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• Brake wear PM10 emissions under three 
test driving cycles were studies using 
FEA. 

• PM10 emissions were measured on a 
brake dynamometer to validate FEA 
approach. 

• PM10 EFs under the WLTP, LACT, 
WLTP-Brake were 7.9, 9.8, and 6.4 mg 
km− 1 veh− 1. 

• PM10 EFs showed a greater fraction of 
total mass EFs in LACT than other two 
cycles.  
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A B S T R A C T   

PM10 emissions generated from the brake wear of passenger car per braking event during three test driving cycles 
(WLTP, LACT, and WLTP-Brake) were studied using a finite element analysis (FEA) approach in combination 
with the relationship among the mass emitted rate of airborne particles versus local contact pressure and sliding 
speed. In addition, PM10 emissions were measured per braking event during the WLTP-Brake cycle on a brake 
dynamometer using an electrical low-pressure impactor (ELPI+) to validate the proposed FEA approach. The 
simulated and experimental results for WLTP-Brake illustrated that the proposed simulation approach has the 
potential to predict PM10 from brake wear per braking event, with an R2 value of 0.93. The FEA results of three 
test driving cycles showed that there was a gradient rise in pad wear on both sides from the inner to outer radii. 
The simulated PM10 emission factors during the WLTP, LACT, and WLTP-Brake were 7.9 mg km− 1 veh− 1, 9.8 mg 
km− 1 veh− 1, and 6.4 mg km− 1 veh− 1, respectively. Among three test driving cycles, the ratio of PM10 to total 
brake wear mass per braking event was the largest for the LACT, followed by WLTP and WLTP-Brake. From a 
practical application perspective, reducing the frequency of high-speed braking may be an effective way to 
decrease the generation of PM10 emissions.  

* Corresponding author. 
** Corresponding author. 

E-mail addresses: Y.Liu8@leeds.ac.uk (Y. Liu), H.Chen@its.leeds.ac.uk (H. Chen).  

Contents lists available at ScienceDirect 

Chemosphere 

journal homepage: www.elsevier.com/locate/chemosphere 

https://doi.org/10.1016/j.chemosphere.2022.135481 
Received 15 April 2022; Received in revised form 1 June 2022; Accepted 21 June 2022   

mailto:Y.Liu8@leeds.ac.uk
mailto:H.Chen@its.leeds.ac.uk
www.sciencedirect.com/science/journal/00456535
https://www.elsevier.com/locate/chemosphere
https://doi.org/10.1016/j.chemosphere.2022.135481
https://doi.org/10.1016/j.chemosphere.2022.135481
https://doi.org/10.1016/j.chemosphere.2022.135481
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2022.135481&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Chemosphere 305 (2022) 135481

2

1. Introduction 

Non-exhaust particulate matter (PM) emissions, including brake 
wear, tyre wear, road wear, and resuspension of road dust, are a major 
problem for the air quality in cities due to the effects on the environment 
and human health (Klöckner et al., 2021; Woo et al., 2021; Zhang et al., 
2018). Previous studies have demonstrated that non-exhaust PM emis-
sions are comparable to or even more than the vehicle exhaust PM10 
emissions and that their relative contribution to the total vehicle PM 
emissions is increasing as a better understanding of the generation 
mechanism and physicochemical properties of PM improves the devel-
opment of combustion control and after-treatment technologies, and 
thus vehicle exhaust PM is reduced significantly (Liu et al., 2016, 2022b; 
Pant and Harrison, 2013; Zhang et al., 2021). The non-exhaust PM 
emissions, however, have long been neglected. Amongst these 
non-exhaust PM emissions, brake wear PM emissions are particularly 
significant since these particles are far smaller than others of the 
non-exhaust emissions, and hazardous metals are frequently discovered 
in brake wear particles (Contardo et al., 2020; Grigoratos and Martini, 
2015; Shupert et al., 2013). In addition, brake wear PM is the main 
contributor to non-exhaust PM emissions. For instance, Harrison et al. 
(2012) revealed that brake wear particles contributed up to 55% by 
weight to of total non-exhaust emissions and it was evaluated that as 
much as 50% of brake wear particles would become airborne, with 
80–98% of these particles falling into the PM10 range (Hagino et al., 
2015). It was found that 21% of total road-traffic related PM10 emissions 
resulted from brake wear particles (Gasser et al., 2009; Lawrence et al., 
2013). Brake and tyre wear particles accounted for 34% of the 
traffic-related PM10 in the report of the European Environment Agency 
(EEA, 2018). Thus, further investigation is needed to obtain a better 
understanding of the generation mechanism of brake wear particles. 

