
CLEAN AIR JOURNAL 
Volume 33, No 2, 2023

© 2023. The Author(s). Published under a 
Creative Commons Attribution Licence. 1

Research article 
The impact of vehicle parameters on non-exhaust 
traffic road PM10 emissions: A case in South African 
low-income settlement

Abstract
About 70% of the roads in low-income settlements are unpaved and close (≤15m) to the residences, thus a major source of ambient 
and indoor PM10 concentrations. International studies have suggested that decreasing vehicle speed and managing vehicle type on 
paved or unpaved roads can reduce vehicle dust emissions. These mitigation strategies should be examined before being adopted 
and gazetted into the South African air quality management plan. This study aimed to characterise roads and traffic, emphasising 
determining the impact of vehicle type on PM10 emissions. GIS was used to determine the proportion of paved and unpaved roads. A 
traffic counter was used to monitor vehicles and to determine traffic composition, diurnal cycles, and average speed per road type. 
Field campaigns (summer; 6 days; 15 hrs per day) were carried out in Bokamoso to monitor on-road vehicle PM10 concentration using 
a TSI DustTrak DRX® real-time optical aerosol counter. The Box Model method quantifies vehicle PM10 emission factors for heavy-duty, 
medium-duty, and motor vehicles. About 0.88 km of road within Bokamoso is paved with a daily traffic volume of >2000, and 3.6 km 
is unpaved with >250 daily traffic volume. Paved road heavy-duty vehicle non-exhaust PM10 emissions reported a positive medium to 
strong coefficient of determination to vehicle speed increase with a coefficient of determination of 0.59. Even though there is a positive 
coefficient of determination between heavy-duty vehicle non-exhaust PM10 emission factors and speed on unpaved roads, it is weak 
(0.2) due to low and less variable vehicle speed. Motor vehicle paved and unpaved road non-exhaust emission factors showed no 
significant coefficient of determination with increased vehicle speed. Paved road non-exhaust emission factors were not significantly 
variable with vehicle type. They ranged between an average of 0.15-0.18 g/km/h, with motor vehicles reporting an average of 0.18 g/
km/h while heavy-duty vehicles reported an average of 0.15 g/km/h. On the contrary, unpaved road non-exhaust traffic PM10 emissions 
ranged between 0.16-0.3 g/km/h. The emission factors presented may be used to model vehicle traffic emissions, improve on-road 
vehicle dust emissions impact assessment and as a guide when deciding on local applicable road dust mitigation strategies.
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Introduction 
Traffic re-suspended road dust comprises loose soil particles 
released by moving vehicle friction on paved or unpaved roads. 
Road emissions can be line sources when a single vehicle travels 
over a distance or continuous line sources when many closely 
packed vehicles are moving on the road (Alshetty & Shiva 
Nagendra, 2021). Jones (2000) estimated vehicle dust (PM10) 
emission per vehicle from the unpaved road to be 0.534 kg/
vehicle km, with varying chemical compositions depending on 
the road soil type. Peaks in traffic activity are between 05:00-
09:00, 13:00-14:00 and 17:00 to 21:00 (Nkomo,2018). Traffic 
peaks result in hourly road dust emission episodes within low-

income residential areas. A study characterising respirable 
indoor particulate matter in South African low-income 
settlements reported traces of road dust inside residents' homes 
(Language, 2020). Crustal soil was a major contributor to the 
total indoor respirable PM, accounting for 34-45% in Agincourt, 
13-16% in Giyani, 32-55% in KwaZamokuhle, 9% in kwaDela, 
and about 25% in Joubertin (Language, 2020). PM from local 
sources such as construction work, vehicles re-suspended 
from unpaved roads and regionally transported aerosols were 
reported to contribute between 19 to 65% to the total ambient 
fine and coarse particulate matter concentrations (Muyemeki et 
al., 2021). 
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Transport has been identified as a fast-growing source of ambient 
pollutants in African countries, with an annual increase of 4% in 
on-road vehicle count. (OICA,2014). Due to increased transport 
demand, South Africa leads the continent with an annual vehicle 
count increase of 6k to 12k. A number of studies based on 
African literature report high ambient PM10 concentrations (80-
360 µg.m-3) attributed to traffic emissions (Terrouche et al., 2016; 
Zghaid et al., 2009; Lowenthal et al., 2014). Most traffic emissions 
published studies investigate exhaust emissions (Kirago et al. 
2022; Ayetor et al. 2021). This is also true for South Africa; there 
is a vast body of literature reporting on traffic exhaust emissions 
(Tongwane et al., 2015; 2021; Mahlangu et al., 2020). However, 
there is limited literature on non-exhaust traffic emissions. This 
introduces uncertainties when quantifying the contribution of 
this source towards degraded ambient air quality and limits the 
development of non-exhaust traffic emission control strategies, 
standards and regulations.

