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ABSTRACT

This paper summarizes results of experiments designed to evaluate the PH10
enmizsion factor for unpaved roads, Particulate matter from unpaved roads was
generated by repeatedly driving vehicles in front of the samplera for a minimum
of 100 passes in order to generate sufficlent material. Particulate matter was
collected using dichotomous asrésol samplers located in a vertical array
dowtnwind of the roads. Since the dichotomous samplers collect particles in the
two size ranges of less than 2.5 microns and less than 10 pmicrons, emisslon
factors for both size ranges are found. The exposure profiling method was used
to determine the emission factors for 21 separate experiments. The PM10
emigsion factors were found to be larger than expected, ranging from 1 to 10
lbs./vehicle-mile. A model that best fits the data yields the emission factor
te vary approximately as the vehicle speed squared times the square root of the
silt content. The model only explains about half of the variation of the data,
indicating a more fundamental approach {s needed for accurate prediction.

INTRODUCTION

The emisaion of dust into the air from travel on unpaved roads is commonly
regarded as a significant scurce of fugitive emissiona. Vehicle traffic on
unpaved roads both grinds the dust from larger rocks by the force of the tires
sgainst the road surface, and emits dust to the atmosphere during dry
conditions. Particle formation by grinding, termed comminution®, is not a very
efficient mechanism for the productfion of PM10 particles, which are defined as
particles ten microns and smaller in diameter. However, the unpaved road
snvironment, where the surface msterial is subjected to frequent grinding by
vehicle traffic under a variety of moisturs conditions, and, in many instances,
during repeated freeze-thaw cycles, is extremely harsh. Although one would not
expect many sub-micron particles to be produced in this way, the potential does
oxist for the formation of significant numbers of PM10 particles. -

Once. produced by grinding of the road surface material, the PM10 particles are
susceptible to being ejected into the atmosphere by the action of the pasaing
vehicle. The particle ejection mechani{sms are_ not well formulated, although
several mechanisms are recognized as importantl- 3, Among those that may be
important are the following:(l) particle entrainment by the intense air flow
that is undoubtedly produced at the region where the tire contacts the road
surface, (2) wheel slippage’, that causes particlies to adhere to the tires or
tread, and the subsequent ejection of particles from the tire surface by the
centrifugal force associated with tire rotation, (3) entrainment by the morion
of the air dus to the aerodynamic shape of the moving vehicle, (4) saltation,
the ejection of small particles from the road surface by large particles that

bacone partially entrained and ,subsequently, strike the surface, (5) the force
of the tire, as {t compacts the road surface, may force soms air and entrained

particles from the surface material, and: {63- under moist conditions small
particles might sgglomerate with larger onas’'® thus changing the character of
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Tor subsequent centrifugal ejection.

~The combined processes of dust formation and emlissfon to the atmosphare by

.:_‘Ekdﬁglar traffic on unpaved roads: is obviously complex. Particle size would -

~ Enpear to be a key paramater in that many of the ejection mechanisms are

®raagsurement of the silt content of the road surface material, defined as tha

&3dicional properties of the surface materfial particle distribution could be
tpecified as well., The velocity, weight, and number of wheels of ths vehicle,

~ "sImilarly sppear to be important variables for parameterization. Thare appears

TS be room for improvement in the selection of descriptive variables, however,

$ince the parameterization {s hardly specific to any of the number of processes’

that are responsible for emissions.

Cons{derable attention has been given to devaloging equations to describe the
fugitive dust emissions from unpaved roads%.8 7,8,9,10,11,12 Typically, the
emission factor, defined as the amount of dust suspended in the air by a

Veh{cle per distance of road traveled (lbs./vehicle-mile), 18 measured for

Teprasentative ranges of the underlying variables. A model 1is then deaveloped
bﬁﬁad on the correlation of the emigsion factor and the variables. The modal
‘Telommended by the EPA 2 for unpaved road emissions is,

