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Abstract:

Attainment of cycling comfort on urban roads encourages travebengse
bicycles more often, which has social and environment benefits @i to reduce
congestion, air pollution and carbon emissions. Cycling vibration ponssble for
the cyclists’ perception of (dis)comfort. How asphalt pavemersigface
characteristics relate to cycling comfort, however, remains undishvierthis study,
the cycling vibration intensity on 46 sections of 24 urban roads wieltasing a
dynamic cycling comfort measure system while the cyclmsception of vibration
was identified via questionnaires; the cycling comfort was tedimed based on the
cycling vibration. To record the accurate pavement-tyre interiamder a stable
environment, a total of 19 pavement sections were scanned using a taDadigiera.
These 3D models were then 3D printed, which are used to conduct thererkisn
test using a self-developed pavement-tyre interface testnsysthree ranges of
pressure films were adopted to characterize the pavementrtgdace via 9
parameters, namely contact ar@g,(unit bearing ared(), stress intensityy), stress
uniformity (S,), kurtosis &), spacing $p), maximum peak spacin@fmay, radius
ratio (R) and fractal dimensionF{), in consideration of the area characteristics,
pressure amplitude, peak spacing and shape of the interfacedy, Rimalsignificant
interface parameters were identified, and the regression motiebdre interface
parameters and cycling comfort was established. Results showththatycling
vibration was described to be ‘very comfortable’ when the human exposuleation

level @) was less than 1.78 mjscomfortable’ when they,, was between 1.78 ni/s



and 2.20 m/A and ‘uncomfortable’ when tha,, was greater than 2.20 ri/sThe
average stress on rear wheel-pavement interface is higinethtéteof the front wheel.
Buos SR-0.6 andFgoe are significant to cycling vibration. The 2LW pressure fitm
recommended for use to measure the bicycle pavement-tyrefacete The
recommended interface characteristics are less than®/ofriime unit bearing area, 6
mm of average spacing and 2.38 of fractal dimension. Finally, depdalt mixture
performs better in providing cycling comfort than the gap-gtaalgphalt mixture.
Results of this study contribute to current knowledge on bike landodorend
pavement design, the findings should be interested in cyclists, traptguoners, and
road authorities.

Keywords: cycling comfort, vibration, asphalt pavement, pavement-tyre ingerfac

pressure film, 3D scanning and 3D printing



1. Introduction

In the past few decades, automobile-oriented transport planning ddicteg
have led to a dramatic increase in the number of vehicles, ngsuiti traffic
congestion, air pollution, fossil fuel consumption and road traffic acadBscently,
the non-motorized transport is gaining recognition of their environmetanomic
and social benefits from governments and the public worldwide, edpemial
developed countries. Cycling, in particular, is becoming a popular mearasport
because of being enjoyable, environmentally-friendly and costtefé (Zhang et al.,
2015). Shared bicycle schemes are gaining great attention. Globaiky,than 800
cities have started the bicycle sharing schemes (Ricci, 201®)hina, only a few
thousands shared bicycles were operated using public fund in majobeibes 2015.
However, traffic congestion and air pollution in megacities sushBeaijing and
Shanghai have demanded a smarter and greener mode of transmimg cee
booming market for shared bikes and attracted numerous privatenmevest Since
2015, various types and brands of shared bicycles have been increasiaglpn

Chinese streets, including small and medium-sized cities. Aemirethere are 77

companies in the Chinese market offering 23 million shared bicycles to more than 400

million registered users, 17 billion trips have been made using shanedles (Luo,
2018). Apparently, cycling in China is not only an alternative modeaofport to
motorized vehicles that citizens occasionally use, but also ahyeatid desirable
lifestyle. Consequently, the service quality of urban bicyeee$ has become

increasingly important not only for safety reasons but also for cycling comfor



Human comfort is a complex perception which is jointly influencethbkytactile,
visual, auditory, olfactory and hygienic factors (Boduch and FmcP@09). The
service level of cycling infrastructure was widely acknowked by previous studies
as the main factor affecting cycling comfort. For examplelve&yaet al. (2015)
conducted a questionnaire investigation to determine the significaotdmom 24
indicators concerning the cycling environment, which are believedhaiee an
influence on cycling comfort. It reported that the bike lane pawernype directly
impacts the comfort rating of cyclists. Furthermore, theityaf bike lane surface is
reported to be a key factor for cyclists to plan their routes (Rybarczyk and Wu, 2010)

How pavement quality influences the cycling comfort? It is prameprevious
study that the cycling vibration intensity is responsible falists’ comfort (Gao et
al., 2018), but the essential question is: What qualities of the paveetentine the
cycling vibration? Pavement macro-texture, a road surface atBestic with
wavelengths from 0.5 mm to 50 mm, is reported to be crucial tongyeibration
(Chou et al., 2015). For instance, Holzel et al. (2012) compared thagydbration
on asphalt pavement, concrete slabs, bound gravel, and cobblestones. Results
indicated that the asphalt pavement provides much better cydmfpd compared
with others. Importantly, Li's group (Li et al., 2013a; Li et al., 2013is} fntroduced
the asphalt pavement macro-texture in terms of mean profile defRRD)(to the
investigation of cycling quality. Results showed that the MPEBigsificant with the
cycling vibration, and the prediction model they developed has signifirantical

values. However, the mechanism of how the pavement macro-texteots ahe



cycling comfort is still unknown, partly because the MPD alon@ssifficient to
evaluate pavement macro-texture as it can only charactémdzenacro-texture in
height. Apparently, there is a knowledge gap between cyclingtiobrand pavement
macro-texture, which needs to be filled by an effective resespproach and field
data. The interface between the bicycle tyre and pavement suefes the actual
contact area and distribution of stress. Therefore, the paveyneniterface can be
considered as a key connection between cycling vibration and matucete
However, there is very little such research seen in previous publications.