The brake wear particles are highly dependent on the distributions of 
contact pressure and sliding velocity at the contact surface between the 
brake rotor and pads (Kukutschová et al., 2011; Sanders et al., 2003; 
Wahlström et al., 2017). In terms of the experimental method, it is 
difficult to investigate the real-time changes in the contact pressure and 
sliding velocity between them. Thus, in order to explore what is taking 
place at the contact surface of the brake pad and disc during braking, 
several simulation approaches were developed by different researchers. 
For instance, AbuBakar and Ouyang (2008) evaluated the contact 
pressure between brake pads and rotor using a finite element analysis 
(FEA) approach and performed a comparative analysis with the exper-
imental results. Schmidt et al. (2018) carried out a wear analysis on a 
tilted shaft-bushing bearing using a transient non-linear FEA. Recently, 
Riva et al. (2019) developed the FEA approach to predict airborne 
particle emissions of the Los Angeles City traffic cycle (LACT). More-
over, Riva et al. (2020) determined the overall coefficient of friction for 
a disc brake system using an FEA approach in conjunction with a pv-map 
coefficient of friction. To the best of our knowledge, however, there is 
limited information about the use of the FEA approach to evaluate brake 
wear airborne particles, particularly throughout various test-driving 
cycles. The simulation work is able to explain physical phenomena 
that occur during experiments and evaluate how a novel design of brake 
system will work during operation. In addition, the FEA approach can 
provide a simulation of wear and airborne emissions from disc brakes, 
which is an essential tool during the design phase of innovative disc 
brake systems with low emissions. 

In this context, an FEA approach in the present work was used to 
explore the brake pad contact pressure and wear depth distributions for 
each braking event during the worldwide harmonised light-duty vehicle 
test procedure (WLTP), LACT, and the world harmonised light-duty 
vehicle test procedure-brake (WLTP-Brake) cycle. In addition, the 
PM10 emissions from brake wear were computed using an EFA and 
measured on a brake dynamometer to validate this FEA approach. 

2. Simulation methodology and validation 

2.1. Simulation methodology 

A schematic representation of the FEA approach is illustrated in 
Fig. 1. To begin, a three-dimensional model was built, specifying the 
material qualities of various components, and configuring the driving 
conditions. The pv-map of the local particle rate against sliding velocity 
and normal contact pressure, obtained from tribometer testing 
(Wahlström et al., 2017) was used as input data to forecast brake wear 
emissions. Simultaneously, the brake wear PM10 emissions per brake 
were measured throughout the WLTP-Brake cycle on a brake dyna-
mometer. Lastly, following post-processing activities, a comparison of 
the measured and simulated results was performed to validate the pro-
posed FEA simulation approach. 

2.1.1. Finite element analysis (FEA) 
A medium-sized car’s left front disc braking system was chosen for 

the present study, as illustrated in Fig. 2. This brake system includes a 
carrier, a floating calliper, a rotor made of grey cast iron, two pads, a 
piston, and two sliding pins with two bushings. The inner and outer radii 
of the rotor ring are 80 mm and 139 mm, as well as the piston diameter 
and pad surface area are 57 mm and 5080 mm2 (Riva et al., 2019). 