S = 5.9 K (8/12) (v/30) (M/3)0-7 (w/4)0-5 (d/365) * [¢%

whers: E = PM10 emisaion factor (lbs/vehicle-mile)
K = proporticnality constant specific to size range of emitted
particles (.45 for PM10)
silt content (per cent by mass of particles smalier than 75
microns) ’
= vehicle speed (mileas per hour)
= numbar of whaels on ths vehicle
vehicle weight (tons)
= number of days per year with less than ,0l inches of rain,

oL L g
1

The motivation behind our researchl3:1% iy to assess the extent that unpaved
Toad dust emisaions neutralize acid rain, the emphasis, therefore, being on
CYrushed limestone gravel roads which are high in calcium. The emission of small
Particles that cen stay airborne long enough to interact with precipitation is
of primary concern, Emission factor calculations are presented for measurements
¥ Barnard et.al.ld of dust from ynpaved, crushed limestona gravel roads, where
Particles i{n size fractions less than 10 and less than 2.5 micronas were

© Particle size dependent. The recent history of the road may be i{mportant in .
| That traffie during wet conditions or frozen conditions might produce more :
AA.:EHJI particles then are ejectad, and cause unexpectedly large emissions at &'
~&lter date., Heavy vehicles might prepara the road surface to influence the '
smissions of subsequant lighter vehiclas. A reasonable first step to describing : .
tHe process of dust emission is to parameterize particle sizes influences by -

Far cent mass of the materfal less than 75 microns in diameter, although

:=~“Ehn emissions, and (7) static charges could build up on the tire, and sject . :
; Sarticles into the air by electrical repulsion, or make thep adhere to the tire




bt not-veplicafs

4 vVustL¢Lb0M.e4$£ 88.718 4

iz.lected using dichotomous aergsol samplars, s _made

7 aestimate the error assoclated wit ents. Correlations are
3 ation of the emission factor data with vahicle speed,
and with the silt content of the road surface material.

YISCRIPTION OF EXPERIMENT

A full description of the experimental design is given by Barnard et.al.l3 1In
a given experiment dichotomous and high volume aerosol samplers wers placed
upWind and downwind of an unpaved road to measure the background and road dust
serosol concentrations, respectively. During each experiment vehicles were
repeateadly driven past the sampler site at & particular speed, and the
experiment was repeated at the sams site for various speeds. .Of particular
interest here i{s the three stacked dichotomous samplers located at 20 maters

downwind of the road, and positioned to sample at heights of 1.55, 3.03 and |

4.88 meters, respectively, above the ground. Using mass concentration values

dichotomous samplers, corrected . for the background aercsol
concentrations, and with a record of the wind speed during the course of the
experiment, the total mass of FM10 particulate that passes above a point on the
ground dowgw nd of the road can be estimated. This method, known as exposure
profilgngl ,» enables cne to calculats the emission -factor without recourse to
atmospheric dispersion modeling, and is further free of the assumption of
continucus traffic volume on the road. : o

Both the coarse and fine particle filter samples from aach dichotomous sampler
were anslyzed by gravimetric techniques. The aeroscl mass concentrations of the
0-2.5 micron diameter particles, &nd the concentrations of the 2.5 to 10 micron
particles were obteined, A PM1O omission factor as well as a 0-2.5 micron
smizgion factor was calculated, '

Fillter weights were obtained using a Cahn 31 microbalance enclosed in a
constant humidity chamber, The accuracy of the balance is judged to be about
one microgrem. Although the filtars were always placed in the humidity chamber
for at least 24 hours prior to veighing, both for the tare weight and loaded
welght measurements, the adsorption of moisture onto the filters is considered
to be the mejor source of error in the welghing procedurs. An upper limit on
the uncertainty due to the molsture problem ia considered to be in the
neighborhood of 10 microgrems for the loading of any - particular filter,
Considering the most lightly exposed filters, those fronm the top sampler of the
stacked array, the coarse filter loading averaged about 500 micrograma leading
to an experimental uncertainty of about 2 percant. The avsrage loading for the
corresponding fine filters was about 50 micrograms leading to an estimated
weighing error of about 20 Per. cent, An additional uncertainty i{s introduced
when a correction is made for the background aeroscl, especially on the fine
particle filters, since thers the background aercsol mass concentrations
average almost 20 per cent of the corresponding dust concentrations,

g
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RESULTS AND DISCUSSION , {

