I¶AT&RIALONINDUSIRLUANDRURALUNPAVEDRO~~ 

East of 97th Meridian 21 7,78 2.73 21 0.751 

weat of 97th Muidiarr 57 8.20 9.87 39 1.24 

0.806 

1.10 

Moisture, % 

No. of 

Gravel O v d  conus 
Dirt Overall -US 
Gravel - East 

Dia - East 

Ciravd -West 

Dia - West 

46 

32 

15 

6 

31 

26 

- 
Region 4 3 3.72 0.124 3 0.100 

Region 5 6 8.00 2.83 6 0,683 

Region 7 17 14.5 15.47 17 1.72 

Region 8 1 5.00 NA 1 0.260 

2s 6.87 3.52 7 0.334 Region 9 
Region 10 26 5.70 4.41 26 1.07 

- 
6.40 

10.5 

7.69 

8 . 0  

5 .n 
11.1 

o.oO0 

0.267 

1.51 

NA 
0.133 

0.609 

- 
2.74 

12.1 

2.78 

2.83 

4.54 

13.32 - 
21 

12 
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b 
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p1M-2.5 PM-10 pM-15 PM30 

0.24 1.6 2.4 5.3 

0.8 0.8 0.8 0.8 

0.4 0.4 0.4 0.5 

4.3 4.3 4.3 4.4 

B A B A 

partiam emissii  om an unpaved road, per vehirle mile trapeled 0: 

where k, a, b and care empirical constant8 - 6 )  given below and 

Canstants for Equation 1 based on the sfated aerodynamic particle size 

a) 
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Range of Bmrred eoaditim for Itquatian 1 

Vehicle Vebicle Road 
aoad silt aeieht, -, speed, MeanNo. makbue 

a3nleIu,% Mesn,Mg tal lonlhr mpl ofwheels content,% 

1.235 1.4260 1.5390 8-88 s59 0.70 0.0320 
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Moreover, to retain !he quality raljng of the equation when aadrsseing a specific unpaved 

road, it is ne&ary tbat reliable correction paramem valves be determined for 

quastinn. The field and laboratmy produre.~ for delermining road Bucface silt content a given in 
-42  ~ppendicea (7.1 and C.2. In +he event that sit%spedfic valuea for correctianparameam 
c;llllllot be obtaimd, the appropriate mean values from Table 13.2.2-1 may be used, but the q d t y  

rafing of t i e  equation is reduced by 1 letter. 

road in 



J 

13.2.2.3 connolste4) 



MQR.28.1997 2:32PM MIDWEST REKRRCH NC N0.667 P.3/3 
J\dus\460402\unpvbkgd 
3/28/97 

rmriscure retsntion, Paving, 88 a d technique. is often Mt eumomically praeticel. S u r h ~ e  

chemical treatcueru and watering canbe accomphhed at moderate to low COS& but f r e p t  

treatments are required. Traffic controls, such as sped liruim and traffic volume mtrictiOnS, 
provide moderam emission reductions, but may be dfficul~m enfor=, The d & h y  

obtainad by speed reduction can be calculated using the predictive emission factox equation &en 

above. 

The control efficiencies achievable by paving can be estimated by comparing emission 

factors for unpaved ad paved road conditioos, dative to airborne particle size range of interest. 
The predictive emission factor equation for paved roads, given in Section 13,2.4, requires 
wtimation of lhe silt loading on b traveled portion of the paved surface, which in hun depeods on 
whether the pavement is periodically cleaned, Unless curbing is to be insglled, the effects of 

vehicle excursion onto shoddm (berms) also muat be. taken into account in estimating ccrmrol 
effifiency. 

The wtrnl efficiencies af&rded by the periodic use of road stabilization chemicals are 
much more difficult to wtimate. The application parameters that determine control efficiency 
indude dilution ratio, applieaiian intensity. mam of dilutsd chemical per mad area. and application 

frequency. 0the.r factors that affect the performance of chemical stabilizers indude vehicle 

cbaracteriatica (e. g., uafic volume, average weight) d road charaasrirrtics (e. g., be;uing 
meaw. 

