N
N

N

HAL

open science

Noncircular CFRP bicycle’s chainring, part II: finite
element analysis
Zhorachaid Thanawarothon, Abdelrahman Elmikaty, Christophe Bouvet,

Laurent Mezeix

» To cite this version:

Zhorachaid Thanawarothon, Abdelrahman Elmikaty, Christophe Bouvet, Laurent Mezeix. Noncircu-
lar CFRP bicycle’s chainring, part II: finite element analysis. Composites: Mechanics, Computations,
Applications: An International Journal, 2018, 9 (3), pp.207-222.

plIntJ.2018025471 . hal-01880446

HAL Id: hal-01880446
https://hal.science/hal-01880446
Submitted on 16 Jan 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1615/CompMechComput Ap-


https://hal.science/hal-01880446
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte (OATAO)

OATAO 1is an open access repository that collects the work of some Toulouse

researchers and makes it freely available over the web where possible.

This is anauthor's version published in: https://oatao.univ-toulouse.fr/21631

Official URL: http://doi.org/10.1615/CompMechComputApplint).2018025471

To cite this version :

IAn International Journal, 9 (3). 207-222. ISSN 2152-2057

Thanawarothon, Zhorachaid and Elmikaty, Abdelrahman and Bouvet, Christophe and Mezeix, Laurent Noncircular
CFRP bicycle’s chainring, part ll: finite element analysis. (2018) Composites: Mechanics, Computations, Applications:

Any correspondence concerning this service should be sent to the repository administrator:

tech-oatao@listes-diff.inp-toulouse.fr




NONCIRCULAR CFRP BICYCLE’S
CHAINRING. PART II: FINITE ELEMENT
ANALYSIS

Zhorachaid Thanuwarothon, Abdelrahman Elmzkaty,
Christophe Bouvet,? & Laurent Mezeix"

lFaculty of Engineering, Burapha University, 169 Long-Hard Bangsaen Road,
Chonburi 20131, Thailand

2Université de Toulouse, INSA, UPS, Mines d’Albi, ISAE, ICA (Institut
Clément Ader), 135 Avenue de Rangueil, 31077 Toulouse Cedex, France

*Address all correspondence to: Laurent Mezeix, Faculty, of Engineering,
Burapha University, 169 Long-Hard Bangsaen Road, Chonburi 20131, Thailand,
E-mail: Laurent.mezeix@hotmail.com

In this paper, numerical simulation i$ developed in order to analyze the failure of a noncircular
composite chainring, and teeth damage’is especially detailed. Simulation consists of the chainring
and a part of the metallic chainsToyreduce, the size of the numerical model only the first 11 roll-
ers are simulated. In order to validate the nuinerical simulation, the force—displacement curve is
compared with the experimental results obtained on the same specimens used in the simulation.
Then, the effect of thegioncireular shape is studied through three different loading positions, and
a damage scenario is proposed. Moredver, the effect of composite lay-up is investigated through
different lay-upss The results,show that the loading position has no influence on the chainring
behavior, while the damage scenario depends on it. The damage consists of matrix cracking located
on the teeth surface."Finally, the thickness can be reduced to 9 plies lay-up and even if the damage
is larger; it is\always located on the teeth surface.

KEY WORDS: noncircular chainring, CFRP, FEA, matrix cracking

1. INTRODUCTION

The use of Carbon Fiber Reinforced Polymers (CFRP) has significantly increased over
the past 40 years in aerospace, structural engineering, land transports, and sport indus-
tries. Indeed, thanks to their mechanical properties, i.e., high modulus and strength
and low density, gain of mass is expected. Although CFRP present better properties
than aluminum, impact (Bouvet and Rivallant, 2016; Rozylo et al., 2017) and edge
damage (Ostré et al., 2016; Li and Chen, 2016) are major concerns due to the influ-
ence on the residual mechanical properties of the structure.
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Sport industry uses more and more composite materials in order to increase the
specific strength of the equipment. CFRP tennis rackets and baseball bats are replaced
by wood (Brody, 1997). Carbon/epoxy golf clubs are used to reduce the weight and
to increase the ball exit velocity (Slater et al., 2010). Snowboarding, surfing and other
boardsports take advantage of a composite material to increase the stiffness/weight
ratio (Clifton et al., 2010). Performance of professional bike increased by using €FRP
instead of aluminum to obtain a high stiffness and strength frame at low weights (Jin®
Chee and Wu, 2010). In the last decade, bike wheels started also to be proposed in
CFRP to reduce the weight and to provide smoother ride (Peter, 2013). Non¢ircular
chainrings allow one to increase the power output while cycling and therefore they
had shown interest (Bini and Dagoese, 2012; Rankin and Neptune, ‘2008). Lndeed,
B. Wiggins and C. Froome won Tour de France with an oval#ings im2011 and with
an osymetric chainring since 2013, respectively[Q1]. Chainring is commonly man-
ufactured of aluminum alloy but recently a noncircular.earbon composite chainring
made of 11 carbon woven/epoxy plies was experimentally studied (Thanawarothon et
al., 2018). The results showed that under quasi-static tension; thesmetallic chain firstly
failed. Low-velocity/low-energy impact on the.téeth was, also investigated and for an
energy higher than 1.6 J delaminations were/observed by C-Scan.

