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In this study, the hybrid glass/carbon composite bumper beam was designed and manufactured via the
design optimization process combined with the impact analysis. The glass/carbon mat thermoplastic
(GCMT) composite was devised to substitute for the conventional glass mat thermoplastic (GMT) for
reducing the weight of bumper beam. For the design optimization, the mechanical properties of GCMT
were predicted and the optimal design of bumper beam was performed with the impact simulation.
Based on the final design, the real bumper beam was manufactured and its impact performances were
measured. It was found that the optimally designed GCMT bumper beam had 33% less weight compared
to the conventional GMT bumper beam while having the improved impact performances.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, fuel efficiency in automotive industry has become
the main issue since the engine emissions have recognized as a
major source of air pollution [1]. To improve fuel efficiency, many
attempts have been tried by many researchers to replace the heavy
metallic material of the automotive components with lighter mate-
rials such as aluminum or magnesium alloy, ultra-high strength
steel or fiber reinforced plastic (FRP) composites [2,3]. Especially,
the glass fiber reinforced plastic (GFRP) and the carbon fiber rein-
forced plastic (CFRP) composites have received much attention for
automotive structures due to their high specific stiffness, high
specific strength and high damping capability compared to the
conventional metallic materials [1,2]. Using these advantages, the
weight of automotive structural parts could be reduced without
any degradation of mechanical performances [4]|. Also, many
attempts of FRP applications in the automotive component have
been tried not only for the exterior parts of an automobile but also
for the interior parts which sustain heavy loads during various
driving conditions [5].

A bumper beam is one of the parts of bumper system which
protects the passengers from the crash by absorbing the impact
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energy. Fig. 1 shows the schematic of automotive bumper sys-
tem. In recent years, the glass mat thermoplastic (GMT) which
consisted of unidirectional GFRP layers and the woven form of
GFRP layers has been commonly employed for the material of
bumper beam because it has excellent absorbing capacity of
impact energy while has lower weight than that of the conven-
tional metallic materials [6]. Moreover, CFRP is also being con-
sidered as the new material of bumper beam to reduce weight
of bumper beam because CFRP has the higher specific strength
under high impact load compared to the GFRP [7]. However,
the carbon fiber is too much expensive to replace entire struc-
ture of bumper beam compared to the glass fiber composites.
Considering the material cost, it may be the best design that
the composing of carbon fiber and the glass fiber together into
the bumper beam to reduce the weight and improve the impact
performance, simultaneously.

In this study, design of the hybrid glass/carbon composite
bumper beam was carried out. The hybrid glass/carbon mat ther-
moplastic (GCMT) which is composed of unidirectional and
woven form of glass/carbon fiber reinforced plastic layers, was
used to replace the conventional GMT composite. The mechani-
cal properties of GCMT were predicted using the classical lami-
nate plate theory (CLPT) and finite element analysis (FEA).
Then the optimal design of bumper beam was performed with
the impact simulation. Based on the final design result, the real
bumper beam was manufactured and its impact performances
were measured.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2015.06.028&domain=pdf
http://dx.doi.org/10.1016/j.compstruct.2015.06.028
mailto:kima@hanyang.ac.kr
http://dx.doi.org/10.1016/j.compstruct.2015.06.028
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct

D.-H. Kim et al. / Composite Structures 131 (2015) 742-752 743

Bumper

Beam Ferey

«~ Absorber

Body Panel —/

Fig. 1. The schematic of bumper system.