Beaides water, peuoleum min prodm historically have been the dust suppressants met 

widely used on tndwirial unpaved roads. Figure 13.2.22 prosenu a memod 10 estimate average 

COW ~ n c i e s  associated wi& petroleum iesios applied to unpaved 

should be noted; 

Several items 

1. The (Lum "gmund inventoty" repnrsents the totat vohrms @ts unit area) of petmleum 

resin concmtrate (not SOU) applied since tbe atart of the dust control 8ea9011. 

2, Because peiroleum resin pmductp must be periodically reapplied to unpaved roads, the 

we o f a  timeaveraged control efficiency value is appropriate. Figure 13.2.2-2 
presmta control efficiency values averaged over 2 commo~ application intervals, 2 

weeks and 1 month. Other application intervals will requiro interpolation. 
.. 
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AB an example of the application of pigun 13.2.2-2, suppase &at the equation was used to 
estimate an smiesion faeuv of 2.0 kg/WCT 

Also, mappose t h a ~  starting on May 1. the road is treatad with 1 Urn' of a solution (1 parr 
petrolwm resin to 5 parts water) on the first of each month through September. lien, &e 

factom are found: following average conaolled emmum 

I b m  for PM-10 &om a parti&r road. 

* I  

Ground inventory, Average. control 

0.17 0 

Period L/mz efficiency, 96' 

Average contmlled 
emission factor, 

kgNKT 
2.0 

I JUne 0.33 

JdY 0.50 

AWWt 0.67 

62 0.76 

68 0.64 
74 0.52 

Specific test rcsults for those chemicals, as well a8 for petroleum resins and watering, am provided 
I inaeferencee 

September 

* .  4.4.2 

0.83 80 

Analyaia of the lest data exhibited an emission faclor equation appropriate for averagd conditions. 

The equationno longer contains wand meannumber of wheels as parameters. The current database 
shows a codaiion of emirrpiom to the surface moisture content, which w88 added as a parameter. The 
addition of sucface moisture content to the new equation nuUifies the need to accoum for annual 
precipitation, which was removed ftom (he equah .  As with &e old equaion, the new equation allows br 

&e emision calculatiana of difirent parricle sizes @M-2.5, PM-10, PM-15, and PM-30) with ths ue of 
appropriam constant% Ths old Section 13.2.2 Equation (1) is presented bel0 

new Section 13.2.2 Equadon (1). 
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OldEquation (1) _( . ICmwftsm 

=4!lmc 

k = particle mdliplier (dimensiOdeS8) 

New Equation (1) e = k (s/12)" (WQb (?vl!l)' 

where k, a, b and c ace empirical constaut8 given below 
s = simqe&ic emission factor (lb/vmt) 

a = surface material silt conmt (96) 

W = meanvehicle Wght (tons) 

M = surface material moisture content (96) 

CnnatanU for Equation 1 based on the stated aerodynamic particle size 
c25msmn luu wl?El5w 
k o  0.24 1.6 2.4 5.3 

a 0.8 0.8 0.8 0.8 

b 0.4 0.4 0,4 0.5 

C -0.3 -0.3 -0.3 -0.4 ' 

I 
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4.5 SUMMARY OF CHANGES TO AP-42 SECTION 

I 4.5.1 Section Narrative 

Changes to the text in Section 13.2.2 had several blocks within the section updated to describe 
the new unpaved road equation. Many of the changes are the result of the addition of moisture as an 
equation parameter and the removal of speed, mean number of wheels, and precipitation as parameters 
Also, Table 13.2.2-1 was modified and updated to provide default silt content and moisture contents 
from various locations within the continental United States. Section 13.2.2 follows with text removed 
from the old AP-42 version striked out. New wording added since the last version is in bold between 
brackets [ 1. The figures are not presented here, but are included in Section 5 of this report. 

13.2.2 Unpaved Roads 

13.2.2.1 General 

Dust plumes trailing behind vehicles traveling on unpaved roads are a familiar sight in rural 
areas of the United States. When a vehicle travels an unpaved road, the force of the wheels on the road 
surface causes pulverization of surface material. Particles are lifted and dropped from the rolling wheels, 
and the road surface is exposed to strong air currents in turbulent shear with the surface. The turbulent 
wake behind the vehicle continues to act on the road surface after the vehicle has passed. 