In developed countries, non-exhaust vehicle emissions account 
for 60-90% of measured PM10 ambient concentrations (Gilliess 
et al., 2003). Jones (2000) estimated South African non-exhaust 
traffic emissions (PM10) per vehicle from the unpaved road to be 
0.534 kg.km-1 with varying chemical compositions depending on 
the soil type of the road. However, due to international-based 
emission factors, these estimations do not entirely consider 
local traffic, road and meteorological characteristics. Worawat 
Songkitti et al., (2022) reported an increase of 25% in PM10 and 

PM2.5 non-exhaust vehicle emissions when an electric vehicle 
payload was increased by 60–70 kg. Developing nations depend 
heavily on public transportation (buses and taxis) for long-
distance travel and heavy-duty trucks for transporting goods; 
this finding is particularly significant.

Land use features, local meteorology (temperature, relative 
humidity, wind), road surface morphology characteristics (size, 
shape, pavement, speed humps), traffic flow, composition 
and vehicle speed have been reported to have an impact on 
vehicle road dust emissions hence the reported high spatial 
and temporal variability (Pachon et al., 2021). Vehicle road dust 
loading can range between 50mg/m2 and 300 mg/m2 on the 
same street or in different lanes of the same street (Gustaffson 
et al., 2019). This emphasises that several micro-scale factors 
govern non-exhaust PM traffic emissions and are highly variable 
over space and time. Considering this high variability, measuring 
non-exhaust emissions using local road, meteorological, and 
traffic characteristics is necessary to accurately estimate their 
contribution. 

Therefore, this study aims to investigate the impact of vehicle 
weight and speed impact on non-exhaust traffic emissions 
and quantify PM10 emission factors per vehicle class using 
empirical field measurements. The emission factors presented 
in this article will reduce uncertainties associated with vehicle 
traffic emissions' contribution towards ambient air quality. 

Figure 1: Bokamoso low-income residential area location and land use characteristics.
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The reported emission factors add to the dust source emission 
inventory in South Africa and will reduce uncertainties 
associated with mobile dust sources and improve road dust 
particulate matter exposure estimates.

Methods
Study area description and methodology
	
The North West province is located in a semi-arid area and 
ranked third in South Africa regarding people living in poverty 
and lacking infrastructure (Stats SA, 2016). It has a paved road 
network of 26% and 74% unpaved roads (Department of Public 
Works and Roads, 2019). Bokamoso (25.6728 S, 27.3455 E) is a 
low-income residential area within the Rustenburg Municipality 
selected for the vehicle road dust monitoring campaign due to 
the presence of unpaved roads observed to be carrying low traffic 
volumes as well as paved roads observed to have higher traffic 
volumes. Bokamoso is one of the many low-income residential 
areas in South Africa; thus, it is important to understand the 
traffic patterns and the emissions associated with such a 

setting. The residential area has a population density of 2724 
persons/km2 (Stats SA General House Survey, 2022). It has been 
reported to have high levels of unemployment, with 18.7% of 
the residents having no income (Stats SA Census, 2022). About 
30% of the people living in Bokamoso earn between R3 200 - 
R 6 366 monthly (Stats SA General House Survey, 2022).   The 
residential area is characterised by unpaved roads, unpaved 
household yards, open soccer fields, and close-by mining and 
industrial activities. Bokamoso's land use characteristics and 
high population density (2724km-2) drive the traffic activity 
within the residential area. The field road dust monitoring 
campaign took place during the summer.

The road dust monitoring campaign on-site meteorological 
station reported an average wind speed of 1.5 m.s-1 (Figure 2) 
with an ambient temperature of 25°C and humidity of 42% 
during the campaign period (Table 2). 