Due to the complex shape of the teeth, a composite damage cannot be detected
easily experimentally by a Non Destructive Test. Therefore, numerical simulation has
been developed in this paper to detérmine the teeth failure mechanism of noncircular
composite chainring under quasi<static loads. The aim is to use this model as a design
tool to optimize noncircular composite chainring. In order to validate the FEA con-
struction, the simulation i§ compared with experimental results obtained previously
by the same authors. Then, noncircularity effect is investigated through three loading
cases. Finally, thanks'to the simulation, the stacking influence is proposed to find the
best lay-up.

2. MODEL CONSTRUCTION AND VALIDATION

2.1 Chainring and Chain

Noncircular, composite chainring with 53 teeth are studied in this paper (Fig. 1). The
radius,of the noncircular chainring depended on the angle 6 (Table 1). The teeth design
proposed by Wang is used for the chainring (Wang et al., 2013). The chain consisted
of rollers, inner and outer plates (Fig. 2), and it is provided by SRAM (reference
PC-991). The failure of the chain is given for a force of 9000 N by the manufac-
turer (SRAM, 2018). The roller diameter is 7.77 mm (0.306 in) and the chain pitch is
12.7 mm (0.5 in).

The aim of the simulation is to determine the failure scenario of the noncircular
composite chainring. The FE model consisted of the chainring, and a part of the chain
was modelled with C3D8R solid elements. The literature showed that the loading is
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TABLE 1: Radius of the noncircular chainring

FIG. 1: Composite and model of noncirc

Outer plate

Inner plate

FIG. 2: Chain and chain model

Angle, 0 [°] R [mm] Angle, 0 [°] Angle, 0 [°] R [mm]
0 93.97 70 105. 140 97.05
10 95.23 106.38 150 94.11
20 96.77 6.73 160 92.99
30 98.59 106.90 170 93.13
40 100.54 106.94 180 93.97
50 105.79 — —
60 101.24 — —

O =7.77 mm

Roller
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mainly concentrated on the first seven teeth (Huo et al. 2013). Thus, in this paper,
the first eleven rollers were simulated in order to reduce the computing time (Fig. 3).
Moreover, the mesh around these eleven rollers was refined to obtain more accurate
results (Fig. 4). To simulate the chainring bolt (Fig. 1), encastré[Q2] boundary con-

a) b)

90° v Roller

Inner plate

Outer plate

FIG. 3: General view (a) and details (b) of the chain and chainring of simulation

Gr—— Inner plate

Outer plate
Roller
4 Inner plate
ey
Outer plate

Chainring

[

FIG. 4: View cut of the chain and chainring with mesh details
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dition is applied (Fig. 5). Normal behavior is used as contact property in ABAQUS
between the chain and the chainring. The scope of this work is the quasi-static me-

1 2 3 4 5

Chain tension

Encastré boundary

condition

Case n°1

Chain tension

Encastré boundary

condition

Case n°2

Chain tension

Encastré boundary

< condition

Case n°3

FIG. 5: Loading positions for noncircular chainring
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chanical strength of noncircular chainring, and so the friction between the teeth and
the chairing is not considered. Due to the shape of the noncircular chainring, three
chain positions are investigated (Fig. 5). The chain is assumed to be stretched, and the
tangential loading representing its tension force is applied.