13.2.2.2 Emissions Calculation And Correction Parameters''-61 

The quantity of dust emissions from a given segment of unpaved road varies linearly with the 
volume of traffic. Field investigations also have shown that emissions 

3 correlate with an engineering analysis of those 
physical forces created by the moving vehicular traffic and resisted by the physical characteristics 
of the particular road. P i-4 

. .  Dust emissions from unpaved roads have been found to vary [directly 
with the fraction ofj silt (particles smaller than 75 micrometers [pm] in diameter) in the road surface 
materials.' The silt fraction is determined by measuring the proportion of loose dry surface dust that 
passes a 200-mesh screen, using the ASTM-C-136 method. Table 13.2.2-1 summarizes measured silt 
values for industrial and rarrh [public] unpaved roads. 

Since the silt content of a rural dirt road will vary with [geographic] location, it should be 
measured for use in projecting emissions. As a conservative approximation, the silt content of the parent 
soil in the area can be used. Tests, however, show that road silt content is normally lower than in the 
surrounding parent soil, because the fines are continually removed by the vehicle traffic, leaving a higher 
percentage of coarse particles. The methodology used by the U.S. Department of Agriculture 
(USDA) to determine silt content varies from the ASTM method. No conversion currently exists. 



[Draft] Table 13.2.2-1. TYPICAL SILT CONTENT VALUES OF SURFACE MATERIAL 
ON INDUSTRIAL AND RURAL UNPAVED ROADS" 

Industry 

Copper smelting 

Iron and steel production 

Sand and gravel processing 

Stone quarrying and 
processing 

Taconite mining and 
processing 

Western surface coal 
mining 

[Construction sites 

[Lumber sawmills 

FkWtkd3 

Road Use Or 
Surface Material 

~ ~ 

Plant road 

Plant road 

Plant road 

[Yard area 

Plant road 

Haakeee 

[Haul road 

Service road 

Haul road 

Haul road 

Access road 

Scraper route 

Haul road 
(freshly graded) 

Scraper routes 

Log yards 

6irwelfem4ke8 

Di# 

Plant 
Sites 

1 

19 

1 

1 

2 

t 

4 

I 

I 

3 

2 

3 

2 

7 

2 

3 

3 

3 

No. Of 
Samples 

3 

135 

3 

1 

IO 

tB 

20 

8 

12 

21 

2 

I O  

5 

20 

2 

9 

32 

34 

Silt Content (%) 

Range 

16-  19 

0.2 - 19 

4.1 - 6.0 

- 

2.4- 16 

W-k5 

5.0-15 

2.4 - 7.1 

3.9 - 9.1 

2.8 - 18 

4.9 - 5.3 

7.2 - 25 

I8 - 29 

0.56-23 

4.8-12 

%0--u 

k6-68 

€" 

. .  - 
Mean 

17 

6.0 

4.8 

7.11 

I O  

975 

8.31 

4.3 

5.8 

8.4 

5. I 

17 

24 

8.51 

8.41 

89 

4 3  

H 



Industry 

46 

24 

Road Use Or 
Surface Material 

0.10- 15 6.4 

0.83-68 111 

Municipal solid waste 
landfills Disposal routes 

[Publicly accessible roads Gravel/crushed 
limestone 

References I , S -  16. 

Plant 
Sites 

4 

9 

8 

I Silt Content (”/.I 
No. Of 
Samples I Range I Mean 

20 I 2.2 - 2 1  I 6.4 

[The following empirical expression may be used to estimate the quantity of size-specific 
particulate emissions from an unpaved road, per vehicle mile traveled (VMT): 

e = k (s/lZ)” (W/3)b M 

where k, a, b and c are empirical constants (REF 6) given below and 

e = 

s = 
W = 
M = 

size-specific emission factor (Iblvmt) 
surface material silt content (%) 
mean vehicle weight (tons) 
surface material moisture content (‘YO) 

The constants for Equation 1 based on the stated aerodynamic particle size are as follows: 



Constant 

k (IhNMT) 

a 

h 

C 

Quality rating 

The above table also contains the quality ratings for the various size-specific versions of Equation 
(1). The equation retains the assigned quality rating, if applied with the ranges of source 
conditions that were tested in developing the equation: 