In previous exposure profiling experiman:nls. the sampling susiaze var pliis
80 the wind flow was normal to the surface, while the sampler fiow was 2i: g
to match the wind flow in order 'to establish fisokinetic condisisrs. Tnies ran
conditions, the mass deposited per unit area of filter represants N4 Babf at
would paas through a unit area of the plume, and is termed tha exjy:suse M ot
appropriate geometrical arrangement of the exposure measuremenzs. i estimite |
-of tha axposure over the whole cross: ssction of the plume wvas es2alliener |
Considering the road emissions to be a line source, all points a: a gives '{
height along the road should have the same exposure, s0 the Teasurex+sT™Ts a7 v
made at several heights abova a given point. The vertical fncegral of e

. i

exposure over the height of the plume, divided by the number of venri:le 7usits
gives the emission factor,
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3 Dichotomous samplers intaka air & fixed race, and are designed T romperssie
i for the departure from —éégﬁ_gggin—-£¥ﬁﬁrJtonditionl in order & a4
3 unbiased sampls over a ¢ rangs of air speeds. By measuriz; ¢ huss |
ﬁ”' deposited on the filters, and knowing both the flow rate and samplirg fime 1o+
:_j:

aerosol concentratfon can be datarmined from the dichotomous sampler 2ita Tru:
concentration, multiplied by the wind epeed, yields a mass flux, an’. Zuziie:
multiplied by the sampling time givas the exposure,
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In each of the twenty-one different casaes analyzed, the three FHLS exposuty
values decreasad linearly with height: the smellest correlation coefilsien:
being .91, and in only thrae cases falling below .97, Accordingly. the exposute
rofiles were take linear. The profila was extrapolated upward. to find =y
height at which the background exposure occurred, and axtrapolated dowmward
predict the ground level valus. The profile integrated from the ground o e

top of the plume, and divided by the number of vehicle passes, gives :=¢
emission factor.

LR

o S Table 1 gives values of the predicted plume height and the resulting emission
; factor for sach of the different experiments analyzed, along with ctheix

%E_r---- respective srror estimates. The leading uncertainty in the emission fac:or
%% - - values resules—frem—the uncertainty in predicting the exposure versus hefghc.

The error estimates, both in the predicted dust cloud height and in the

. Predicted ground lave) exposure, are found from the scandard arror assoclated
the calculatad

slops and intercept of the expesure proflls. The
OTCETTAINTY ttroduced by the exposure integration procedure is larger than the
uncertainty of cthe weighing procedurs for the coarse filters.

Periodically, during the couras of the dust sampling expariments, silt
Msasurements were made on sach road. The silt content of the road surface
material was found to be guite variable, both along & singla road and over the
coarse of time. The extent of this varistion is presently bsing studied. A silt
valua {8 presented for esch experiment; where a silt measurement was not
available for the day of the experiment, it was estimated by interpolating
b.tueug measured values on that road taken bafore and aftar the experiment.

The resulting aflt values for sach experiment are shown in Table I.
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Table I. PM10 emission factor measurements and model predictions.