The commercial software ABAQUS was used to perform finite 
element analysis (ABAQUS, 2014). Fig. 3 depicts the disc brake system 
after the components have been meshed. The tetrahedral mesh was 
employed to construct the carrier, floating calliper, and piston head, and 
the hexahedral mesh was used to build the remaining components. The 
mesh size ranges from 2 mm to 8 mm, with a mean value of 4 mm. The 
applied pressure and rotational speed were determined according to the 
braking characteristics of each braking event during three test driving 
cycles, which were applied to the piston head and rotor, respectively. In 
terms of each braking event throughout three test driving cycles, a 
quasi-static FEA was conducted to compute the contact pressure and slip 
rate of each node and element of the brake pads at each step of the 

Fig. 1. A schematic representation of the FEA approach.  
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braking event. After each step, the node coordinates were updated using 
the Abaqus Arbitrary Lagrangian-Eulerian adaptive meshing approach 
(Abaqus). 

2.1.2. Brake cases 
Three typical test driving cycles, that is, WLTP, LACT, and WLTP- 

Brake, were used in the current work to investigate the brake wear 
PM10 emissions. The WLTP was a recently developed test driving cycle 
for measuring vehicle exhaust pollutant emissions (Tutuianu et al., 
2015), which reflected the average driving pattern of light-duty vehi-
cles, according to 700,000 vehicle driving data from Europe, the United 
States, India, Korea, and Japan. The WLTP was simplified based on the 
methods proposed by Mathissen et al. (2018) and Park et al. (2021). The 
simplified WLTP consisted of 28 braking events where the average 
braking speed and a deceleration rate were 32.5 km/h and 0.94 m/s2, 
respectively. The LACT was designed to measure brake wear particles 
under urban driving conditions. The LACT was developed by Mathissen 
and Evans (2019), where the median initial speed and deceleration rates 
were kept the same as the full LACT. This cycle lasted 180 min, covered 
150 km, and had an average braking speed of 36.7 km/h and a mean 
deceleration rate of 1.07 m/s2. The WLTP-Brake was designed to mea-
sure brake wear particles according to the vehicle driving data of the 
WLTP, which included 303 braking events. The braking deceleration 
rates ranged from 0.49 to 2.18 m/s2 with an average value of 0.97 m/s2, 
and the average braking speed was 43.7 km/h. 

2.1.3. PM10 emission computation 
The pv-map of airborne particle mass rate versus sliding speed and 

normal contact pressure was obtained by Wahlström et al. (2017) in the 

pin-on-disc experiments, as shown in Fig. 4. This pv-map was employed 
as input data in the present work to compute brake wear particles. The 
particle emission per sliding distance (μg/m) was able to be obtained 
from this pv-map based on the known node contact pressure and sliding 
velocity. Considering that deceleration rate and contact pressure during 
each braking event were considered to remain constant, each braking 
event could be divided into n sub-steps. The PM10 mass for each element 
of every braking event was calculated from the following equations 
(Riva et al., 2019): 

mparticle = φPOD

(
∑n

i=1
nELPI+(p,v) ⋅ ΔSi

)
Anodal

Apin
(1)  

ΔSi = viΔt +
1
2

aΔt2 (2)  

where φPOD denotes the sampling efficiency in the pin-on-disc experi-
ment, nELPI+(p,v) refers to the mass rate of airborne particles, which can be 
obtained via pv-map, Anodal and Apin are the element area in the brake 
pad and pin area, respectively, and ΔSi refers to the sliding distance 
during a sub-step, which can be computed using linear motion equation 
(2). The sampling efficiency of brake wear PM10 emissions in the pin-on- 
disc experiment was determined to be 80.1% according to results of 
computational fluid dynamics performed by Riva et al. (2017). 

