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Currently, some countries are implementing the Bus Rapid Transit (BRT) system which combines the efficiency and quality of the Metro
system and offers flexibility and low cost of infrastructure. To ensure the safety of users, the study of friction in pneumatic wheels in different
environmental contaminants must be tested for these vehicles, since they carry out some fundamental functions like driving transmission,
traction and braking. In this study, the behaviour of the coefficient of friction between SBR rubber and hydraulic concrete MR 48 was
analysed in different contact conditions. Properties of SBR rubber were obtained with a universal testing machine and a durometer shore
A, while the properties of concrete MR 48 were obtained with a compression testing machine. The friction experiments were performed by
using the British pendulum method. Micrographs of the rubber surface were obtained by scanning electron microscope. The results showed
that high values of coefficient of friction are obtained in dry condition and even higher at tests with temperature of 35◦C. Contrary, the lowest
coefficients of friction were seen in wet condition and with contaminants. However, for the wet condition the coefficient of friction can
recover after applying silica sand.
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1. Introduction

Throughout the world, the extensive use of the automobile is
not the only factor that contributes to the emission of green-
house gases, it also causes air pollution in cities. A trans-
port system that has given good results in countries like Mex-
ico, Colombia, Brazil, Guatemala, Ecuador, Chile, Peru, Ar-
gentina between others is the Bus Rapid Transit (BRT) sys-
tem [1]. BTR systems are not only much cheaper and faster
to build than Metro, they also provide similar reductions in
travel times. This collective transport uses an exclusive lane
made of hydraulic concrete [2]. The use of hydraulic concrete
on public transport roads for articulated vehicles in addition
to other type of road sections is increasing due to its high
resistance to deformation and lower maintenance cost com-
pared to asphalt roads [3-5]. Concrete roads must provide the
appropriate frictional forces with the tires to carry out some
emergency functions like taking curves, braking, traction and
driving [6]. According to some authors, the contact between
the pneumatic tire and the pavement, mainly results in two
friction mechanisms, which are adhesion and hysteresis. Ad-
hesion is a phenomenon whereby the atoms of two bodies in
contact, rigid or not, develop small electromagnetic forces of
mutual traction. Hysteresis is the resulting frictional force
caused by the loss of energy due to the deformation in the
tire of the vehicle. Due to the operation of a vehicle, the
tire is compressed with a uniform distribution of stress, lead-

ing to storage of deformation energy in the rubber structure.
On the other hand, when the tire is unloaded, part of the en-
ergy is recovered, while the rest is dissipated as heat (hys-
teresis) [7-14]. According to some transport regulations, an
optimal coefficient of friction between the tire and pavement
is considered in the range from 0.61 to 0.8, good from 0.81
to 0.9, regular from 0.51 to 0.6, and bad when is below 0.5
or greater than 0.91 [15]. Some works have been done using
the British pendulum, proposing an experimental methodol-
ogy to evaluate the friction on steel tracks for the rubber tired
Metro evaluating different surfaces textures [16]. Another
work performed with the same equipment was to evaluate the
coefficient of friction in pavement covered with ice, as well
as the use of sand dispersed on the ice surface as a friction
improver [17]. B. N. J. Perssonet al., studied the frictional
behaviour of rubber on wet condition, in which it was demon-
strated that the type of contact between rubber and a solid
surface cannot be hydrodynamic. Water smooth the surface,
which reduces the main friction due to the viscoelastic prop-
erties of rubber induced by surface roughness [18]. T. Vieira
et al., assessed wear rates and friction mechanisms of rubber.
The rubber specimens used for the tests were obtained from
a common commercial tire, a green tire and a racing tire by
using the British pendulum [19]. S. Changarnieret al., con-
ducted an investigation on how dust accumulation affects the
tire-road interaction measuring the coefficient of friction with
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a pendulum device [20]. Y. Hichiriet al., presented a model
that expresses the surface cover by fine particles. The re-
search is based on the identification of particle flows between
the pneumatic tire and the road. The images revealed an ex-
pulsion flow and a recirculation flow composed of particles
lifted by the slider [21]. J. Karger-Kocsiset al., conducted
a study of friction and wear in dry condition by sliding of
an EPDM rubber against steel. The rubber used had differ-
ent concentrations of carbon black and different configura-
tions of the test machine were used such as pin on plate and
ring on plate. It was found that with the increase in carbon
black content the specific wear rate tended to reduce as did
the coefficient of friction [22]. D. Xu in collaboration with
J. Karger-Kocsis, determined the friction and wear by rolling
of the rubbers EPDM and SBR with different contents of car-
bon black against steel. It was concluded that the addition
of carbon black increases the hardness and the coefficient of
friction (the latter marginally) and decreases the specific wear
rate for both EPDM and SBR [23]. Y. Fukahoriet al, car-
ried out a study on the characteristic pattern of abrasive wear
on SBR rubber. For these experiments an abrasion machine
was used. It was possible to observe the characteristic ridges
of abrasion wear and the angle at which they are formed at
30◦ and 50◦ [24]. Fangman Xuet al., studied the impact of
surface roughness of rubber on slip friction using a pin on
disk configuration. Friction coefficient was obtained utiliz-
ing textured samples and flat samples (not textured). In dry
conditions, textured specimens, showed low coefficients of
friction. Under lubricated condition and using low speeds,
the friction coefficients were higher, but those were lower in
a higher speed region, concluding that the lubrication con-
ditions should be applied on the surface of the rubber [25].
C. Khelifi et al., investigated the change of the resistance to
sliding of various materials of subway tracks. Three materi-
als were studied of which two were mixtures of concrete and
the other one was steel. The experimental results indicate that
concrete improved slip resistance compare to steel, while ini-
tial slip resistance at the start depends on the treatment ap-