In addition, previous studies have developed several cycling vibration evaluat
methods, which were mainly based on field test which captured vibsitioals by
installing accelerometers on the probe bicycle. However, itimeconsumption task
to ride a bicycle on the network periodically to evaluate the irgyctuality,
considering the massive road network. Therefore, transport planndrsroad
authorities need a method with higher efficiency and accuracy.

In summary, the following questions should be answered when addressing
aforementioned issues faced by transportation professionals.

® How does the pavement-tyre contact interface influence the cycling

vibration?

® Which characteristics can be used to best determine whethexisiimge

pavement is comfortable for cycling?

In this study, the cycling vibration intensity on 46 sections of Bamuroads was

tested via a dynamic cycling comfort measure system wieleyclists’ perception of



vibration was identified via questionnaires, then the cycling convad defined
based on the cycling vibration. A total of 19 pavement sections werdigal
scanned and then 3D printed in order to conduct the pressure film testaustdéle
environment, thereby a more precise theoretical study can benrapted. Therefore,
laboratory test is recommended by previous studies (Chen et al., 20d4g 2t al.,
2014). In addition, the 3D printed model comes to the feasible option fpraksure
film test as we are not allowed to cut off the urban pavenwenaboratory test. In
summary, three types of pressure film with different meégeiranges were adopted to
quantitatively characterize the pavement-tyre interface ipgrameters, which are
contact area/.), unit bearing areaB(), stress intensityS), stress uniformity §,),
stress kurtosisY,), average stress peak spaciBg), maximum stress peak spacing
(Spnay, radius ratioR,) and fractal dimension of contact pattelg)( In addition, the
correlation between interface parameters and cycling comfort waddisised. Finally,
the interface characteristics for a comfortable bike laeeracommended and the
cycling comfort detection method is suggested. The test method, anaydi

evaluation procedure are illustrated in Fig. 1.

Fig. 1 Test method, analysis and evaluation procedure



This study was carried out at a time when the Chinese govetrsaebicycle
transport as a strategy for sustainable urban development. Cyrtbetly are no
specific standards or guidance for cycle lane pavement niatdesign and cycling
quality evaluation. Outcomes of this study will help road contractorsuild
high-comfort bike lane, for transport planners and road authorities taanowcling
lane quality, and for government to encourage people to use shareléditiyerefore,
improving the urban transport environment.

2. Experiments
2.1 Measurement of cycling comfort
2.1.1 Tested road sections

Cycling vibration on the 46 sections of 24 urban asphalt roads (11,500 m in
length) was tested, as shown in Fig.2. Furthermore, 19 out of the 4&ecohs
were selected to study the pavement-tyre interface, becausse tBeroad sections
share a similar roughness (1.5 mm - 1.8 mm) measured by using
3-meters-straightedge method, which is recommended in a Chinesificapen
(JTGF40-2004, 2004), thereby the potential influence of pavement unesexmtse
cycling vibration can be avoided. In addition, the selected sectionhaak
high-quality asphalt pavement, located in the non-motorized larteslow traffic
volume and with no severe cracks or potholes. Previous surveys shoheetdad
sections have the gradient of 0.5 % — 1.5 % and horizontal curve radiasvisen

600 m and 1200 m.
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Fig.2 Tested pavement sections in Xi'an city, China

2.1.2 Cycling vibration test

A self-developed Dynamic Cycling Comfort (DCC) measure esgstwas
designed to record the cycling profiles, as shown in Fig.3 (g. Aicycle (25 kg,
using inflatable tyre) for the experiment was a shared leidgee Fig.3 (a)) which is
a common one seen in Chinese cities. Moreover, a skilled cycksteseuited from a
local cycling club to conduct the vibration test, who is a 28-yearheddthy male
(weight 83 kg, height 177 cm) with over 6,000 km of cycling experienge. A
acceleration data logger (HOBO Pendant G, made in USA), amnshokig. 3 (c),
was firmly installed on the left handlebar of the bicycle, etshhical parameters are
measurement range = 29.4 m/s?, accuracy 0.735 m/s?, resolution 0.249 ma/s2.
sampling rate was 100 Hz. Please note that the DCC systermesigmed to collect
the vibration signal on the hand-bar instead of saddle and peals toergpites
overall vibration that a cyclist perceived, and the vibration - istgtlcomfort
relationship was pre-defined by conducting the questionnaire survdygr lthe
whole-body cycling vibration measurement only, the DCC may notaldait

considering the lower sampling rate and difference in the measatelocation,



therefore, it is suggested to strictly follow the instructioreg in standards (Griffin,
1990; ISO-2631, 1997; Taylor et al., 2017). For example, Taylor et al. (2018) ha
proposed a standard procedure and equipment for measuring cyclingomibrat
VBOX sport data logger was installed on the right handlebar, asnsimofig.3 (b).
The GPS records time (accuracy 0.1 s), position (2D position: + 5Sna*)valocity
(accuracy 0.1 km/h) etc. Meanwhile, a VBOX app was installed smatphone (as
shown in Fig.3 (f)) to monitor the cyclist’s real-time state.