Exper{ Road Vehicle Silt Flume Emigsion Model Predictions
ment # {d. speed content helight factor. Eqn.(3) Egn.(2) Egn.(l)
(mph) (v wt) (meters) (1bs./vehicle-mile)
7 4OQE 25 9.60 B8.86+.51 1.354.12 2.67 .18 .97
7 4D0E - 35 9.60 6.75+.15 4,00+:17 5.01 ' 5.27 1.35 '
2 400E___ 45 9.60_ . 6.10+.30 _7.13+.72._ _8.02 7,36t
9 900N 25 3.60 6.82+.54  1.06+.16 “Tf%i*"“‘i.sz .36
9 900N "~ 35 3.60 6.62+.85 2.568+.63 3.04 j. el .51
9 900N 45 3,60 .7.94£1.08 5.06+1.15 -—4.B6 5.70  .65:
10 400E 25 7.007777.43%.41 2.64+,26 2.277 24®~TT0
10 400E 35 7.00 5.73x1.12 J.4741 .44 4.27 4.55 .99
10 GODE 45 7.00  6.7041.01  8.1242.29 6,83 - 6.64 1.2
11 777 900N 25 3,75 9.5441.68 2.33+.62 1.6% 1.56 .38
11 900R 35 3.75 B8.06%+.03 3.65+.02 3.10 3.65 .53
11 900N 45 3,75 7.843.69  5.39+.81  4.97 574 .68
™2 LOGE 25 6.00 6.46%+.73 3.28+.72 2.10 2.18 .60
12 400E 35 6.00 6.01+.37 6.38+.82 3.94 4,27 .84
12 400F 45 6,00 6.72+.06 _9.B5+.17 ___6.31 __6.36 __ 1.09
. GOOE 25 4,75 7.114.40 3.53+.36 1.87 1.84 .48
400E 35 4,75 7.33%.39 5.41+.51 3.50 31.93 .67
45 e 4. 75 6.38B4.,28 --.6.694.58_._5.60_ 6.02.___ . _B6
14 900N 25 4,05 5.90+41.36 1.05+.49 1.72 1.64 4]
14 900N 35 4.05 5.62+1.17 1.65¢.74 3.23 3.73 .37
15 900N 43 4.09% 5,384.29 2.25+.28 5.16 5.82 .73

The emission factors are highly correlated with vehicle speed for each
experiment. In order to determine if the emission factor values for each
sxperimant are ctherwise statistically different, the they were tested against
each other in a series of paired t-testrs; emission factor values for
corresponding velocities ware paired in the tests. The null hypothesis, that
the emission factor means of twe sxperiments were equal, was rejected at the
.05 significance level. The results {ndicated that sxperiments 12 and 13 were

in a group by themselves, while the other experiments could be grouped
ogather,

Other groupings appear possible if the natural logarithm of the
emizsion factor {s used to calculate the tesct statistic. Physically this is not
expscted; one would rather expect the emission factor for a glven road or for a

similar ranges of silt values to group together. Such behavior suggests that
additional var{ables need to be considered in the evaluation.

Further analysis was performed on the data sat as a whole., Multiple regression
calculations were performed on various functions of silt content and vehicle
spesd, Two different models were found wvhich have about the same statistical
validity. In one model the emission factor, E, varies s a linear sum of the
vehicle speed, v, and silt content, s, and is given by,

E= 209 v+ 279 6 - 4.71 ()

25 o
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The multiple correlation coafficient of equation (2) is .75. This model must be

considered physically unreasonsble at very small values of v or s, but it has
the virtue of simplicity.

The other model predicts a variation given as,

£ = .00205 v1.87 4.51 (3)

Hers, the multlple correlation coefficient, found by corralating the logarithms
of E, v, and &, s .76. In both cases the adjusted R squara value, a multiple
regression statistic that astimates the f£raction of the total variation of the
dependant varisble accounted for, is just slightly over one-half. If the data
13 separated into two groups as suggested above, the game multiple regression
analysis as that leading to equation (3) gives a correlation of .94 for tha two
experiments 12 and 13 taken together; the exponent of v becomes 1.5 while that
of 8 increases to .7. A multiple regression analysis of the other grouping,
comprising the.. rest of the experiments, ylelds a wmultiple ecorrslation
coeffici{ent of .83 and exponents of velocity and silt of 2 and .5 respectively.
It {s curious that.the data permit such different models to yield asuch squally
good fits, Phyaical principles of the dust ejection mechanisms ought to yleld
guidance as to ths modeling paramaterigzation; together the two methoeds could
detearmina the dominant physical dust sjection mechanism, and suggest how thase,
and possibly other, parameters should be incorporated into the model.