2.2 Materials Properties

The chain is made of steel (Table 2), while carbon 2/2 twill woven/epoxy isused for
the chainring (Table 3). The chainring consists of 11 plies of 0.23 mm each with the
following stacking: [30/60/0/60/30/0/30/60/0/60/30], given a chainring thickness of
2.53 mm after manufacturing (Fig. 6).

As delamination was not observed in previous experiments, only fiber failure and
matrix cracking are modelled thanks to the nonlinear modeling. Failure ecriteria as-
sociated to failure modes are used (Camanho, 2002). Thus, fiber failure is calculated
thanks to the maximum stress criteria for the longitudinal and. transverse direction,
and it is given by

=) (M

TABLE 2: Steel properties (Azo Materials, 2013)

Material E [GPa] 1 6, [MPA] p [kg/m3]
HSS Steel 220 0.30 500 8000

TABLE 3: Carbon 2/2,twill woven/epoxy ply properties

Carbon/Epoxy (T300/EPOTEC YD 535 LV, TH 7253-8)
Tensile Young’s modulus in fiber direction 35 GPa
Compressive Young’s modulus in fiber direction -35 GPa
Transverse Young’s modulus 35 GPa
Shear modulus 4.3 GPa
Poisson’s ratio 0.05
p [kg/m?] 1700
Failure
Longitudinal tensile strength 750 MPa
Longitudinal compressive strength -750 MPa
Transverse tensile strength 750 MPa
Transverse compressive strength -750 MPa
In-plane shear strength 98 MPa
Out-of-plane shear strength 50 MPa




Noncircular CFRP Bicycle’s Chainring. Part IT 7

30°/120°
60°/150°
0°/90°

60°/150°
30°/120°
0°/90°

30°/120°
60°/150°
0°/90°

60°/150°
v 30°/120°

2.53mm

FIG. 6: Eleven plies stacking of noncircular composite chainring

Gt _
The matrix cracking criterion is computed thanks to
2.2
T]trtz _
e, 3)

T

where 6, 6;, T, and t,, are respectively the longitudinal and transverse stress, the shear
stress in the (/, 7) plane, and the shéar stresssinythe (7, z) plane, evaluated in the neigh-
boring volume elements, th ! is the transverse failure stress in tension, and r{t is the
failure shear stress. These criteria arerassessed at each time increment, and, when the
longitudinal or transverse stress reaches the associated strength, the following stiff-
ness matrix parameter become, zero: Q;;, Q;p, and Q3 for the longitudinal direction
and Qjyp, Qjo, and Q,3 for the transverse direction. For matrix cracking Qss and Qgg
become zero. Failure.modes can be predicted by these criteria, and therefore a progres-
sive damage analysis can be adequately used. Thus, the FE model employs explicit in-
tegration schemesin ABAQUS. Experimental results on the same noncircular chainring
showed ‘@) linear behavior until a force of 4500 N where the chain starts damaging
(Thanawarothon et al., 2018). In the present paper, an analysis is realized until the
chainndamage, and therefore, the chain behavior is modeled using the isotropic elastic
laws behaviors. Composite chainring properties are programmed using FORTRAN and
input.to ABAQUS in the form of a ‘user material”’ (VUMAT) subroutine.

2.3 Model Validation

In"order to validate the simulation, the force—displacement curve obtained from the
simulation is compared to the experimental results obtained on the same noncircular
composite chainring for case 3 only (Thanawarothon et al., 2018).The similarity of
the curves shows that the model is able to be reproduced until the chain damage, the
global response of tensile test of a noncircular composite chainring (Fig. 7). Two dis-
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———Specimen 1
—Specimen 2
10000
—Simulation 1
9000 |
1
8000 Linear response : Chain damage
7000 - :
6000 @
= 1
2., 5000
&
o 4000
—
3000 -
2000 A
1000 -
0 -

0 1 2 3 4 5 6 7 8
Displacement [mm)]

FIG. 7: Comparison of force—displacement graphs for case 3

tinct phases can be identified from, the Simulation curves. In the beginning, an elastic
response is exhibited (1) until.a foree of 500 N where the force drops. Then the force
increases linearly until the‘chain damage, (2). Drop of force is observed for a force of
1150 N (3).