Cyclist begins cycling along the assigned route with a consizegd (12~16
km/h). During the test, the cyclist refrains from shaking theydbéc handlebar,
especially in the vertical direction. Cycling test would becarducted if any
anomalies were found in the test data. Each section was testediimes to reduce
random error. The average sampling length for each tesvrsecas around 250 m,
the duration of each test exceeded 60 s. A typical cycling prtifde the DCC

recorded is illustrated in Fig. 3 (Q).
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(a) shared bicycle for testing; (b) DCC installation; (c) accelerabigger; (d)

controller and connector of acceleration logger ; (e) VBOX sport GPS lofjgese(



interface of GPS app shown on a smartphone; (g) a typical cycling profile
Fig.3 Dynamic Cycling Comfort (DCC) Measure System
The calculation of cycling vibratiora(,) was undertaken by using international
standard 1ISO 2631 (1ISO-2631, 1997), using the vibration signaks(@p), y (awy)
andz (aw) axis for the duration of the measuremé&nihe used frequency weighting
curve wasW. The awy, awy, anda,, can be calculated from Eg. (1) while the

whole-body vibration leveh,, was obtained from Eqg. (2).

1T 1/2
Ay = [?j aﬁ,i(t)dtl i=x,9,2 Eq. (1)
0

Ayy = \/awxz + ayy? + ay,? Eq. (2)

2.1.3 Cyclist' perception of vibration

Comfort is a subjective experience depending on individuals’ pévoept
Therefore, a total of 17 volunteers were recruited to completquibgtionnaire, and
their assessments of vibration (and comfort) after cycling oh selected pavement
section were recorded. Details of the questionnaire, volunteers and testypescare
described in our another publication (Gao et al., 2018). The key findings are
summarised in section 3.1 of this paper.
2.2 3D laser scanning of asphalt pavements

A 3D scanner (HandySCAN 300 produced by CREAFORM Inc, Canada) was
adopted to sample the 3D digital information of the tested pavemefdaces.
Technical specifications of the scanner were 0.100 mm resolution, 0.040 mm
precision, and 205,000 measurements/sec sampling rate. Coordinates sf #reae

can be obtained with the assistance of position marks. Thereforelf-masle



sampling frame with randomly affixed position marks was developkdsaveffective
sampling area was 9 cm x 50 cm, as shown in Fig .4 (a). 3D scanmoigeis four
steps: i) follow the GPS navigation to find the road sections whergilbration test
was conducted; ii) select the representative areas with nuficagt surface
difference (visual inspection) on the bicycle lane recorded byGiRE, and use a
sampling frame to limit the scan area; iii) brush off debmsnfthe selected area
before the measurement starts, as shown in Fig .4 (a); ivittseaelected areas, as
shown in Fig. 4(b). Three area with no significant differencesgasned to represent

a road section.

Position
marks

(a) sampling frame with position marks; (b) 3D scanning
Fig. 4 Field 3D scanning for the pavement surfaces

The 3D models should be firstly trimmed to have the same dimersimesthe
original models covered unnecessary area, then eliminate ¢nal lahd longitudinal
difference caused by road slopes using the least-squares-fillimg. typical
reconstructed 3D models for each section are shown in Appendix A.
2.3 3D printing of scanned model

A fused deposition modeling (FDM) 3D printer (CR-10 produced by {yezD

Technology Co., Ltd, China) was used to create the 3D models of pavemites



using polylactic acid material (PLA). The critical technisgkcifications of the 3D
printer are £0.1mm print accuracy and 0.4mm nozzle diameter. The maertjg®of
the used PLA materials are 1.25+0.05 g/ciensity;>60 MPa tensile strength ar60
MPa bending modulus. PLA has the desirable mechanical propertiedendarg and
tensile loading, and shows no significant deformation under the applie@Soad et
al.,, 2017), therefore, the distribution of stress over the pavementdymained
unchanged during the loading.

Three steps were involved in the 3D printing process. i) Mataaiadn of the
surface model. The original 3D scan model is a surface modehvdaionot be
printed because it is not an entity with volume and centroid. Therélouedaries of
the original surface model are stretched down to the samdthieyg computer
animation, and then the new boundary is sealed to form a printalile @ntModel
optimization. Original surface models often have defects suclelamtersection,
high folding edges, and missing information, thus the original mostedsild be
examined and repaired using a commercial software. iii) Modppat during
printing. It is necessary to use support device to keep the mobkd, stdoich is the

wood sticks in this study, as shown in Fig. 5.

PLA material

Print mode|

{back surtace)

Support dévice ~ Printing system



Fig. 5 3D printing

Five technical settings are recommended to obtain a high-gpahtyng model
(Creality 3D Technology Co., 2017). After several adjustments of printing pemane
the optimal printing settings for use were 0.8 mm wall thicknessnfrid layer
thickness, 100 % triangle sampling rate, 100 % filling rate ar@ ZD nozzle
temperature. Three representative areas were randomliesiien three 3D surfaces
and were printed for each road section. The dimension was 0nem % h, in which
the height (h) of the printed model is at least 5 mm higher thaméxenum texture

depth. Some printed models were shown in Fig. 6.