2.2. Validation of simulation model 

The WLTP-Brake cycle was developed based on the 700,000 vehicle 
driving data from Europe, the United States, India, Korea, and Japan 
(Woo et al., 2021), which already includes urban, rural, and motorway 
driving data. Thus, 303 samples from brake events of the WLTP-Brake 
cycle were collected on the brake dynamometer and used to validate 
the simulated results. The particle counter with an electric low-pressure 
impactor (ELPI+) was employed to measure particle emissions in the 
0.004–10 μm range under WLTP-Brake on the brake dynamometer, and 
the measured particles were assumed to have a density of 1 g/cm3 (Riva 
et al., 2019). The PM10 emissions per braking event were calculated 
based on the measured results, which were used to validate the FEA 
simulation approach. The experimental setup, which primarily included 
the brake dynamometer, wind tunnel, and particle counter, is illustrated 
in Fig. 5, in which the overall brake system was sealed inside an oval 
chamber. Clean air was supplied through high-efficiency particulate air 
filters (HEPA H13) to maintain a particle-free environment inside the 
oval chamber. The air combined with brake wear particles exited from 
the oval chamber into a 3.5-m-long, 150-mm-diameter wind tunnel. At 
the wind tunnel, a sample probe was attached. The brake wear particles 
were measured twice repeatedly on the brake dynamometer, and the 
maximum and average deviations of PM10 emissions throughout the 
WLTP-Brake driving cycle were determined to be roughly 27% and 15%, 
respectively. 

The measured and simulated PM10 emissions were determined for 
the 303 braking events of the WLTP-Brake cycle. To further evaluate the 

Fig. 2. Disc brake system with a single piston.  

Fig. 3. Mesh of the disc brake system.  

Fig. 4. The mass rate of the airborne particle (nELPI+) against sliding velocity 
(v) and normal contact pressure (p). 
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performance of the FEA simulation approach, the square correlation 
coefficient (R2) and root mean square error (RMSE) were calculated by 
the following equations: 

R2 = 1 −

∑
(mM − mS)

2

∑
(mM − mA)

2 (3)  

RMSE =
1
n

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

n
∑n

i=1
(mSi − mMi )

2
√

(4)  

where mMi donates the measured PM10 emissions in i brake event 
throughout the WLTP-Brake driving cycle, mSi refers to the simulated 
PM10 emissions in i brake event, n refers to the total brake events 
throughout the WLTP-Brake driving cycle, and mA is the average value 
of the measured PM10 emissions of 303 braking events. The results 
regarding R2 and RMSE are shown in Fig. 6. As can be observed, the R2 

and RMSE were 0.93 and 0.018 mg, respectively, indicating that the 
proposed FEA approach can predict the PM10 emissions from brake 
wear. It means that the validated FEA approach is able to simulate the 
PM10 emissions from brake wear on various test driving cycles since the 
WLTP-Brake cycle already includes the urban, rural, and highway 
driving data. In this context, the brake wear PM10 emissions from 28 
braking events from WLTP cycle and 215 braking events from LACT 
cycle were simulated using the validated FEA approach. 

3. Results and discussion 

3.1. Simulation of brake pad wear 

Fig. 7 illustrates the distribution of FEA contact pressure on both 
sides of the piston and finger for three examples from WLTP, LACT, and 
WLTP-B cycles. These randomly selected examples corresponded to 
braking event #22 of the WLTP, LACT, and WLTP-B with the calliper 
cylinder pressures of 0.56 MPa, 0.42 MPa, and 0.39 MPa, respectively. 
The contour plots of the output simulation reflected the pressure dis-
tribution at the end of the braking events. As can be seen, the contours of the three examples under various test driving cycles were similar. The 

contact pressure distribution on the finger side exhibited a gradient from 
low to higher radii, which was not substantially influenced by the 
braking conditions of the various test driving cycles. On the piston side, 
the contact pressure displayed a transversal gradient from the inner to 
the outer side. It is worth mentioning that the outer boundary of the 
piston pad under three test driving cycles showed higher pressure 
compared to the rest of the piston. 