3. RESULTS AND DISCUSSIONS

3.1 Nongircularity Effect

As thé ehainring is not circular, effect of the loading position is studied (Fig. 5). How-
ever, loading position does not show the influence on the chainring behavior (Fig. 8).
The curves indicate a first linear domain (1) corresponding to the contact between the
first roller-and the first tooth. Then, the force oscillates due to the successive contact
between the first five rollers and the associated teeth (2). Drop of force observed
experimentally (Fig. 6) is due to the contact of rollers from the 8th to 11th with the
chainring (3).

Due to the pressure of the rollers on the teeth, teeth failure consists only of ma-
trix cracking given by Eq. (3). Therefore, first failure appears in the tooth where the
shear stress is the maximum. For case 1, failure initiates on the 6th tooth and then
propagates to the first tooth. The first failure for case 2 appears in the 2nd tooth, then
the 1st one fails followed by the 4th one. For both cases, failure seems to start in
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—— Case 1l
-~ Case 2

5000 | === Case 3

Load [N]

[30/60/0/60/30/0/30/60/0/60/30]

0 0.5

15

Displacement [mm]

25

FIG. 8: Force—displacement curves for different loading/cases obtained by the simulation

the same area. Indeed, the 6th and 2nd tooth of cases 1 and 2, respectively, are both
located at the beginning of the curve part ofithe noncircular chainring (Fig. 5). Case
1 presents a different behavior where the 4th tooth firstly fails. Then, the failure prog-
ress from the Ist to the 6th. Cases 1and 3 show a first failure for a similar load, while
for case 2 the failure appears for a lower value (Table 4). However, loading position
does not have influence on the.next teeth load failure. Matrix cracking is located only
on the surface of the teeth-where contacts are made with rollers (Fig. 9). Finally, FEA
shows that until.the chain starts damaging, i.e., for a load of 4500 N (Thanawarothon

et al., 2018), teeth present only local matrix cracks.

TABLE 4: Failure scenario and associated force

Failure Scenario Case 1 Case 2 Case 3
First tooth failure (2300 N) (1450 N) (2200 N)
. 3 ! !
Second tooth failure (2500 N) (2600 N) (2300 N)
Third tooth failure ! y y
(2800 N) (2800 N) (2600 N)
. 2 6
Fourth tooth failure (3300 N) - (3500 N)
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Case 1

Matrix cracking

1G. 9: Matrix cracking given by Eq. (3) for three loading positions and for a force of 3700 N

Damage propagation in teeth can be studied. Evolution is the same for all teeth and
the 2nd tooth of case 2 is proposed as an example in Fig. 10. Matrix cracking always
starts in the 2nd and 10th plies (60°/150°) and then, the damage propagates mainly to
the adjacent interior plies.
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FIG. 10: Evolution of the matrix cracki tooth of case 2

3.2 Stacking Effect

Effect of the lay-up is investigated
[45,/0/45,/0/45,/0/45,]. Similar b

through second 11 plies stacking:
as the previous stacking is observed
ot show influence. Indeed, as the

—— Casel [452/0/45,2/0/45,2/0/45,]

as00 | —— Case 2

e Case 3

3500 - YLV
‘
3000

2500 - AN

Load [N]

2000 i

1500 -

1000 i A

Displacement [mm]

FIG. 11: Force—displacement curves for different loading cases obtained by the simulation
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matrix cracking is observed only on the surface of the teeth, it is too small to have
an effect. However, damage seems to be lightly reduced compared to the first lay-up
(Fig. 12). For loading case 3, no matrix cracks are observed in the 6th tooth (Table 5).

Case 1l

20dtooth

FIG. 12: Matrix cracking given by Eq. (3) for three loading positions for [45,/0/45,/0/45,/0/45,]
lay-up and for a force of 3500 N
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TABLE 5: Failure scenario and associated force for [45,/0/45,/0/45,/0/45,] lay-up

Failure Scenario Case 1 Case 2 Case 3
First tooth failure (23060 N) (13020 N) (22040 N)
Second tooth failure @ 5030 N) (20(1) N) (25010 N)
Third tooth failure (28010 N) (28040 N) (30020 N)
Fourth tooth failure @3 4020 N) - T

Evolution of the matrix cracking is similar to those observe for/the previous 11 plies
lay-up (Fig. 10).