PM-2.5 PM-10 PM-15 PM-30 

0.24 1.6 2.4 5.3 

0.8 0.8 0.8 0.8 

0.4 0.4 0.4 0.5 

-0.3 -0.3 -0.3 -0.4 

B A B A 

Range of source conditions for Equation 1 

Road silt 
content, 7’0 

1.2-35 

Mean 
vehicle Mean Road 
weight, Mean, vehicle Mean No. moisture 

Mean, Mg ton km/hr speed, mph of wheels content, % 

1.4-260 1.5-290 8-88 5-553 4-Ia 0.03-20 

“See discussion in text. 

Although mean vehicle speed and the mean number of wheels do not explicitly appear in 

the predictive equation, these variables should he considered when determining quality ratings. 

During the validation of Equation 1, it was found that the predictive equation tends to overpredict 

emissions for very low mean vehicle speed. The equation does not exhibit this bias for mean 

vehicle speeds of a t  least 15 mph. The equation’s predictive behavior should he remembered if the 

emission factor is used for an instance with mean vehicle speed less than 15 mph. Although the 

mean number of wheels was not found to exhibit a systematic bias, the reader is similarly advised 

of the equation’s predictive behavior outside the range of mean number of wheels given above. 

Equation 1 was developed by the stepwise regression of the results from field 

measurements of PM-10 emissions and TSP emissions (or its surrogate - PM-30 emissions) from 

vehicles traveling over unpaved surfaces. Both uncontrolled and watered roads were included in 

the data base of 180 PM-10 and 92 TSP tests. The values given for the remaining particle size 

ranges were developed from mean measured PM-2.5 to PM-10 ratios and PM-15 to PM-10 ratios. 



It is important to note that Equation 1 calls for the average characteristics of all vehicles 

traveling the road. For example, if 98 percent of traffic on the road are 2-ton cars and trucks while 

the remaining 2 percent consists of 20-ton trucks, then the mean weight is 2.36 tons. More 

specifically, Equation 1 is not intended to be used to calculate a separate emission factor for each 

vehicle class. Instead, only one emission factor should be calculated that represents the "fleet" 

average of all vehicles traveling the road.1 

Moreover, to retain the quality rating of the equation when addressing a specific unpaved road, it 

is necessary that reliable correction parameter values be determined for the road in question. The field 

and laboratory procedures for determining road surface silt content are given in AP-42 Appendices C. 1 

and C.2. In the event that site-specific values for correction parameters cannot be obtained, the 

appropriate mean values from Table 13.2.2-1 may be used, but the quality rating of the equation is 

reduced by 1 letter. 



[As noted earlier, Equation 1 was developed from tests of traffic on unpaved surfaces, 

either uncontrolled or watered. Unpaved roads have a hard, generally nonporous surface that 

usually dries quickly after a rainfall o r  watering. The quality ratings given above pertain to 

uncontrolled (dry) conditions. To estimate annual or seasonal conditions, one should determine an  

appropriate value for the average surface moisture content, taking into account natural 

precipitation and any anthropogenic watering. Recognizing that this may not always he practical, 

Equation 1 can be extrapolated to annual or seasonal conditions under the simplifying assumption 

that emissions occur at the estimated rate on days without measurable precipitation and, 

conversely, are absent on days with measurable (more than 0.254 mm 10.01 inch]) precipitation. 

In other words, when the simplifying assumption is made, the emission factor for uncontrolled 

(dry) conditions should be multiplied by the ratio 

365 - p 
365 

where p = number of days with at least 0.01 inch (0.254 mm) of precipitation per year. 

Figure 13.2.2-1 gives the geographical distribution for the mean annual number of “wet” days for 

the United States. 

Clearly, the effect of water/natural mitigation depend on not only how much precipitation 

falls, but also on factors afffecting the evaporation rate, such as ambient air  temperature, wind 

speed, humidity, and traffic rates. When the simplifying assumption is applied to annuaVseasona1 

estimates, the quality rating should be downgraded by 1 letter.] 