Experimental setup and data collection 
methods
The field monitoring campaign aimed to characterise traffic and 

Figure 2: Wind speed and direction for monitoring Bokamoso paved and unpaved road dust.
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quantify non-exhaust PM10 emissions from paved and unpaved 
roads in Bokamoso took place from 13 October 2020 until 22 
October 2020 from 05h:00-21h:00. Three days paved road site 
(Tuesday until Thursday) and three days unpaved (Tuesday-
Thursday) road site. Particulate matter concentrations PM10 
concentrations were monitored using a TSI DustTrak DRX® real-
time optical aerosol counter. A meteorological station mounted 
with a rain gauge, temperature, humidity, and wind sensor was 
set up next to the aerosol counter to monitor meteorological 
conditions. A traffic counter (Sierzega SR4) captured vehicle 
data (type, speed, direction, and count). The experimental setup 
was positioned 2 m from the road edge.

A traffic counter was placed next to the weather station in order 
to monitor traffic activity and vehicle characteristics such as 
speed (km/h), vehicle length (decimeter), and direction (+-). 
The instrument uses the measured length to class the vehicles 
into categories. Vehicles with (dm) 0 - 20 are classified as 
motorcycles or bicycles, vehicles with lengths between 20 – 60 
dm are classified as passenger cars, or (Motor Vehicles), vehicles 
with a length between 65 – 95 dm are classified as Medium Duty 
Vehicle (buses and taxis). Heavy-duty, multi-trailer trucks were 
assigned to vehicles with 95 – 255 dm lengths (Palo et al., 2019). 
This data determined the hourly composition on paved and 
unpaved roads. Also, determine the emission factor variation 
per vehicle class (Motorcycles, Motor vehicles, Medium duty and 
Heavy duty vehicles) as they differ in weight. 

Data analysis methods
Bokamoso open streets, https://www.openstreetmap.org 
road shape file, was uploaded into GIS ArcMap and digitised 
to determine the proportion of paved and unpaved roads 
within the residential area. Descriptive statistics and clustering 
analysis was used to classify the vehicles, record their speed, 
and determine hourly traffic activity, traffic composition and 
sum on paved and unpaved road. 

A simple box mathematical model was used to determine on-
road PM10 emission factors as a function of vehicle type, weight, 

and speed. The model is based on a mass-balanced principle, as 
in Equation 1 (Font et al., 2014). The source, in this case, the road 
"box", has a (width), L (length) and H (height). 

 (1)

Where q= emission factor (mg.m-2s-1); u=wind speed (m.s-1); h= 
height from the ground where the measurements are taken 
(m); c= PM concentration during peak periods (mg.m-3) b=PM 
concentration during non-peak periods (mg.m-3) L= length of 
the road segment for the sampling point (m).

The model assumes that (i) the particulate matter emission 
rate from the source and airflow out the "box" is constant and 
in equilibrium, (ii) the concentration of the pollutant in the 
atmosphere is well mixed, and the airflow within the box is 
uniform (ii) other atmospheric processes that lead to secondary 
formation of particles and deposition by gravitation are 
suspended and insignificant (Font et al., 2014). Specific case 
studies from the vehicle counter and DustTrak PM concentration 
and meteorological datasets were selected to determine the 
impact of vehicle mass on the PM emission factors. 

Results
The road network in Bokamoso
Bokamoso has 81% (3.7km) of the unpaved road network, and 19 
(0.9km) is paved. The paved roads are covered with asphalt with 
an even width of about 6 meters, starting at the residential area 
entrance with a double-line road network that runs through the 
residential area towards the exit. The residential areas' unpaved 
roads are bare soil rough surfaces with multiple road networks 
varying widths of 4-8 meters, highly connected and ultimately 
connected to the paved road. 

 
Traffic characteristics within Bokamoso
Bokamoso paved roads reported an average of 2 119 vehicles 
per day and a total of 6 357 in three days. In contrast, unpaved 

Table 1: Averaged daily meteorological conditions during the road dust 
monitoring campaign (On-site meteorological station)

Road dust 
Monitoring 
campaign 
dates for  
October 2020

Paved road non-exhaust 
PM10 traffic emissions 
monitoring campaign 
days

Unpaved road non- 
exhaust PM10 traffic 
emissions monitoring 
campaign days

13 14 15 20 14 15

Wind Speed 
(m/s)

122 1.2 NO
data

1.56 1.51 0.96

Temperature 
(°C)

21.51 25.7 31 26.9 26.96

Relative
Humidity (%)