Fig.6 Typical 3D printed model for each road section
2.4 Pressure-sensitive film test
2.4.1 Pressure film
The two-sheet type pressure film is composed of two PET basriahdiims
which are coated with the color-forming layer (upper) and coloridpivey layer

(lower). The microcapsules inserted in the color-forming |layerbroken under the



applied pressure; then the colorless pigments are released fiotapsules and
absorbed by the developer, producing a red color because of chesaictbn. The

microcapsules containing the color-forming materials are adjusteatying sizes and
strengths, producing a color density that corresponds to the amaqumesefire. Once
the temperatures and humidity of testing environment are detrthe pressure on
the film can be converted in proportion to its color density (Fuijifilm, 2015).

Three types (4LW, 3LW, and 2LW) of pressure films were uEkd.measurement
pressure ranges of 4LW, 3LW, and 2LW are 0.05-0.2 MPa, 0.2-0.6 MPa, 0.5-2.5 MPa
respectively. Pressure films are sensitive to test environrentecommended test
temperature ranges are 20-30 °C (35-80% humidity), 15-35 °C (35-80% hupadiy)
20-35 °C (20-75% humidity) for 4LW, 3LW, and 2LW, respectively.

Pressure film allows the measurement of the tyre-pavemenfarde and has a
higher measuring point density compared with others, such as therprgdate
method, pressure sensitive membrane, and pressure sensors, etc.altsingse
measurement point area of 0.016 Mmtherefore, even the finest details can be detected
(Cheli et al., 2011; Liang et al., 2013). Meanwhile, the contact pasgtelifficult to be
distorted because the ultra-thin film (0.1mm) is easy to fits the pavemertesurfa
2.4.2 Test procedures

As previously discussed, the test environment has significant effiepressure
film test accuracy. To create a stable test environment pogendesigned test system
was established, which consists of two subsystems in congideraf the

environment and stability factors, as shown in Fig.7 (a). Environment stabsy



consists of a temperature-controlled heating plate, a hygroaredea thermal camera
to monitor surface temperature. Stability system was designedlirhinate the
interference of human behavior in test. It consists of a benchmankdaitoring
transversal stability (see Fig.7(b)), while a bracket,tlioickles and a bicycle brake
were used to maintain longitudinal stability, as shown in Fig.7(a, c).

Before the test, the heating plate, 3D printed model, and prefdsur@cm x
15cm) were placed in sequence as shown in Fig.7 (d). Then set therdaume at
30 °C and heated them together for at least 10 min (depends on roonnatenape
When the temperature recorded in the thermal camera reached (8@BLC), record
the humidity shown in the hygrometer. After adjustments madédycyclist (the
same person who participated in the vibration test), the tyrd-(ge€e)) was pressed
vertically on the film and was held for 2min + 5sec while thdistywas seated on the
test bicycle. During the test, any shakes or rotations obitlyele were not allowed
and the pressure film would be abandoned if such behaviors happened. A typica
contact interface recorded on the pressure film is shown in Fjg.Thikee films were

obtained for each 3D model.

Thermal Cameral
“

(a) overview of the test system; (b) benchmark; (c) limit buckle; (dacbatea; (e)

tyre surface; (f) a typical contact interface recorded on the 2LW film



Fig.7 Pressure film test system for pavement-bicycle tyre interface

2.5 Parameters

Natural pattern, for example, the pavement-tyre interface,cangplex and
anomalistic, which is difficult to be characterized via a fevapeeters and there is no
ideal geometric model that can fully describe the relationships. sStope of the
survey aimed to be as comprehensive as possible since the gasathat may
potentially affect cycling vibration are not fully understood unrent knowledge.
Three ranges of pressure films were adopted to charactidrézgavement-tyre
interface using 9 parameters, namely contact aga ynit bearing areaB), stress
intensity §), stress uniformity §), kurtosis &), spacing $p), maximum peak
spacing $pnay, radius ratio R) and fractal dimensionF(), in consideration of the
area characteristics, pressure amplitude, peak spacing and skia@étdrface. Each
parameter is described as follows.
2.5.1 Stress

Average stress intensityS( MPa) indicates the average stress level of
pavement-tyre contact interface. Stress unifornfify MPa) describes the difference
in stress across the interface, it can be calculated usin@)ahere.S is the stress

value of thg"™ point.

Su= | ) (55-50%/n Ea. (3)
j=1

Kurtosis &) relates to the uniformity of the pressure amplitude distribution

function (ADF) or, equivalently, to the sharpness of the pressurebdisbn. S, can



be calculated by Eq. (4) (1SO4287, 1997).

n
1
Sew = 7570 ZHC) Eq. (4)
1i=1

WhereA is the projection are&; (x, y) is the pressure values angly) is used to

identify the position of calculation poirg, (root mean square pressure) is calculated

1
S, = /ZZ 72(x,) Eq. (5)
A

Two parameters may have a potential influence on cycling woratihe first is

by Eq. (5) as:

2.5.2 Area

contact area of the interfaca.{ mnf). The second is the unit bearing arBg €n),
which equals to the contact are®)(divided by the number of the isolated grain-like
objects in the interface pattemmy), it is calculated via Eq. (6).
B, = a Eq. (6)

2.5.3 Spacing

Average stress peak spacir®p{) describes the distance between pressure peaks
in the pressure profile along the traffic direction, it can beutatled using Eq. (7).
The original pressure profiles were processed using a lowfiiassith the cut-off
length of 1 mm to remove the fine peaks, which is resulting froomibe-texture of
aggregates, a typical original profile and filtered profdlelemonstrated in Fig.8 (a).
At least 5 profiles were extracted from an interface imaile an equal interval for

calculation ofSp, as shown in Fig.8 (b). Furthermore, the average of the maximum

stress peak spacin§§nay of five profiles was identified.



i=1(Xiv1 — X;)

— Eq. (7)

Spq =

Where,x; is the coordinate of th& pressure peak on a pressure profile, miis;

the total number of peaks in a profile.