For calculating annual average emissions, the equation i s  to be multiplied by annual vehicle 

distance traveled (VDT). Annual average values for each o f  tlie correction parameters are to be 

substituted for the equation. Worst-case emissions, corresponding to dry road conditions, may be 

calculated by setting p = 01.) > ’ . A  

separate set o f  m m e h m h ~  ’ orrection parameters and a higher than normal VDT value may also be 

justified for the worst-case average period (usually 24 hours). Similarly, in using the equation to 

calculate emissions for a 91-day season o f  tlie year, replace the term (365-p)/365 with the term (91-p)/91, 

and set p equal to the number o f  wet days in the 91-day period. Use appropriate seasonal values for the 

nonclimatic correction parameters and for VDT. 



13.2.2.3 C o n t r o l s ~ ~ ’ ” ” ~  

Common control techniques for unpaved roads are paving, surface treating with penetration 

chemicals, working stabilization chemicals into the roadbed, watering, and traffic control regulations. 

[The effect that moisture addition has on emissions can be evaluated by use of Equation 1 if the 

cycle of moisture content is known.] Chemical stabilizers work either by binding the surface material 

or by enhancing moisture retention. Paving, as a control technique, i s  often not economically practical. 

Surface chemical treatment and watering can be accomplished at moderate to low costs, but frequent 

treatments are required. Traffic controls, such as speed limits and traffic volume restrictions, provide 

moderate emission reductions, but may be difficult to enforce.- 

The control efficiencies achievable by paving can be estimated by comparing emission factors 

for unpaved and paved road conditions, relative to airborne particle size range o f  interest. The predictive 

emission factor equation for paved roads, given in Section 13.2.4, requires estimation of the s i l t  loading 

on the traveled portion o f  the paved surface, which in turn depends on whether the pavement is 

periodically cleaned. Unless curbing i s  to be installed, the effects o f  vehicle excursion onto shoulders 

(berms) also must be taken into account in estimating [the[ control efficiency [of paving]. 

The control efficiencies afforded by the periodic use o f  road stabilization chemicals are much 

more difficult to estimate. The application parameters that determine control efficiency include dilution 

ratio, application intensity, mass o f  diluted chemical per road area, and application frequency. Other 

factors that affect the performance o f  chemical stabilizers include veliicle characteristics (e. g., traffic 

volume, average weight) and road characteristics (e. g., bearing strength). 

Besides water, petroleum resin products historically have been the dust suppressants most widely 

used on industrial unpaved roads. Figure 13.2.2-2 presents a method to estimate average control 

efficiencies associated with petroleum resins applied to unpaved roads.” Several items should be noted: 

1 .  The term ”ground inventory” represents the total volume (per unit area) o f  petroleum resin 

concentrate (not solution) applied since the start o f  the dust control season. 



2. Because petroleum resin products must be periodically reapplied to unpaved roads, the use 

of a time-averaged control efficiency value is appropriate. Figure 13.2.2-2 presents control 

efficiency values averaged over 2 common application intervals, 2 weeks and 1 month. 

Other application intervals will require interpolation. 

Ground inventory, 
Uw'lgallyd'l 

3. Note that zero efficiency is assigned until tbe ground inventory reaches 

m&e~&h'H0.05 gallon per square yard fg&#j+[(gaUyd')1. 

Average control 
efficiency, %a 

As an example of the application of Figure 13.2.2-2, suppose that the equation was used to 

estimate an emission factor of 17.1 IbNMTj for PM-10 from a particular road. Also, 

suppose that, starting 011 May I, the road is treated with -l-bh2-10.221 gal/yd2] of a solution (1  part 

petroleum resin to 5 parts water) on tlie first of each month through September. Then, the following 

average controlled emission factors are found: 

Ju ly  

August 

September 

Period 

IM3IO.lll 68 W [ 2 . 3 ]  

WIO.151 74 W [ l . S ]  

W[O. lS l  80 W l l . 4 ]  

Average controlled 
emission factor, 

kgWH[lbNMT]  

May 

June I WIO.037l 

%3310.073] I 0 

62 

Newer dust suppressants are successful in controlling emissions from unpaved roads. Specific 

test results for those chemicals, as well as for petroleum resins and watering, are provided in References 

-117 through 201. 