55.51 41.6 28 38 42

Rainfall (mm) 0 0 0 0 Drizzling

Figure 3: Bokamoso paved and unpaved road network
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Figure 4A: Paved roadside PM10 concentration measurementsnetwork

Figure 4B: Paved road day 1 (Tuesday) diurnal traffic composition 

Figure 4C: Paved road day 2 (Wednesday) diurnal traffic composition

Figure 4D: Paved road day 3 (Thursday) diurnal traffic composition

Figure 5A: Unpaved roadside PM10 concentration measurements

Figure 5B: Unpaved road day 1(Tuesday) diurnal traffic composition

Figure 5C: Unpaved road day 2 (Wednesday) diurnal traffic composition

Figure 5D: Unpaved road day 3 (Thursday) diurnal traffic composition
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roads have an average traffic volume of 298 per day and a total of 
896 in 3 days. Medium-duty commercial and passenger vehicles 
dominate unpaved roads, while medium and heavy-duty 
vehicles dominate paved roads. The PM10 and traffic count graphs 
(Figures 4 and 5) show a strong coefficient of determination 
between traffic density per hour and concentration measured. 
The paved road monitoring point shows higher concentrations 
up to averaged 200 µg.m-3 with peak concentrations between 
05h00-07h00: 09h00-11h00 and 13h00-20h00 (Figure 4A-
D). Unpaved road monitoring concentration peaks are up 
to averaged 160 µg.m-3 with peak hours from 06h00-08h00, 
10h00-13h00 and 15h30-19h30 (Figure 5A-D). Unpaved roads 
show lower concentrations compared with paved as multiple 
unpaved roads (3.7 km) networks feed traffic to the double-line 
paved roads (0.9 km).

Impact of vehicle speed on the paved and 
unpaved road per vehicle type
Paved and unpaved heavy-duty vehicle emission factors 
correlate positively with vehicle speed, Figure 6. The speed 
for unpaved roads ranged between 10-30 km.h-1, mainly due 
to the national set vehicle speed for heavy-duty vehicles on 
unpaved roads within residential areas. Therefore, although 
there is a positive coefficient of determination between heavy-
duty vehicle non-exhaust PM10 emission factors and speed on 
unpaved roads, it is weak (0.2) due to low and less variable 
vehicle speed. Unpaved road emission factors ranged from 
0.05-0.2 g/km/h. Paved road heavy-duty vehicles' speed had a 
wider range of 30-70 km.h-1 compared to unpaved road heavy-
duty vehicles. However, they reported similar emission factors 
(0.05-0.3 g/km/h). Paved road heavy-duty vehicle non-exhaust 
PM10 emissions reported a positive medium to strong coefficient 
of determination to vehicle speed increase with a coefficient of 
determination of 0.59. 

Medium-duty vehicle PM10 emissions for paved roads showed 
a weak linear coefficient of determination (0.2) with vehicle 
speed, while unpaved road emissions showed a positive, strong 
linear coefficient of determination (0.89) with vehicle speed 
(Figure 7A). Overall, paved road medium-duty vehicles reported 
higher PM10 emission factors (0.05-0.325 g/km/h) than unpaved 
road medium-duty vehicles. This can be explained by the overall 
high-speed range for paved (24-61 km.h-1) road medium-duty 
vehicles compared to unpaved road medium-duty vehicles (8-
20 km.h-1).

Motor vehicle paved road non-exhaust emission factors showed 
no significant coefficient of determination with increased vehicle 
speed (Figure 8). Most of the emission factors were below 0.4 g/
km/h with speeds ranging between 10-60 km.h-1. Unpaved road 
motor vehicle emission also showed no significant coefficient 
of determination (0.2) with vehicle speed, with most emission 
factors below 0.25 g/km/h with speeds ranging between 8-22 
km.h-1. This might mean further regulating or reducing motor 
vehicle speed for unpaved and paved roads may not significantly 
reduce non-exhaust motor vehicle PM10 emissions. 