2.0 Original profile = Filtered profile (a)

Pressure/MPa

T T T T T
20 40 60 80 100 120
Distance/mm

(a) original and filtered stress profile; (b) five profiles extrdetean equal interval
Fig. 8 Spacing calculation
2.5.4 Shape
The average radius ratio of all grain-like obje&s (no unit) describes the
general geometric shape of the grain-like objects on the io¢ertacan be calculated
with Eq. (8). Wherdnax is the max radius of an objett,, is the min radius of an

object. The greater tH®, the slender of the grain-like object is.

n lmax
2

R, = = Lnin (i=123"n) Eq. (8)
Nop

2.5.5 Fractal dimension

Fractal dimension is widely accepted as an effective wayafessing images
for pattern analysis (Nayak et al., 2018). The original paterere converted into
grayscale images, then the power spectrum fractal dimensionsedgo evaluate the

pattern appeared in the pressure films. Power spectrum methaskeid on the power



spectrum dependence on fractional Brownian motion, in which every gteysc
profile that forms the image is Fourier transformed and is pspectrum evaluated.
The fractal dimensiofrq can be calculated using the slgpef lgS(k) — lgk. The
relation between power spectrusk) and frequenck can be found in Eq. (9). The
fractal dimensiorfq is expressed in Eq. (10). The power spectral density\NpfaNy
size image is obtained by a two-dimensional Fourier transfamais shown in Eq.
(11), wherev, u are the frequency variables. Then the image power spectrufrecan

obtained via Eqg. (12) (Van Put et al., 1994).

S(k) «x k= Eqg. (9)
F, =4 +§ Eq. (10)

& Eq. (11
F(pv) = Z Z Z(x,y)exp [—]Zﬂ <N Ny>l % (11
S(k) = |F(u,v)|? Eq. (12)

3 Results and discussion
3.1 Cyclist’s perception of vibration

Fig.9 demonstrates the results of cycling vibration test and pencepst. The
columns in the bar chart represent the vibration levels of the 46 emdiors in
ascending order of the vibration,(), in which the 19 sections highlighted in blue
were 3D printed. Correlation between the cycling vibration and the atbmf
perception is shown in red, 11 road sections were rated by volunte@istCy
comfort is rated from 1 (very uncomfortable) to 5 (very comfortable).

Clearly, the range of vibratiom{,) value is between 1.031 mM/&<B-4) and 3.193

m/s® (XX-1), indicating that the cycling comfort among these isastcan be quite



different. The comfort level decreases with the increas&,ofln addition, no road
section has been classified as ‘very uncomfortable’ or “very axatfle” although a
few volunteers voted such for some sections. Therefore, there egectimfort levels
were used in perception test, i.e. comfortable, intermediate and wortaiohd.
According to the regression equation shown in Fig.9, the comfort-whr#ireshold
can be defined as: i) the cycling was described as ‘very comfortable’'tvea,, was
less than 1.78 nisii) ‘comfortable’ when the, was between 1.78 ni/and 2.20 m/s
and iii) ‘uncomfortable’ when tha,, was greater than 2.20 ri/8ased on the above
cycling vibration-comfort threshold, 18 out (approximately 39 %) of thero&al
sections are classified to be ‘very comfortable’ and ‘uncomfortailecycle,
respectively, and the rest 10 (approximately 22%) road seciimngegarded as
‘comfortable’. As such, the pavement-tyre interface chanatite can be linked to
cycling comfort directly as the definition of cyclists comfort threshold in vidmas a

guantified index (Gao et al., 2018).
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uncomfortable and very uncomfortable, respectively.

Fig. 9 Cycling vibration on the tested sections and the correlation between

comfort perception and vibration

3.2 Stress difference of pavement-tyre interface on front and rear wheel

Structural analysis of bicycles in previous studies haslgleaticated that the
process of stress distribution among the components of a bicycle (Chbu2915;
Dao and Chen, 2012). However, the difference in stress distributionctehastics
between the front and rear wheels of the bicycle have almosteroirspublications.
To this end, the differences in stress distributions histogram @mdat patterns of
the pavement-tyre interfaces on the front and rear tyre areatethpghe results are
shown in Fig. 10. The first finding is that the average stressasnuteeel-pavement
interface (1.705 MPa) is higher than that of the front wheel (1.188)Mccording to
2LW pressure film. In contrast, the stress histogram of theamgrfront wheels in
both 3LW and 4LW peaked at the upper end of the measurement rangeingdica
the applied stress has exceeded their measurable ranges. Thénefere only slight
difference in average stress between the front (0.165 MPa inGKUA2 MPa in 3LW)
and rear wheel (0.166 MPa in 4LW, 0.408 MPa in 3LW) presented in bothaBidV
4LW pressure film. Consequently, the 2LW pressure film is recemcied for use in
the pavement-tyre stress measurement.