It can be seen from Fig. 7 that the contact pressure distributions on 
both sides of the piston and finger pads from the examples under three 
driving cycles were clearly distinct. Such a noticeable difference in 
contact pressure may be explained by the following causes:  

➢ The load was applied in two different ways: the piston propelled one 
pad into contact with the brake disc, whilst the floating calliper 
forced the other pad into contact with the brake disc;  

➢ Because the piston side pressure varied tangentially from the inner to 
the outer side, the brake torque generated by the revolving disc may 
only affect the piston side pad; 

Fig. 5. Experimental setup used for measuring PM10 emissions.  

Fig. 6. Relationship between measured and simulated PM10 emissions under 
WLTP-Brake driving cycle. 

Fig. 7. Contour plots of contact pressure on both sides of the piston and finger 
for braking events #22 of WLTP, LACT, and WLTP-Brake. Arrows indicate the 
rotating direction of the brake rotor. 

Fig. 8. Contour plots of pad wear on both sides of the piston and finger for the 
WLTP, LACT, and WLTP-B driving cycles. Arrows indicate the rotational di-
rection of the brake rotor. 
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➢ The stable condition could not be achieved until the end of every 
braking event because the rotational velocity was always changing. 
As a result, there was no consistent distribution of contact pressure. 

Similarly, AbuBakar and Ouyang (2008) used an FEA approach to 
evaluate the wear of friction material in a disc brake system and 
discovered that the contact pressure distributions on both pads of the 
piston and finger were significantly different. Recently, Riva et al. 
(2019) simulated brake wear during the LACT cycle using an FEA 
approach and found a significant distinction in contact pressure between 
the piston and finger side pads. In addition, Riva et al. (2020) simulated 
the friction coefficient of a brake system and observed different contact 
pressures on both sides of the piston and finger pads. However, the 
contour plots of contact pressure distribution obtained by Wahlström 
et al. (2009) differ from the results of our present work, probably 
because the effect of the floating calliper on contact pressure was not 
considered in their study. A previous study revealed that the floating 
calliper caused asymmetric impacts between both sides of the finger and 
piston pads (Riva et al., 2019). 

Fig. 8 shows the corresponding contour plots of pad wear on both 
sides of the piston and finger for the braking events #22 under the 
WLTP, LACT, and WLTP-Brake cycles. Although the wear depth was 
different for braking events #22 of various test driving cycles, the 
pattern of contour plots of brake pad wear was similar. Compared to the 
piston pad side, the lower part of the finger pad exhibited less wear. 
Additionally, it can be observed that there was a gradient rise in pad 
wear on both sides from the inner to outer radii. This phenomenon is 
probably associated with the fact that external radii always have a 
greater sliding distance, which results in increased wear on both sides of 
the brake pads. Similarly, the FEA results performed by a previous study 
showed greater wear with the external radii of brake pads (Riva et al., 
2019). In a study by Valota et al. (2017), they employed an FEA 
approach to compute the brake pad wear depth of the disc system 
equipped with a fixed calliper during the SAE-J2707 test cycle. The 
results showed that the pad wear was more homogeneous, but it was 
concentrated mostly in the upper section of the contact region, which is 
not in agreement with our results. Such a discrepancy is presumably 
connected with the following factors: 1) the test cycle was subdivided 
into blocks of equal deceleration braking in the literature, which was 

closer to the steady-state; 2) in comparison to the brake system with the 
fixed calliper in the literature, the contact pressure distribution for the 
brake system with the floating calliper may be different as their braking 
mechanisms differ. A previous study on a brake dynamometer has sug-
gested that the PM generated from the braking system with the fixed 
calliper was up to 50% more than that with the floating calliper. 