A gcatter plot of the measured emission factor versus equation (3) i{s shown in
Figure 1, Tha variacion is largar than ths error estimates of thes measursments
which ara shown {n table 1, The line in Figure 1 ias & least squares linear fit
of the calculated to the measured wvalues, having a correlation of .79, and
gives an idea of the amount of arror likely to be encountered for our
axperimants by ralying on a single model for the emission factor estimates.
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Values calculated from equation (1), the recommended EPA smzlssion factor ,/’//,
squation, are listed in the last column of Tabls (1). A value of_g_: 1.25 tons
vas used for the vehicle weights, the number of wheels was 4, and d/365 was
taken as unity, since the experiments were only done on dry days. The value of
K, the factor estimated to correct the total em{ssions, to PH10 emissions, is
taken as .45, and the corresponding values of vehicle apeed and silt content
are given in Table (l). The average of the ratic of the measured value to the
EPA estimated value {s 5.37, so our measurements are about 5 times higher than
the those found using the EPA method, An earlier model by Covherd et. a1}
based on data taken over a restrictsd ranges of vehicle welight and number of
wheels as in the present atudy, gives emlssion factors more in line with those
reported here,

The emission factor for particles smaller than 2.5 microns {n diameter, e, was
calculated, but an estimate of the error has not besen determined, The main
difficulty Ls that the scetter in exposurs values {s large enough that en

accurate value of the plume height cannot uniformly be obtained; the fine
particle exposure values do not always decrease linearly with height as do the
PH10 exposures, and in a few cases they actually increass with height. For
purposes of comparison, the method of calculation was to compute the emlssion
factor for the particles from 2.5 to 10 microns in diameter, for which the
exposure does linsarly decrease with height, and subtract that result from the
-PM10 -value, This avoids the question of determining & plume height for the O-
2.5 wmicron particles that differs substantially from the PHM10 plume height,
although it appears to underestimate the exposure Integral for cases where the
fine fraction exposures increase with height. Figure 2 shows & plot of e versus
the PM10 emission factor, E. If the two large values of e are omitted from

consideration, the correlation coefficient is .86, snd the linear relation,
shown by the line in Figure 2, becomes

e - 052 B + ,011 (4)

{.2

.8
0.6
0.4

0.2

E

Figurg 2: Fine particle, e, versus PM10, E
emission factors (lbs./vehicle-mile) .
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Auiinpoécant festure of the unpaved road emission factor data discussed here is
it only. about helf of the varilation of the emission factor is accounted for

. 0f_tha-geveral mechanisms that are reported as being important, it is not known
S<which- ones Teally dominate the process; perhaps! the identification of the

{mportant process and the development of emission estimate models based on the
: . varlables of chat process would be a usseful approach to future

-thé behavior of the silt content on a particular road relating to how it varies
'liaﬂ;==h8 road, and with time, {s an interssting question that arises in this
anslysis. 1f the silt varl{ation is significant over tens of meters distance, a
p1ight variation in the wind direction could bring dust to the samplers from
. —parts_of the .road with different si{lt cantent. The question even arises as to
“whether the silt varies szignificantly during the 100 or so vehicle passes for
ach axperiment, and {f so does it {ncrease due to additional grinding of the
ad surface material or does it decrease dus to depletion? Some of these
ssues are being addressed in our ongoing research. .

The dependance of the emission factor on silt content given in equation (3}
varies nearly as the square root of the gilt content which, L1f true, would tend
to reduce the Iimportance of silt content as a domlnant variable; perhaps some
&, other aspect of the road surface material particle distribution is more useful
e 88 @ predictive variable. If tha velocity dependence suggested by equation (3)
~can be supported by further experiments, then vehicle speed would become even
WPre lmporcant a8 a determinant factor in predicting and, perhaps, controlling

= The magnitude cf emission factor for particles below 2.5 microns diamecter {5 an
fitsrasting question. Present estimates put the value in the range of .1 to 1
ibs/vehicle-mile or sbout 1o per cent of the PMLO emission values. Thes number
gistribution of the road dust aesromol probably peaks in this region, and these
:particles ought to stay airborne even longsr than tha‘lnrgar e{ze fractions. It
-_i9 perhaps this component of the road dust emiegsion that has the most {mpact

-3Ted & reglonal air pollution standpoint and from the standpoint of zcid rain
alization. o
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