3.3 Thickness Effect

Eleven plies composite chainring showed only matrix cracking located on the teeth sur-
face. Therefore, the number of plies can be reducéd in order to minimize the chainring
cost. Due to the chain size, reduction of plies numbeér is limited. Thus, effect of the
number of plies is studied through a 9 plies stacking: [45,/0/455/0/45,]. Moreover, as
the loading case does not show influencesronly loading)case 3 is investigated (Fig. 13).
A similar behavior as the previous stacking is observed. However, matrix cracking is

Load [N]

5000

w11 plies [45,/0/45,/0/45,/0/45,]

4500 | —— 9 plies [45,/0/453/0/45,]

4000 -

3500

3000

4thtooth failure

2500
2000
1500 +

1000 -

0 0.5

2undtooth failure

15t tooth failure

4tk tooth failure

15 2

Displacement [mm]

31 tooth failure

21d tooth failure

\ 1%t tooth failure

25 3

FIG. 13: Force—displacement curves for loading case 3 with 9 and 11 plies stacking obtained

by

simulation
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observed for a lower force, and due to the lower number of plies the teeth damage is
bigger (Fig. 14). Indeed, for the 9 plies stacking the fourth firsts teeth are damaged
while for the 11 plies stacking only the three firsts show matrix cracking.

Damage propagation in teeth can be studied for the 9 plies lay-up. As for the 11
plies, evolution is the same for all teeth and the 4th tooth of case 3 is proposed as
example (Fig. 15). Matrix cracking starts always in the 3rd and 7th plies (0°/902) and
then, the damage propagates symmetrically to these plies.

11 plies [452/0/45,/0/45,/0/455]

4545 4545 0190 4545 45145 45145 0/90 4545 45/45

L B [ ] B | |

10705020707070 07020707020 701 0202070202070 %
P e e o 00 00 0 0 e et 100 %0 %0 % 0 %%

OO0 000000000 '000000@00000000000000
Rofeteteleletel oteteteteteled teteteteteled 2e2e0%e20%e% e Te 20202022 o0 teTe2e 220!

B R R e o e Ao PR A KPA KA A SIS AR AT AA KA A A KA AN
[ K AP o o AP A A K K P o B o oo ol A K K P o ook o oo A K A D o o o o I A A X K K K
e e e e e e S St

[$2525 255 Pagedetedetotite! Pedetotede!
000000 e e 0 e e e e e 2 e e e e e 0 e e e e e 0 000 00 00 20 0 00 020 20 20 2020202 202020 0 20 0% 2020202020 %0% 1o %020 %0 %0 %%

4
I:‘ No damaged ply

Damage evolution
b

(385 Damaged (matrix cracking) ply

FIG. 15: Evolution of the matrix cracking in the 4th tooth of case 3 for 9 plies lay-up
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4. CONCLUSIONS

In order to design and optimize noncircular composite chainring, a numerical simula-
tion has been proposed to determine the failure scenario of teeth. The chainring and
11 rollers of the chain have been modeled using an explicit simulation. Three load-
ing positions were performed in order to study the effect of the noncircular chainring
shape. CFRP made of 11 plies of carbon woven/epoxy was investigated, and maxi-
mum stress has been used as failure criteria for the composite material. According, to
the numerical simulation, the mechanical behavior of the noncircular chainring'can be
concluded as follows:

® The noncircularity has no influence on the mechanical behavior.

® The damage scenario has been determined and it depends of'the loading position.
However, until the chain damage, i.e., 4500 N, teeth damage consists only of
matrix cracking located on the teeth surface.

® As the damage is only located on teeth surface, the chainring behavior is not in-
fluenced by the lay-up until the chain damage.

® The thickness can be reduced to 9 plies. Evenfifthe matric cracking is larger than
on 11 plies chainring, the damage is always located on the teeth surface.

Under quasi-static condition, noncircular composite chainring made of 11 plies
does not fail. Indeed, only local matrix“eracking are observed on the contact surface
with the roller. Therefore, thickness«an be'lightly reduced to 9 plies in order to mini-
mize the chainring cost. However, experiments showed that 1.6 J low-velocity impact
located on a tooth creates delaminationithat could reduce the final strength of the
noncircular composite chainring. The low-velocity impact has to be investigated on
9 plies stacking to detemmine the damage. The proposed numerical model is currently
under development to simulate aslow-velocity impact, especially to obtain delamina-
tions in order to détermine their influence on the residual chainring strength.
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