Variability of vehicle PM10 emission 
factors per vehicle type on paved and 
unpaved roads
PM10 emission factors for five vehicles per vehicle class were 
calculated using the box model to investigate paved and 
unpaved road PM10 emissions as a function of vehicle weight 
for the different vehicle categories. Figure 9 shows a variation 
of non-exhaust traffic PM10 emissions per vehicle type on paved 
and unpaved road surfaces. Paved road non-exhaust emission 
factors were not significantly variable. They ranged between 
an average of 0.15-0.18 g km/h, with motor vehicles reporting 
an average of 0.18 g/km/h while heavy-duty vehicles reported 
an average of 0.15 g/km/h. On the contrary, unpaved road 
non-exhaust traffic PM10 emissions ranged between 0.16-0.3 g/
km/h. On unpaved roads, medium-duty vehicles reported the 
lowest average (0.16 g/km/h), followed by motor vehicles (0.18 
g/km/h), while heavy-duty vehicles reported the highest (0.3 g/
km/h) average non-exhaust PM10 emission factor. 

The emission factors have a limitation of being a small sample 
size. Only seven case studies per vehicle type were used to 
derive the averaged emission factors as this was a real-world 
field monitoring campaign, and other variables that significantly 
impacted the emissions, like ambient wind speed and vehicle 
speed, were difficult to control. Unpaved road monitoring sites 
had higher emission factors but lower traffic density as there 
are multiple road networks within the residential area. Paved 
roads had lower emission factors but higher traffic density as 
all unpaved road networks within the residential area feed 
traffic to paved roads. Also, the box model method tends to 
underestimate emissions calculated when the wind speed is 
extremely low or high (Haustein et al., 2015).  

Discussion
About 80% of Low-income residential area's road network is 
unpaved and highly connected, thus containing many cross-
section braking zones (T junctions, four-way stops) (Gwilliam et 
al., 2008). This is true for the Bokamoso residential area's road 
network, as seen in Figure 3. Low-income residential unpaved 
roads have no flood control infrastructure, poor drainage 
systems and lack traffic management infrastructures (Nkomo, 
2016). They also have a high deterioration rate with a lifespan 
of less than one year (Saha and Ksaibati, 2017). This decreases 
overall air quality in surrounding areas as unpaved roads and 
sidewalks are an infinite source of loose soil particles, especially 
during non-rainy seasons.

It has been reported that traffic counts have a low coefficient 
of determination (0.55-0.65) with non-exhaust PM10 emissions 
factors since traffic-heavy paved roads are not effective dust 
reservoirs (Schaap et al., 2009; Amato et al., 2013; Abu-Allaban 
et al., 2003; Etyeme-zian et al., 2003). In addition, Padoann et 
al., (2017) reported higher PM10 emissions from secondary paved 
roads with fewer than 1000 vehicles per day compared with 
primary roads with over 2000 vehicles per day. These results 
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Figure 6A: Coefficient of determination between vehicle speed and PM10 
emissions for heavy-duty vehicles on unpaved roads

Figure 6B: Coefficient of determination between vehicle speed and PM10 
emissions for heavy-duty vehicles on paved roads

Figure 7A: Coefficient of determination between vehicle speed and PM10 
emissions for medium-duty vehicles on paved roads

Figure 7B: Coefficient of determination between vehicle speed and PM10 
emissions for medium-duty vehicles on unpaved roads

Figure 8A: Coefficient of determination between vehicle speed and PM10 
emissions for Motor vehicles on paved roads

Figure 8B: Coefficient of determination between vehicle speed and PM10 
emissions for Motor vehicles on unpaved roads
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may not apply to South African low-income paved residential 
roads as unpaved sidewalks, household yards, and recreation 
areas continuously supply loose soil particles to adjacent paved 
roads. This explains the higher PM10 concentrations (0.5-1.5 
mg.m-3) on the site of the paved road when compared to the 
unpaved road (0.2-0.6 mg.m-3) in Bokomo's site.  

Local meteorological factors such as ambient wind speed and 
relative humidity affect non-exhaust traffic emissions. Panchon 
et al., (2021) investigated seasonal impact on road dust loading 
for 41 sites within Bagota. The results showed doubled dust 
loading measurements in the dry season (1.8-45 mg.m-2) 
compared to the wet season (1-22 mg.m-2). This is because soil 
moisture decreases road surface dust emission strength and 
loose soil particle availability (Munkhtsetseg et al., 2016). The 
results presented in this paper are from summer road dust 
monitoring field campaigns; hence, they may be applicable 
only in summer, and non-exhaust traffic emission estimates for 
paved and unpaved roads in winter are expected to be higher. 