In addition, the contact area on the rear wheel is greater thianfttize front
wheel. The contact area on the rear wheel in 2LW, 3LW and 4LW pecBbuarare

4.66 cnf, 6.15 5cr and 7.84 crf respectively, while on front wheel are 3.68%cm



5.26 cnf and 6.02 crf respectively. It is worth mentioning that although the 3LW
and 4LW pressure film cannot accurately reflect the actwesss of the interface
because of the limited stress measurement ranges. Howeve3|\Wheand 4LW
pressure film should not be excluded from the calculation of areanpsers and
shape features (see section 3.3) as they have not been provediveeffechese
aspects. After understanding the interface difference betweemmnd front wheel, the
interface measurements in this work were based on the front ,wlbkefe the

accelerometer was installed to obtain the cycling vibragjgn
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Fig. 10 Difference in stress on the rear and front wheel of the test bidgqgrey
bars represent the stress histogram in percentage, %)
3.3 Effect of pavement-tyre interface characteristics on cycling vibration
Obtained pressure films of the pavement-tyre interfaces voeneeted into the

stress distribution images, which are displayed in Appendix B. Thewiolk



discussions are based on the calculations from these imagesréssire ranges
were divided using three types of pressure films, as showabile T. The parameters
are explained as suckc.gosstands for the average contact area where stress was
beyond 0.05 MPaS.; ;represents the average stress of the contact interface, where

stress was less than 1.2 MPa was truncated.



Table 1 Explanation of the parameters

Parameters
Film  Pressure ranges/MPa  Typical image Stress Area Spacing Shape Fractal dimension
S S Sw Ac By SR SPnax Re Fq
AW [0.05, 0.2] e ) ; ; - Acoos Buo ; ; R-00s -
&ﬂ 0.05 u -0.05
3LW (0.2, 0.6] Y - - - Aoz Bioz - - Re0.2 ]
.
(0.6, 2.9] C’?j So06 Su06 Swos Acoe Buos
2LW [1.2, 2.5] “‘“"k Si2 Sii2 Swiz Aciz2 Buas SpRos  Spnaxos Reos Fa-06
[1.8, 2.5] & \_ o S18 Si18 Swis Ac1s  Buas

Note: Typical images in Table 1 of 2LW, 3LW and 4LW are obtained from eiffgrositions in the same road section.



3.3.1 Stress characteristics

Section 3.2 has indicated that the stress measurement on 3LW\&rfdrlwas
limited by their measurable ranges. Consequently, only stressdesl the on the
2LW film is used for the calculation of stress charactesstlhe stress characteristics
are calculated based on three pressure levels (as shown enlyabiided from the
2LW film. The effect of the average stress intensgtyNIPa) and stress uniformit§y
MPa) on cycling vibration is illustrated in Fig.11 (a) and (b). Obviously, nofgignt
correlation between stress characteristics levels and gydlmation can be found. It
indicates that the intensity and uniformity of stress that amtethe pavement-tyre
interface has insignificant influence on cycling vibration, asten the range of 0.6
MPa - 2.5 MPa. This conclusion is similar with Torbic’s studyroic et al., 2003), in
which the mass of a bicyclist does not significantly affeatliocg vibration when
bicyclists mass in the range of 54-107kg, namely the load dpjire bicycle
tyre-pavement interface does not change the intensity of cyeibrgtion. On the
other hand, it is estimated in previous studies that stress dhrasticts of the
pavement-tyre interface have the direct influence on the skidtamsts of road
surface, which contributes to the riding safety (Li et al., 20IB)s study simply
justified that limited attention should be paid to stress charstitsrwhen the cycling
comfort is the main concern.

Generally, the stress histogram will present an ideal norrsaildition when its
kurtosis Gw-0.9 equal to 3. According to Fig.11(c), the kurtosis of all tested samples is

less than 3, which means the stress distribution curve on albicesrbre flatter than



the normal

distribution curve.

In addition, tH&,.1, and S..1s increase more

significantly compared t&.0.6 indicating that higher stress ranges lead to a sharper

stress distribution curve. However, no significant relationships canobeluded

based on the relation between kurtosis and vibration, as shown in Fig.11(c).
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3.3.2 Area characteristics

The cycling vibrations on tested road sections are plotted agianghit bearing
area By) and contact areaA{), respectively, as shown in Fig.12 (a) and (b).
Apparently, theBy.o.05 (calculated from the interface on the 4LW film) and cycling
vibration are statistically insignificant. On the contrary, significant positive linear
correlations between cycling vibration aBgy .as well asB,.os are demonstrated in
Fig.12 (a). ComparativelyB,.0.6 has a higher correlation coefficient (0.71) with the
vibration than that oB,.o, (0.62). Therefore, the cycling vibration is more sensitive to
the unit bearing area when the stress is 0.6 MPa - 2.5 MPa. inetingtime, a weak
correlation betweem,.;, and vibration can be observed and Byg gpresents no
correlation. A pavement-tyre interface with lower unit beadren is related to lower
cycling vibration and higher cycling comfort.

Generally, the unit bearing area of the interface depends on tHatigra of
asphalt mixture and the angularity of the aggregates exposed aonaithesurface.
Asphalt mixture with larger nominal aggregate size and highgwortion of coarse
aggregates have higher unit bearing area. For example, as sh&ignl® (a), the
unit bearing area increases from AC-13 to AC-16 to SMA-20. This is becausedhe ar
of single aggregate exposed on pavement surface increasesheitizeé of the
aggregate, this fact is supported by the stress pattern eelcordthe pressure films.
Furthermore, as shown in Fig.13(b), coarse aggregate with anpléaaty creates
more contact points (grain-like objects) on the interface compardd smooth

aggregates, therefore, the use of angular aggregates is bétefi@sing higher unit



bearing area and lower cycling vibration.