3.2. PM10 emissions under various test driving cycles 

The speed profiles of the WLTP, LACT, and WLTP-Brake cycles and 
simulated PM10 emissions for every braking event of the three cycles 
obtained by the validated FEA approach are illustrated in Figs. 9–11. 
PM10 emissions for each braking event during various test-driving cycles 
were clearly different. It means that braking conditions affect brake 
wear PM10 emissions significantly. From Figs. 9–11, the brake wear 
PM10 emissions were apparent higher during high-speed braking ap-
plications, such as braking events #24 and #28 in the WLTP, braking 
events #66 and #69 in the LACT, and braking event #295 in the WLTP- 
Brake. This is likely caused by the intense deformation at the sliding 
surface, stemming from the high initial braking speed (see Figs. 9a, 10a 
and 11a) and larger deceleration rate (Park et al., 2021). During the 
WLTP cycle, the braking event #28 generated the highest PM10 emis-
sions among the 28 braking events, braking from 123 km/h to 0 km/h 
with a deceleration of 1.14 m/s2. In terms of the LACT cycle (see 
Fig. 10), the braking event with the most PM10 emissions was #65 which 
had the longest sliding distance, braking from 154 km/h to 36 km/h 
with a deceleration rate of 0.5 m/s2. As shown in Fig. 11, the braking 
event #295 from 133 km/h to 34 km/h with a deceleration of 1.82 m/s2 

generated the most PM10 emissions throughout the WLTP-Brake cycle. 
From the braking conditions corresponding to the largest PM10 emis-
sions during the three test driving cycles, it seems that the high initial 
braking speed and larger deceleration rate are probably the major causes 
of more PM10 emissions. A similar finding was reported by Park et al. 
(2021), who studied brake pad wear PM emissions during the WLTP 
cycle. They detected a substantial increase in brake wear PM emissions 
during high-speed braking operations and ascribed this to the intense 
deformation at the sliding surface. Woo et al. (2021) explored the brake 
wear particle emissions during various test driving cycles and discov-
ered that the brake wear particles were a function of the brake energy 

Fig. 9. Speed profile (a) and simulated PM10 emissions per braking event (b) during the WLTP cycle.  
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dissipated and initial braking speed during various test driving cycles. In 
addition, Zum Hagen et al. (2019) and Mathissen et al. (2018) found that 
high energy dissipated during braking would cause a substantial in-
crease in the number of brake wear nanoparticles. From a thermody-
namic standpoint, high energy dissipated during braking leads to an 
increase in the local temperature between the brake disc and pad friction 
surfaces, which results in the decomposition and volatilization of fric-
tional material. 

The emission factors were calculated on the basis of simulated PM10 
emissions under three test driving cycles. The calculated results and 
relevant data from the literature are summarised in Table 1. The 

emission factors were 7.9 mg km− 1 veh− 1 for the WLTP, 9.8 mg km− 1 

veh− 1 for the LACT, and 6.4 mg km− 1 veh− 1 for the WLTP-Brake. From 
Table 2, the LACT had the largest average deceleration rate, which may 
lead to a higher PM10 emission factor than the other two driving cycles. 
The average deceleration rate of the WLTP-Brake was higher than that of 
the WLTP, but the brake wear emission factor of the WLTP-Brake was 
lower. This meant that the brake wear PM10 emission factor was likely to 
be influenced not only by the braking deceleration rate, but also by other 
factors, such as braking frequency, braking duration, and initial braking 
speed. This finding is in agreement with the conclusion reported by Woo 
et al. (2021) and Hagen et al. (2019), who revealed that a variety of 

Fig. 10. Speed profile (a) and simulated PM10 emissions per braking event (b) during the LACT cycle.  

Fig. 11. Speed profile (a) and simulated PM10 emissions per braking event (b) during the WLTP-Brake cycle.  
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factors, including initial braking speed, braking frequency and duration, 
influence the generation of brake wear particles, which can be assessed 
by the total dissipation energy. From Table 1, the obtained values of 
emission factors for three test driving cycles were consistent with the 
results reported in the literature. For example, the PM10 emission factors 
from brake wear were calculated to be in the range of 6.2–9.3 mg km− 1 

veh− 1 using receptor modelling (Beddows and Harrison, 2021; Dahl 
et al., 2006; Piscitello et al., 2021; Timmers and Achten, 2016). In a 
brake dynamometer study by Sanders et al. (2003) and Iijima et al. 
(2008), they found PM10 emission factors of 8.1 mg km− 1 veh− 1 and 5.8 
mg km− 1 veh− 1, respectively. The PM10 emission factors were 7.4 mg 
km− 1 veh− 1 and 7.0 mg km− 1 veh− 1 according to the emission inventory 
(EEA, 2019; NAEI, 2018). 