4.5.2 Emission Factors 

Analysis of the test data exhibited an emission factor equation appropriate for average 

conditions. The equation no longer contains speed and mean number of wheels as parameters. The 

current data base shows a correlation of emissions to the surface moisture content, which was added as a 



" 

parameter. The annual precipitation is now considered only when the emission factor equation is 

annualized for a particular source. As with the old equation, the new equation allows for the emission 

calculations of different particle sizes (PM-2.5, PM-IO, PM-15, and PM-30) with the use of appropriate 

constants. The old Section 13.2.2 Equation ( I )  is presented below (striked out) followed by the new 

Section 13.2.2 Equation ( I ) .  

n r r  1 r L ,  

n nnc n 1c n c n  0- 
".",_I ," "._I" ". 

New Equation (1) e = k (s/12)" (W/3)b M' 

where k, a, b and c are empirical constants given below 

e = size-specific emission factor (Ib/vmt) 

s = surface material silt content (??) 

W = mean vehicle weight (tons) 

M = surface material moisture content ("A) 



Constants for Equation 1 based on the stated aerodynamic particle size 

Constant PM-2.5 PM-15 PM-30 
k (Ib/VMT) 0.24 1.6 2.4 5.3 

a 0.8 0.8 0.8 0.8 

b 0.4 0.4 0.4 0.5 

C -0.3 -0.3 -0.3 -0.4 



INTEROFFICE COMMUNICATION 

Type of Road 

Industrial 

Public 

MIDWEST RESEARCH INSTITUTE 

Geometric Range Geometric Range 

40 2 - 280 20 5 - 4 3  

1.8 1.5-2.5 36 15 - 55 

Mean Mean 

January 2,1997 

To: Ron Myers, EPA 

From: Greg Muleski 

Subject: 

This memo summarizes the results of the stepwise regressions that you and I have talked 
about over the past few months. As we discussed, I assembled the unpaved road PMlO 
emission factor data base without regard to the type of vehicle (e.g., haul trucks) as long 
as the vehicle is moving along an unpaved surface. Thus, test results for public rural 
roads with light-duty traffic would be included with tests of haul trucks at steel plants, 
quarries and surface mines. Furthermore, scrapers in the "travel" mode (i.e., fully loaded 
or unloaded and moving) would be included. The ranges of vehicle weightskpeeds are 
shown below: 

Regression results for unpaved road PMlO emission tests 

I Vehicle Weight (tons) I Vehicle Speed (mph) 

The assembled data set is shown in Attachment A. Note that only tests of uncontrolled 
and watered roads were considered. The assembled data sets comprises 203 individual 
test results. This includes the 6 "total" PMlO tests I developed from the report to the 
National Stone Association and presented in the set of comments that I sent you last 
month. It also includes the Reno, NV unpaved road tests conducted as part of Bill 
Kuykendal's PM2.5/PM10 study. On the other hand, the tests from Raleigh, NC and the 
first tests that Chat conducted at our Field Station in Grandview, MO are not included 
because those tests (BJ-1 through BJ4  in Raleigh and BG-1 through BG-5 at the Field 
Station) have not yet been formally reported. However, I did reserve the 9 tests for 
validation purposes. This is discussed later in the memo. 

Emission Factor DeveloDment 

Stepwise multiple linear regression was used with the data set. The potential correction 
factors include: 

- surface silt content, s 
- surface moisture content, M 
- mean vehicle weight, W 



- mean vehicle speed, S 
- mean number of wheels, w 

All variables were log-transformed in order to obtain a multiplicative model as in the past. 

The data base was then sorted by whether the test represented uncontrolled or watered 
conditions. The first analysis involved the stepwise regression of the uncontrolled tests 
using the potential correction parameters of s, W, S, and w (silt, weight, speed and 
number of wheels). Note that moisture content was not considered. In this case, W 
entered the regression first, and silt on the second step. The resulting model is of the 
following form: 

e a  S ~ ~ ' V V O ~  (2) 

(This first regression is roughly analogous to repeating how the unpaved road emission 
factor was derived. As before, only uncontrolled tests were included in the data set. In 
this case, however, the effort focused on the PMIO size fraction of emissions. The 
resulting emission factor is roughly comparable to the current AP-42 unpaved road 
emission factor equation. The silt content has almost a linear ("power of 1") relationship 
with the emission factor. In addition, emissions follow a "less-than-linear'' relationship with 
vehicle weight. In Equation ( I ) ,  however, the exponent for W is roughly half that in the 
current AP-42 equation. 