plied on the surface texture [26]. Dharamveer Singhet al.,
analysed a mathematical model to evaluate the coefficient of
friction between the pavement and the tire in wet conditions.
The study was conducted on five different types of rubber
samples. The coefficient of friction was measured using a
British pendulum equipment in wet conditions. The theoreti-
cal friction coefficient was calculated by entering experimen-
tal data in the mathematical model. The results showed that
wet adhesive friction was the main contributor to the theoret-
ical friction coefficient, while dry adhesive friction was the
lowest [27]. The purpose of this work is the determination of
the coefficient of friction between the pneumatic wheel and
the lane surface of the BRT system, simulating this contact
with a pair of materials of a styrene butadiene rubber (SBR)
against an MR 48 hydraulic concrete, which is evaluated in
different environmental conditions by using the British pen-
dulum device in laboratory. The environmental contaminants
conditions selected are those that the BRT system of Mexico
City is exposed.

2. Experimental procedure

2.1. Test materials

The behaviour of coefficient of friction between SBR (slider)
and hydraulic MR 48 concrete (specimen) is studied using a
British pendulum method. Hydraulic MR 48 concrete is the
type of concrete that is being used in different types of roads
and highways due to its high resistance to deformation and
lower maintenance cost than asphalt roads [3-5]. To validate
the specimens of MR 48 concrete, compression tests were
performed according to the ASTM C39 [28] (Fig. 1), using
a compression testing machine Soiltest model CT-750. The
specimens were manufactured based on the ASTM C31 [29].
In order to have a uniform loading and in accordance with
ASTM C1231 [30], neoprene pads are used at both ends of
the concrete specimen to ensure uniform loading.

FIGURE 1. Compression test. a) Cylindrical concrete specimen. b) Tested specimen.
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FIGURE 2. a) Concrete specimen, b) Surface of the concrete.

FIGURE 3. SBR mechanical tests. a) Tensile test. b) Shear strength test.

FIGURE 4. a) Morphology of particles. b) Particle size distribution.

The dimensions of concrete block MR 48 for friction tests
with British pendulum are0.3 × 0.15 × 0.1 m. Figure 2a)
shows the block of concrete that works as specimen and in
the Fig. 2b) the texture of surface can be seen.

The hardness Vickers and elastic modulus of MR 48 con-
crete were determined with a Berkovich indenter method.
The roughness of the concrete surface in the parameters Ra,
Rq, Rz, Rda, and Rdq were determined using an optical pro-
filometer BRUKER model Contour GT with a 5x objective
lens. In the case of the SBR material, this was obtained from
a commercial tire. Shore A hardness was measured with a
DLXD SHORE durometer according to ASTM D2240 [31].

The tensile strength [Fig. 3a)] and shear strength [Fig. 3b)] of
SBR were obtained with an universal testing machine Com-
Ten with a separation rate of 85 mm/min consistently, ac-
cording to ASTM D412 [32] and ASTM D624 [33], respec-
tively. In the case of tensile testing, due to the flow grain
anisotropy or directionality introduced during SBR process-
ing and preparation, there may be an influence on the tensile
properties, so the specimens are cut so that the longitudinal
direction of the sample is parallel to the grain direction. The
roughness of SBR slider specimen was determined using a
Mitutoyo profilometer model SJ-410.