Fig. 12 illustrates the comparison of emission factors for PM10 and 
total wear mass generated from brake wear during three test driving 
cycles. It can be seen that the PM10 emission factor was the highest 
under the LACT, followed by the WLTP and WLTP-Brake. From Table 2, 
the LACT had a higher braking frequency and the highest average 
deceleration rate than the other two test driving cycles, which may be 
associated with the highest PM10 emissions. Compared to the WLTP and 
WLTP-Brake, the LACT corresponded mainly to the urban driving con-
ditions, which generated more PM10 emissions. Similar findings were 
reported by Beddows and Harrison (2021) and Liu et al. (2021, 2022a), 
who used receptor modelling to evaluate the brake wear PM2.5 and PM10 
emissions on urban, rural and motorway roads. They found that both 
PM2.5 and PM10 from brake wear on urban roads were apparently larger 
than those on rural and motorway roads. The PM10 emission factor 
under the WLTP, LACT and WLTP-Brake accounted for 40%, 43% and 
36% of the overall emission factor of brake pad wear mass, respectively. 
This means that the test driving cycles had an effect on the generation of 

PM10 emissions. These results are consistent with the data reported in 
most literature. For instance, Garg et al. (2000) reported that 10%–48% 
of total brake wear mass was distributed in PM10 fraction under various 
braking cases. Zum Hagen et al. (2019) used the cascade impactor and 
the Dusttrak (TSI 3090) to study the brake wear particles generated by 
the LACT driving cycle on the brake dynamometer, respectively. They 
found that utilizing these two devices, average PM10 emissions repre-
sented 49% and 40% of the overall brake weight loss, respectively. 
Hagino et al. (2016) discovered that brake wear PM10 accounted for 
around 32% of the total mass of brake wear. Riva et al. (2019) used the 
experimental and simulated approach to explore the brake wear emis-
sions and revealed that 37% and 26% of total brake pad wear mass were 
PM10 emissions. However, Sanders et al. (2003) found that average 
brake wear PM10 mass accounted for up to 82% of total wear mass on the 
brake dynamometer test, which is probably related to the materials used 
in the brake pad. 

4. Conclusions 

This work focuses on the PM10 emissions generated from the brake 
wear of a passenger car per braking event during three test driving cycles 
(WLTP, LACT, and WLTP-Brake) using an FEA approach. Moreover, an 
electrical low-pressure impactor (ELPI+) was used to measure the PM10 
emissions per braking event during the WLTP-Brake cycle on a brake 
dynamometer sealed in a chamber to validate a proposed FEA simula-
tion approach. The simulated and experimental results with an R2 value 
of 0.93 indicated that the proposed FEA simulation approach has the 
capacity to predict PM10 emissions from brake wear. A gradient increase 
in brake pad wear for the FEA data was observed from the inner to outer 
radii. The simulated PM10 emission factors were 7.9 mg km− 1 veh− 1, 9.8 
mg km− 1 veh− 1, and 6.4 mg km− 1 veh− 1, respectively, for the WLTP, 
LACT, and WLTP-Brake. The LACT cycle had the highest ratio of emis-
sion factors for PM10 to total brake wear mass, followed by the WLTP 
and WLTP-Brake cycles. In practice, lowering the frequency of high- 
speed braking may be an efficient strategy to reduce PM10 emissions. 
It is worth mentioning that only simulated PM10 emission factors were 
determined under various test driving cycles, whilst the simulated PM2.5 
emission factors were not evaluated in the present work. Further work is 
required to calculate the PM2.5 emission factors under different test 
driving cycles when a pv-map of the PM2.5 mass rate is available. In 
addition, the number of airborne particles is needed from brake wear 
using the similar FEA approach. 
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