Next, uncontrolled and watered tests were considered separately, but this time with 
moisture content included as a potential correction parameter. For the 137 uncontrolled 
tests, weight and silt were again the first two variables to enter the regression. Moisture 
entered on the third step and speed on the fourth, with the resulting model of the form: 

(2) 
e a 85 49 s0 29 1 MQ 25 

Inclusion of speed is somewhat tentative, in that its level of significance is just slightly 
greater than 10%. Had the requirement for a variable to enter been tightened, speed 
would not have entered. 

For the 43 watered tests, only two correction parameters entered the regression, silt and 
weight. The resulting model is of the form 

(3) 072 w57 e a  s 

Finally, both uncontrolled and watered tests were considered as one data set, again with 
M included as a potential correction parameter. In this instance, weight and silt again 
entered first and second, with moisture entering on the third step. As before, speed S 
entered on the fourth iteration. The resulting model is of the form 

e a 50 ~ 0 . 3 2  ~ 0 . 2 9  
(4) 

Again, inclusion of the variable S may be viewed as somewhat contingent. As opposed 
to Equation (2), S enters at.the 10% level of significance in this regression. Still, its 
inclusion is definitely the product of the data set being used. For example, the exclusion 
of only one or two certain low-speed tests from the data set would probably result in S not 
entering the regression at all. On the other hand, dropping those tests would essentially 



have not effect on the rest of the model. 

Unlike vehicle weight (which spans two orders of magnitude), most.speeds in the data set 
lie in a fairly tight band between 15 and 35 mph. In addition, the emission factor is found 
to have a reasonably weak (0.3 power) dependence on speed. Had the requirement for a 
variable to enter the regression been tightened from 10% to 5% level of significance, 
speed would not enter the equation, and the resulting model would have the form: 

(5) e a s0.82 w48 / M0.28 

Fairly strong cases could be argued for selecting either Equation (4) or Equation (5). I 
first thought that (4) is preferrable for the following reasons: 

1. 

2. 

For the majority of cases when the average speed is roughly between 15 and 35 
mph, the two equations have roughly the same predictive accuracy. 

Equation (4) would allow an AP-42 user to account for instances with either low- or 
high-speed traffic. Equation (4) is likely to have greater accuracy in those cases. 

However, in performing some of the validation studies, I found that, when part of the data 
base was held back for validation purposes, the number of wheels rather than speed 
would enter on the last step. It appears to me that the fourth variable is just a little too 
much on the "ragged" edge. Equation (5) somewhat sidesteps the issue, but it is still 
based on good science and allows one to perform more straightfotward validation 
analyses. 

The unpaved road emission model I recommend incorporating into AP-42 is based on 
Equation (5) and thus has the general form, 

e = 1.6 (~/12)'.~ @V/3)0.5 / (M/l)0.3 (6) 

where 
e = PMIO emission factor (Ib/vmt) 
s = surface material silt content (YO) 
W = mean vehicle weight (tons) 
M = surface material moisture content (YO) 

Note that the "normalizing factors" of 12% silt and 3 tons are the same as for the current 
AP-42 model. This allows one to compare the leading term of 1.6 Ib/vmt in Equation (6) 
to the factor of 2.1 Ib/vmt inherent in the current version of the unpaved road predictive 
model. This is consistent with my earlier finding that "re-centering" the current factor to 
PMIO data would require reducing the leading term by about 30%. 

Validation Studies 

The first validation study made use of a cross-validation analysis. 1.n this approach, each 
data point is eliminated one at a time. The regression obtained from the "reduced" data 
base is used to estimate the missing data value. In this way, a set of "n" quasi- 
independent observations is obtained from the data set of "n" tests. 