Rev. Mex. Fis.71031005
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TABLE I. Test contact conditions.

Test condition Contact length 0.003 l 0.06 l Heat contact 1 g of

of 0.126 m of water of water surface silica sand

Dry condition (T1) X
Wet condition by spraying (T2) X X
Wet flooded condition (T3) X X
Temperature condition at 35◦C (T4) X X
Contaminant condition (T5) X X
Wet condition by spraying with contaminants (T6) X X X
Wet flooded condition with contaminants (T7) X X X

For the friction tests, in contaminant condition, silica
sand was used due to the similarity with the particles accu-
mulated on roads. Figure 4a) shows the morphology of the
particles of silica sand using a SEM equipment model JEOL
JSM-6610LV. Figure 4b) shows the particle size distribution
of silica sand carried out with a diffraction laser equipment
BECKMAN COULTER model LS 230, obtaining an average
particle size of 80.7µm, and with a largest particle size of
121.8µm.

2.2. Friction tests equipment

The equipment used was the British pendulum, designed to
simulate a sliding contact condition against a solid rigid sur-
face under BS 7976-1 standard used especially for road [34].
An elastomer specimen is mounted at the end of the tubular
arm which works with sliding speeds of 2 to 5 m/s, with a
preload of 22 N, the sliding surface distance must be 0.126
m ± 0.001. The friction between the slider and the surface
produces a loss of energy which is measured in SRV (Slip
Resistance Value) by means of a pointer on the scale when
the arm swings upwards (Fig. 5). The bounce height

FIGURE 5. Schematic diagram of the British pendulum.

is equal to the slip resistance value that is measured on the
pendulum scale. These values can be found almost roughly
equal by multiplyingµ ×100, however, due to the compres-
sion of the spring arrangement on the elastomer slider, there
is a significant deviation [35], Eqs. (1) and (2) were used to
determine the coefficient of friction.

µ =
3 ∗ SRV

110− SRV
. (1)

Factorizing Eq. (1)

µ =
(

110
SRV

− 1
3

)−1

. (2)

2.3. Friction tests procedure

Six friction tests were performed in each test condition (Ta-
ble I) according to ASTM E303 [36], verifying the cor-
rect calibration of the pendulum equipment and the contact
length, the rubber sliders must also be conditioned priori
to test with using sandpaper according to the test method
(Fig. 6). In order to validate the tests results according to
ASTM E303, Eq. (3) is used to determine the error [36].

E = (tσn)−1/2, (3)

whereE is the test error,t the normal curve from 1.96 or
rounded to 2,σ is the standard deviation of the individual test
results (SRV) andn the number of tests. In order to validate
the tests, error must be minor than 1 SRV.

For temperature condition tests (T4) an infrared incan-
descent lamp was used to heat up uniformly the hydraulic
concrete test surface at 35◦C± 2, the temperature was mea-
sured with a pyrometer. For contaminated condition tests
(T5, T6 and T7)) silica sand was used due to the similarity
with the particles accumulated on roads during dry weather
period having a size up to 125µm with a concentration from
10 g/m2 to 55 g/m2 [9,20]. Finally, some tests were carried
out in wet condition (T2, T3, T6 and T7) to simulate light
rain and when it rains heavily. It is important to analyse the
wet condition due to the increase in accidents when it rains,
additionally the wet tests were carried out with and without
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FIGURE 6. a) SBR slider preparation with silicon carbide sandpaper. b) Micrograph of the slider conditioned with sandpaper.

FIGURE 7. a) Mapping of the roughness, b) Roughness profile.

sand. For all the tests, the rubber slider was at room temper-
ature (25◦C± 2).

3. Results and discussion

3.1. Roughness of MR 48 hydraulic concrete

The values of roughness parameters Ra (5.22µm), Rq
(7.1 µm), Rz (31.3µm) and slope parameters Rda (4.26◦),
Rdq (8.77◦) were obtained. The values of Ra, Rq and Rz
indicate a rough surface of the block specimen as prepared
according to ASTM C31, influencing the values of the fric-
tion coefficients obtained. In the case of the slope parameters,
that describe the characteristics of the slope of the roughness
profile, the obtained values reflect a profile with steep slopes,
producing fragile behaviour on the surface crests. Figure 7a)
shows a surface mapping of the roughness of the MR 48 con-
crete block and Fig. 7b) shows the roughness profile with re-
spect to thex-axis and they-axis in 2D.