In Fig.12 (b), the average contact area decreases sign¥iacgithl the increase
of pressure ranges. The contact area showh.ins are within 550 mmto 900 mm
while this figure is 2 mfto 20 mnfunder the stress level of 1.8 MPa — 2.5 MPa.
However, the correlation betwe@gand cycling vibration in all stress ranges are very
weak according to Fig.12 (b). In summary, the unit bearing artree gfavement-tyre
interface plays a more important role in cycling comfort thilae tontact area,
indicating the stress distribution pattern matters more to ttlengyibration than the

contact area.
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Rich angularity Poor angularity

Note: gradation type of the above road sections is obtained froitraesport authority, but the
gradation curves are not available.
(a) picture of the tested pavement surfaces and stress distribution on the
corresponding pavement-tyre interface on the 2LW film; (b) 3D scanning model of
the coarse aggregates with good and poor angularity (Breytenbach et al., 2013)
Fig. 13 Comparison on pavement surface and aggregate angularity
3.3.3 Spacing characteristics
Average spacingSp,) essentially reflects the distance between stress peaig a
the travel direction. Therefore, ti$®, was calculated by using the interface recorded
on 2LW film as the stress peaks on the other two films are netw@zbdue to limited
measurable ranges, especially on the 4LW film. $ha sand Spnax-0.6(@s explained
in Table 1) were adopted as spacing characteristics. In Kig),lthe average spacing
between stress peaks of pavement-tyre interface is largelyebn 4 mm — 7 mm.
Furthermore, larger spacing of stress peaks results in hogkeng vibrations and

lower cycling comfort. By this principle, the dense asphalt mixture woulddferped



for use as surface materials for bike lanes to gap-graded taspkalre. In asphalt
mixture, the gap between coarse aggregates is filled bydgwegate. Generally, the
degree of filling and thus level of compaction in dense asphattireixs much better
than the gap-graded, as illustrated in Fig.13 (a), in which thda?&nd AC-16 are
dense mixtures while the SMA-20 is a gap-graded mixture. Fortrer the
maximum distance between stress peaks is within 8 mm — 23 nainowas in Fig.14
(b). The correlation of th8pnax-0.6With cycling vibration is not as significant 8g.0.6,

indicating that thé&Spnax-0.6iS @ factor with limited influence on the cycling vibration.
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Fig. 14 Correlation between cycling vibration andSpy-0.6(2), Spnax-0.6(0)
3.3.4 Shape characteristics

The pavement-tyre interface is composed of the grain-like objHutsaverage
radius ratio of all objectsR) is defined to represent the geometric shape of all the
grain-like objects. In Fig.15, the majority of the tested valuesngentrated around
R = 5 under all investigated stress levels, indicating that the-lika objects on the
interface present a narrow ellipse if assumed to have an idealetyec shape.
However, no clear correlation can be observed betweemR tbalculated from all

types of pressure films and the cycling vibration. As a reshdé, shape of the



grain-like objects presented in the pressure film cannot beiBadpio any known

geometries as they are extremely irregular and complex.
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Fig. 15 Correlation betweenR; and cycling vibration

3.3.5 Fractal dimension

Previous studies have reported that a rougher pavement surfacehigigera
fractal dimension (Hu et al., 2016; Zhang et al., 2017). The roughngss/@ment
surface, however, is a complex concept, which is potentially delaih the space
between aggregates and the shape of the aggregate itself. As shbign 16, the
F4-0.6presents a significant linear correlation with the cyclingatibn, indicating that
rougher interface leads to higher cycling vibration. The fradiadension of the
interface recorded on the 3LW and 4LW films was not involved inctieulation
because the fractal dimension is magnitude-dependent and the btnéssl on it can
lead to erroneous results. The use of fractal dimension to chaactee stress

pattern on interface is offering a novel measurement.
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3.4 Practical recommendations
3.4.1 Recommendation for bike lane pavement design

After evaluating the correlation between cycling vibration ancchaacteristics
of the bicycle tyre-pavement interface concerning stress, apaeing, shape and
fractal dimension, five parameteB,6 .2, Bu.o.s Bu1.2 Speo6 andFg.oe), are found to
have correlation coefficient exceed 0.4, and thus are believedicagnifo cycling
vibration. To recommend practical design of the interface chaistaisy three
parameters are selected which Bgg.e, Sp.o.s: andFgqo06 The reason is th&, o has
the higher correlation coefficient with vibration comparedB{m > and B,o2. In
addition, the selected parameters are convenient for practichboaase they are all
obtained by using the 2LW pressure film.

Based on the results of cyclists’ perception of vibration, to inwstighe
commonality of road sections with the same classification of f@dmthree
parameters are plotted in a radar diagram, as shown in Fig.Bh ltecseen that the
road sections with the same classification of comfort haveasimalues ofBy.o,

Sp.0e and Fqoe Iindicating that the cycling vibration is influenced by these



parameters synchronously rather than by a single parameter. sAiftanarize the
values range ofBuos Sp.os and Fgoe shown in Fig.17, to design a cycling
comfortable (including ‘very comfortable’) bike lane, the pavememtenal is
recommended to have the following interface characteristicsd basethe 2LW
pressure film: i) unit bearing area on 2LW below 7 Inii) average spacing on 2LW

below 6 mm; and iii) fractal dimension of the stress pattern on 2LW below 2.38.
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Fig. 17 Analysis on the commonality of road sections with the same classificat
of comfort

3.4.2 Evaluation method of cycling comfort for bike lanes

Besides the recommendations for bike lane pavement design, itfid tese
establish an evaluation method of cycling comfort for bike lanesmsideration the
needs of road authorities and transport department to monitoringdirgccomfort
on their properties. To this end, a multiple linear regression sisay the interface
and cycling comfort was carried out based on the interface obtamadthe 2LW
pressure film.