The cross-validation (CV) shows that the model is fairly accurate for a very broad range of 
source conditions. Table 1 indicates that, although the model may slightly under- or 



overpredict emission for some specific subset of the data base, the general agreement is 
quite good. The CV analysis further found that, for the quasi-independent estimates of 
the measured emission factors, 

e 

e 

e 

52% are within a factor of 2 
73% are within a factor of 3 
90% are within a factor of 5 
98% are within a factor of 10 

In examining the residuals (i.e., the error between the predicted and observed emission 
factors), I found that Equation (6) tends to overpredict the lowest and underpredict the 
highest observed factors. In other words, the model appears to have a systematic bias at 
the extremes of the parent data base. This is not believed to be overly restrictive, given 
AP-42’s goal to represent “average” conditions. No other significant relationship was 
found for the residuals. 

A limited second validation study involved reserving approximately 20 to 25% of the data 
base for validation purposes. Test data were randomly selected for inclusion in either the 
“development“ or the “validation” data set. Two separate random selections were 
performed. The development data set is used to develop the relationship which is used 
to estimate tests in the validation set. The first development set led to the following 
predictive model 

e = 1.55 (s / I~)O’~ (W/3)044/ 

and Development Set 2 led to the following model 

e = 1.72 ( ~ l l 2 ) ~ ~ ’  (W/3)”43/ (M/1)026 

Note that both development sets led to models very similar to that in Equation (6). When 
the two models were used to predict data in the validation sets, the following summary 
statistics result: 

No. of Ratio of Predicted to Observed 
Validation Set Cases Minimum Maximum Geo. Mean Geo. Std. Dev. 

1 n=41  0.123 29.3 0.926 2.92 
2 n = 4 0  0.125 6.58 1.27 2.63 

A final validation study involved the 9 emission tests that have not yet been formally 
reported. Table 2 shows the results of the comparisons of predicted to observed PMIO 
emission factors. Predictions based on both Equation (6) and the current AP-42 model 
are considered. In general, agreement is quite good for the new unpaved road model. 

Summary 

A revised unpaved road emission factor of the type presented in Equation (6) 
satisfactorily predicts emissions from a broad range of vehicles traveling over unpaved 
surfaces. It appears that this model could replace not only the “generic” unpaved factor 
in Section 13.2 but also the haul truck factor in the surface coal mine section. 



Run 

BJ-1 
BJ-2 
BJ-3 
BJ-4 

BG-I 
BG-2 
BG-3 
BG-4 
BG-5 

Silt 
(%) 

4.01 
2.9 

4.26 
3.7 

7.2 
6.22 
6.07 
7.56 
7.97 

Table 2. Application of new model to Raleigh and Grandview data 

Ratio of Predicted to 
Observed 

Measured 
Moisture Weight Speed No. of PMlO EF Equ. Current 

(%) (tons) (mph) Whls (Iblvmt) (6) AP-42 

0.1 2 30 4 1.23 0.88 0.43 
0.1 2 30 4 1.29 0.65 0.30 

0.07 2 30 4 0.84 1.51 0.67 
0.09 2 30 4 1.32 0.80 0.37 

7.2 2 30 4 0.503 0.95 1 .89 
0.65 2 30 4 0.925 0.95 0.89 
0.54 2 30 4 1.12 0.81 . 0.71 
1.38 2 30 4 0.118 6.95 8.44 
1.12 2 30 4 0.0884 10.30 11.88 

NOTE: BG-4 and -5 conducted under mist and rainy conditions 



Table 1. Results of Cross-validation 

Ratio of quasi-independent estimate to 
No. measured emission factor 

Uncontrolled/ of 
Type of Vehicle/Road Watered/ Cases 

Geo. Mean Geo. Std. Dev. 

Haul trucks I U I 39 I 0.98 I 2.44 

I W I 34 I 1.10 I 2.49 

Overall 73 1.03 2.45 

Light-medium duty U 29 1.09 2.85 

traffic on industrial 
roads 

Light-medium duty 
traffic on public 
roads 

U 43 0.97 2.36 

I Overall I 72 I 1.02 I 2.54 

Heavy duty traffic on 1.39 
industrial roads 

Scrapers in travel mode I U I 23 I 0.82 I 3.62 

W 9 1.00 5.13 

Overall 32 0.87 3.93 