3.2. Mechanical properties

The mechanical properties of SBR and concrete MR 48 are
shown in Table II. The values were obtained experimentally

as described in Sec. 2.1 and are according to those obtained
in other works [37,38]. The average roughness Rq of SBR
corresponds to the surface finish of a new commercial tire
used in this study. The values of roughness of both mate-
rials provide important information on the behaviour of the
coefficient of friction obtained in the experimental tests.

3.3. Coefficient of friction and schematic models of con-
tact rubber-concrete

Table III shows the friction results, while in Fig. 8 can be
observed the average coefficient of friction. In wet condi-
tion by spraying there was a loss of friction of 58.1% with
respect to dry condition. For wet flooded condition, the loss
was of 44.59%. For temperature condition there was an in-
crease of 5.4%. In contaminant condition there was a loss of
friction of 43.24%. For the last two conditions in wet con-
dition by spraying and flooded with contaminants occurred
a loss of friction of 48.65% and 40.54% respectively. The
discussion about the friction results is better explained below
with the interpretation of the different schematic models of
contact rubber-concrete, shown in Fig. 9.
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TABLE II. Mechanical properties of SBR rubber and concrete MR 48.

SBR

Elastic modulus Hardness (Shore A) Tensile strength Shear strength Roughness Rq

0.021 GPa 65.5 0.989 MPa 3036 Pa 0.8µm

Hydraulic concrete MR 48

Elastic modulus Hardness (Vickers) Compressive strength Roughness Rq

29.702 GPa 78.228 23.52 MPa 7.1µm

TABLE III. Friction results and test error.

Test condition
Test number

Average Standard deviation Test error
1 2 3 4 5 6

T1 0.78 0.75 0.74 0.74 0.72 0.72 0.74 0.02 0.23

T2 0.33 0.32 0.3 0.31 0.3 0.3 0.31 0.01 0.25

T3 0.41 0.41 0.4 0.41 0.43 0.41 0.41 0.008 0.35

T4 0.8 0.8 0.8 0.78 0.78 0.76 0.79 0.02 0.26

T5 0.41 0.41 0.43 0.41 0.41 0.43 0.42 0.009 0.44

T6 0.37 0.38 0.38 0.38 0.37 0.37 0.38 0.006 0.41

T7 0.44 0.45 0.44 0.45 0.44 0.43 0.44 0.007 0.41

FIGURE 8. Friction coefficient average in different contact condi-
tions.

In Fig. 9 the schematic models of the interaction between
the elastomer slider against a concrete surface under each test
condition are shown. It should be noted that for this work
only the interaction of both materials in contact was con-
sidered without taking into account the grooves of the hy-
draulic concrete and neither the channels and the own design
of the tire tread, this because the British pendulum is not de-
signed to operate on a very rough surface with a macro tex-
ture. In dry condition tests (T1), the rubber deformed, this
happened due to its low modulus of elasticity, filling up the
ridges and valleys of the rough surface of the concrete; this
deformation is expelled by heat in addition to the chemical
and magnetic bonding of both materials [18]. During the ex-
perimental test in dry condition [Fig. 9a)] it was observed
a decrease tendency of the friction coefficient between each
test. Tests at wet condition with spray [Fig. 9b)] showed a

water film that fills the ridges and valleys of the rough sur-
face on the concrete sample avoiding adhesion between the
samples [18]. The minimum film thicknesshmin calculated is
0.10238µm andΛ ratio is 0.01279, so, the lubrication regime
is boundary for the pendulum method [39]. In a flooded con-
dition [Fig. 9c)], the slider must displace large amount of wa-
ter. According to the Newtonian viscosity law, for a Newto-
nian fluid, the relationship between the effort and the cutting
speed, which indicates that to displace that amount of water
greater effort is needed, which is reflected in the loss of en-
ergy of the pendulum when impacts against the water film
giving a friction reduction. The highest coefficient of friction
was obtained at temperature condition at 35◦C (T4) [Fig. 9d)]
mainly due to the change on viscoelastic properties of the
elastomer [18]. By increasing the temperature, relaxation
times are reduced, because the molecules have greater mobil-
ity and require less time to readjust and the viscous forces are
overcome by the kinetic energy, causing a decrease in the vis-
cosity of the material, producing deformation and adhesion
mechanisms on the surface that increase the friction. Sand
particles decrease the coefficient of friction because some
particles are deposited in the cavities of the peaks and val-
leys of the concrete surface reducing hysteresis friction and
micro hysteresis [Fig. 9e)], while larger sand particles tend to
roll, which facilitates the slider slip, however, the wear rate
is greater because of the abrasive effect. The particle size
has an effect on the friction coefficient would increase when
particle size is larger [20]. Wet (atomized) condition with
contaminant [Fig. 9f)] was similar to what was obtained in
a contaminant condition, however, the deposited water film
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FIGURE 9. Schematic models of the series of test conditions: a) dry (T1), b) sprayed water (T2), c) flooded contact (T3), d) temperature
condition (T4), e) dry and sand (T5), f) sand and sprayed water (T6), and g) sand and flooded contact (T7).