Three parameter8(o.6 Sp.06 andF4.06) are involved in this regression model.



The statistical results are shown in Table 2. In Table 2, the DWvkitson is 1.865,
indicating that the variables in this model do not present colitgeatile the
adjusted R (0.953) indicates a desirable goodness of fit. Variance analysigs the
significance level is Sig=0.000<0.05, indicating that the developed segnesodel
is effective. Finally, the mathematical model between nyclvibration and
pavement-tyre interface is given by Eq. (13). To verify thedgess of the developed
regression model, a comparison is made between the measurednilreti,) and
predicted vibrationda..), the results are also shown in Fig.18, in which only a slight
difference is found. After obtained tpa,, from Eq. (13), the cycling comfort can be
determined by comparing tipa,, with the perception results shown in Eq. (14).

In order to establish a solid and accuracy theory basis, thig gaunticularly used
the 3D printed model in the laboratory, however, it is acceptablary out the
pavement-tyre interface test in the field if the test envirarimeeets requirements of
the pressure film. Based on our experiences, the test proceduresite ewaluation
on cycling comfort of a pavement surface is recommended, as shovign ib9Fin
which the 3D scanning and 3D printing are not required, thus the ewaluagéthod
proposed herein has no barrier to practical uses. Meantimeyahaton method is
not limited to just used for field testing, but also for laborafmedicting on cycling
comfort of prepared asphalt mixtures by replacing the pavemeht amitasphalt

mixture slab.



Table 2 Statistical results

Model Summary
Model R R? Adjusted R Std. Error of the Estimate Durbin-Watson
1 0.980 0.961 0.953 0.137 1.865
a. Predictors: (ConstanBy,.o.e Sp-o.6 Fa-0.6
b. Dependent Variable: Cycling vibration

Variance analysis

Sum of Squares df Mean Square F Sig.

Regression 6.932 3 2.311 121.951  .00Q
Residual 0.284 15 0.019

Total 7.216 18
Coefficients
Unstandardized Coefficient Standardized )

B Std. Error Beta t —

(Constant) -30.438 13.894 -2.191 0.045

Bu-os 0.140 0.037 0.469 3.782 0.002

Speos 0.262 0.122 0.313 2.146 0.047

Fao0s6 12.704 6.026 0.238 2.108 0.048

Mathematical model

Py, = 0.140 X By_o6 + 0.262 X Spa_oe + 12.704 X F;_o s — 30.438  Eq. (13)

Very comfort; pa,, € (0,1.78)
Cycling comfort =< Comfort;pa,, € [1.78,2.20) Eq. (14)
Uncomfort;pa,, € [2.20,3.19)
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Fig. 18 Comparison between predicted and measured cycling vibrations




Fig.19 Test procedure for on-site evaluation on cycling comfort of a pavement
surface
4. Conclusions

The research has examined how pavement-tyre interface influgrecesgcling
comfort in views from the pavement-tyre contact interface tétiéishes a method for
evaluating the cycling comfort, and provides recommendations for agavainent
design for bike lanes. The following conclusions can be drawn.

The cycling vibration was described to be ‘very comfortable’ wherath was
less than 1.78 nfis‘comfortable’ when the,, was between 1.78 ni/and 2.20 m/fs
and ‘uncomfortable’ when th&,, was greater than 2.20 rh/s

The average stress and contact area on the rear wheel-pavetedate are
greater than the front wheel. Basically, the cycling vibratiofousxd to be related
with the stress distribution in terms of unit bearing aBa §), stress peaks spacing
(Sp.0.e) and fractal dimensiorF{.o¢), which are inversely proportional to the cycling
comfort. On the contrary, no significant correlation can be found forrabe of
parameters, namely the average stress intensity, kurtosisactamtea, average

maximum peak spacing and average radius ratio.



The 2LW pressure film is recommended for the measuring tlegclbi
pavement-tyre interface in preference to 3LW and 4LW. A bike lpavement is
believed to be comfortable for cycling if its pavement-ipterface has the following
attributes: less than 7 nfrof the unit bearing area, 6 mm of the average spacing and
2.38 of the fractal dimension. Generally, the dense-graded asphairenperforms
better than the gap-graded mixture in cycling comfort.

Followings are our suggestions for the further studies. After undenstatiue
correlation between pavement-tyre interface and cycling comfbd specific
cycling-friendly gradation of asphalt mixtures should be further studied
recommended through the comprehensive experiment. Nevertheless, ctimg cy
comfort is only one aspect to be considered in the design andumiost of bike lane;
other factors, such as safety and durability, should not be compromiedfdre, it is
recommended in future study to establish a multi-criteria desigrevaluation method
that include skid resistance, pavement-tyre interface and fatiguenesisetc.
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ACCEPTED MANUSCRIPT

Appendix A: Typical 3D surfaces of the tested sections

Appendix B: Typical interface recorded on pressure films for ach

section
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Highlights

The highlights of this study can be summarized as follows:

(i) the 2LW pressure film is recommended to measure the bipmlement-tyre
interface;

(i) unit bearing area, average spacing and fractal dimensitremce cycling
comfort;

(il dense asphalt mixture is more comfort to riding on than the-gyaded

mixture.