About 63% of South African low-income residents use buses and 
taxis (Nkomo et al. 2016;2018). The North West province's public 
transport composition in 2003 was mainly taxis (64%), buses (30) 
and trains (6%); these statistics increased in 2013 to 67% (taxis) 
and 21% for buses (National Household Transport Survey, 2003 
and 2013). Residents working close to the residential areas use 
bicycles or private staff public transport (motor vehicles) to work 
or nearby destinations. According to the National Household 
Transport Survey, 2013, about 42.4% of low-income South 
African residents walk to workplaces, 38% use public transport 
(buses, taxis and trains), while 18.8% use motor vehicles. This 
correlates well with Bokomo's unpaved road traffic composition 
as there is a substantial amount of bicycles, especially on 
unpaved roads. The medium and heavy-duty vehicles on the 
unpaved road are mostly taxis and buses (public transport); on 
the paved roads, they are mostly trucks and heavy-duty trucks 
transporting goods to nearby areas. 

There is a portion of low-income residents that prefer private 
staff transport (motor vehicles) due to public (taxis) transport, 
long departure waiting periods, and poor road infrastructure 

that decreases riding quality (Feikie et al. 2018). This could 
explain the significant count in motor vehicle class compositions 
as seen in Bokamoso's residential area paved and unpaved road 
traffic diurnal cycles. The recent (2021) South African state of 
traffic report showed a vehicle increase count of 2.28 % (13,712) 
for the North West province from the year 2019-2021. However, 
at the national scale, low-income residents (quintile 1) only 
own 6% of the total registered motor vehicles in South Africa 
(National Household Transport Survey, 2019).

Kuhns et al. (2003) stated that an increased vehicle weight 
and speed increases the amount of non-exhaust traffic PM10 
emitted. This is because an increase in vehicle speed increases 
ambient wind turbulence between vehicle tires and, therefore, 
may increase non-exhaust traffic emissions on unpaved roads 
or paved roads with loose soil particles. Hussein et al. (2008) 
supported this and reported high dust (10 times greater) 
concentration measurements for a vehicle travelling at 100 km.h-1 
compared to a vehicle travelling at 20 km.h-1. (Amato et al., 2017) 
identified that when speed had increased from 80 to 110 km.h-1, 
the mean PM concentration was higher with increased vehicle 
speed. Similar findings are reported for Bokamoso's unpaved 
roads. A positive coefficient of determination of 0.86 and 0.47 
between vehicle speed and PM10 emission factors was reported 
for medium and heavy-duty vehicles, respectively. Both these 
vehicles showed a positive coefficient of determination on 
unpaved roads, except for motor vehicles. This difference in 
the coefficient of determination relationship could be because 
of the average speed limits and weight differences. Motor and 
medium-duty vehicle speed limit on unpaved roads ranged 
between 8-21 km/h. The speed limit for heavy-duty vehicles 
ranged from 10-32km/h. Motor and medium-duty vehicles 
showed a low coefficient of determination (0.01;0.19) between 
vehicle speed and calculated PM10 emissions for paved roads. 
However, there was a positive coefficient of determination for 
heavy-duty vehicles on paved roads (0.63). 

Vehicle type, weight and length mostly determine the vehicle 
wheel size, count and type. Vehicle wheel type varies per vehicle 
class, while vehicle wheel count and size tend to increase from 
lowest vehicle (Motorcycle) class to highest (heavy duty vehicle) 
(Wenzel,2010). Gillies et al., (2005), found a variation in non-
exhaust PM emission factors per vehicle type, with heavy-duty 
vehicles having higher (48 g km-1h-1) PM10 emission factors when 
compared with light-duty vehicles (0.8 g km-1h-1). Other studies 
(Schaap et al., 2008 : Amato, 2012) found that heavy-duty 
vehicles' non-exhaust PM10 emissions were up to 9 times higher 
when compared with motor vehicles, which showed a low 
coefficient of determination with an almost negative coefficient 
of determination line. 

The study has limitations, several other sources of PM in 
residential areas, such as domestic burning, and yard sweeping, 
may lead to an overestimation of the traffic PM10 concentration 
recorded by the aerosol counter. The study was conducted 
during the COVID-19 lockdown period; therefore, the traffic flow 
or counts at 05h00 am and 21h00 may be overestimated due to 

Figure 9: The impact of vehicle weight on paved and unpaved road PM10 
emission factors
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