layer increases the coefficient of friction because the com-
bination of sand particles with water forms a viscous
layer [9,20]. In wet condition (flooded) with contaminant
[Fig. 9g)], while particles of sand and water fill the valleys
and ridges, the water layer increases the resistance to slip-
ping, that is why is necessary a greater effort to break it.

3.4. SEM of SBR slider

In order to observe the surface of the elastomer in an elec-
tron microscope it was necessary to apply a coating of gold
by physical vapour deposition (PVD). In Fig. 10e) can be
observed the wear features of the slider after the series of
tests according to the different conditions. Some abrasive
mark along of the sliding direction, adhesive wear, tearing
and scratches were observed.

In Fig. 10b) it can be observed certain abrasive patterns
due to dry sliding contact, but unlike the initial condition with
sandpaper, the size of ridges and valleys was reduced. In
Fig. 10c) there are not abrasion patterns, instead there are ar-
eas with adhesive wear, in addition, it can be seen that the
size of ridges and valleys was significantly reduced in com-
parison from which it is observed in dry condition and hence
because a low coefficient of friction is obtained. Figure 10d)
shows the elastomer slider in temperature condition, it can be
seen areas with adhesive wear and tearing as well as areas
with abrasion patterns and patterns similar to those obtained
with the preparation with sandpaper. In Fig. 10e) the elas-
tomer slider is shown in a contaminated condition, it can be
observed areas with tearing, also the areas of ridges and val-
leys slightly smaller than the elastomer slider prepared with
sandpaper.
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FIGURE 10. Slider surfaces; a) initial condition (with sandpaper), b) dry condition, c) wet condition by spraying, d) temperature condition,
e) contaminant condition with sand.

4. Conclusion

As it was expected, friction coefficient was affected show-
ing high values in dry conditions, both at room temperature
and at temperature of 35◦. Low friction coefficients were
obtained when separately water and sand was applied. Co-
efficient of friction was low when the combination of water
and sand, flooded contact and sprayed water was separately
added too. In the tests at temperature condition of 35◦C the
highest friction was presented, mainly due to the change on
viscoelastic properties of the rubber. In the tests with con-
taminant, where silica sand particles were added, an increase
in the friction was observed, both in dry and wet conditions.

The hydraulic concrete showed to have the best performance
in adhesion with the SBR rubber when the temperature in-
creases. This could have a good impact and demonstrates
why this material is widely used in BRT systems, where dif-
ferent environmental conditions are presented, besides its low
maintenance cost. It should be noted that the minimum fric-
tion value allowed on roads in Mexico is 0.5 this is in general
regardless of whether the roads are made of asphalt or hy-
draulic concrete, however, in this work only the interaction
of both materials in contact was evaluated without consider-
ing the grooves, that is why in wet condition it was got a low
coefficient of friction. In future work, the texturing of con-
crete and rubber would be considered to evacuate water and
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allow greater adhesion between concrete and rubber, in ad-
dition to mitigate the water layer between both surfaces and
also avoiding the phenomenon of aquaplaning.

Funding

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

Declaration of conflicting interests

The Authors declare that there is no conflict of interest.

1. D. A. Rodriguez, E. Vergel, Bus rapid transit and urban devel-
opment in latin America,Land Lines25 (2013) 14.

2. J. P. Bocarejo, I. Portilla, M. A. Ṕerez, Impact of transmile-
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equipo Ṕendulo en Contactos Rueda-Riel de Sistemas Fer-
roviarios, Doctoral Thesis, Instituto Politecnico Nacional,
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