2. Calculation of the mechanical properties of glass/carbon mat
thermoplastic (GCMT)

2.1. Conventional GMT and newly designed GCMT

Fig. 2 shows the structure of conventional GMT consisted of
unidirectional (UD) glass fiber layers and woven glass fiber layer,
which has been typically used by Hyundai Motors for the material
of bumper beam. For the matrix and fiber of GMT, the polypropy-
lene (PP) and the E-glass were used, respectively. Also, the com-
mercial woven glass weave Twintex (Twintex® PP60, Fiber Glass
Industries, USA) was used for composing of the woven layer. The
volume fraction of glass fiber of each layer was given in Table 1.
In this work, some of the glass fibers were replaced with the carbon
fibers to reduce the weight of bumper beam while improving the
impact performances. The new designs of the GCMT were chosen
as following lists (Fig. 3). Case 1, 50% of glass fibers in UD layer
were substituted by carbon fiber. Case 2, all of glass fibers in UD
layer were replaced by carbon fibers. Case 3, 50% of longitudinal
glass fiber yarns in woven layer were replaced by carbon fiber.
Case 4, all of longitudinal glass fiber yarns in woven layer were
replaced by carbon fiber. For all of the cases, the carbon fiber
T-300 was used for substitution. The mechanical properties of
fibers and matrix are listed in Table 2.
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Fig. 2. Structure of conventional GMT (glass mat thermoplastic).
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Fig. 3. New designs of GCMT (glass/carbon mat thermoplastic).

2.2. Mechanical properties of UD layer

In this work, the mechanical properties of UD layer were calcu-
lated for each design case. Firstly, the density and moduli were
obtained by using the rule of mixtures (ROM). The experimental
evidences have been reported that the ROM provides accurate pre-
diction of the effective modulus of UD composite over a wide range
of fiber volume fraction [8]. By using ROM, the density and elastic
properties were calculated as following equations:

P =PeVE+ pyVu
Vig = VFVF + VMvM
Eii = EiirVe+ EnVu

1 _ Vi Vu M
E22 N EZZF EM
1 Ve Vu

- =4+ =
G]Z GlZF GM

where p is the density, V is the volume fraction of fiber, E;; and E3;
are elastic moduli of longitudinal direction and transverse direction,
v is poisson’s ratio, Gi, are shear modulus. The subscripts F and M
represent the fiber and matrix, respectively.

Then, the strength properties of UD layer were calculated as fol-
lowing. For the shear and longitudinal tensile strength, the modi-
fied ROM was used for prediction which is employing the

Table 1
Information of unidirectional and woven GF layer in conventional GMT.
Type of glass fiber Type of matrix Glass fiber volume fraction (%) Tex Fabric type
Woven layer E-glass Polypropylene 35 1870 4/1 Plain weave
Unidirectional layer E-glass Polypropylene 14 (for each layer) - -
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Table 2
Mechanical properties of materials used in GCMT.

Materials Density Longitudinal Transverse Shear Modulus  Poisson’s  Longitudinal tensile  Longitudinal compressive
(10°kg/m®)  modulus E;; (GPa)  modulus E;; (GPa) Gy, (GPa) ratio vy, strength X' (MPa) strength X (MPa)

E-glass fiber 2.49 75 75 30 0.2 1860 -

Carbon fiber (T-300)  1.77 220 14 9 0.2 3650 -

PP 0.905 1.34 1.34 0.757 0.45 33 48

effective fiber volume fraction to consider the non-linear strength
degradation [9]. The effective fiber volume fraction Vg is calcu-
lated as follows:

Vir = Ve(1—P) )

where Vi is the fiber volume fraction and P is the degradation
parameter determined as following:

P =0.4333 - 0.4888V for VF < 0.54

3
P =-0.2629 + 0.8006Vr for Vr > 0.54 3)
Then, the longitudinal tensile strength X" and shear strength S;, are
calculated as follows:

XT = G;WVM + 0FVgr
512 = T;WVM + ‘CFVEF

(4)

where o}, and 7}, are the matrix strength at the failure strain of
fiber, or and tr are the ultimate tensile and shear strength of fiber,
respectively.

The longitudinal compressive strength X¢ was calculated using
the Budiansky model [10] which is assumed that the compressive
failure is a result of yielding of plastic shear deformation due to
misaligned fibers within a certain band. The expression of
Budiansky model following as:

C Gs GM
=, = — 5
1+4¢/7," ~ Vu ®)

where ¢ is the initial fiber misalignment, 7y Is the shear yield strain
of composites and G; is the effective shear modulus, respectively. In
this work, the constant value 4 was used for &)/yy because the value
of ¢/, is close to 4 under the elastic behavior, based on the result of
Budiansky and Fleck [10].

It had been reported that the transverse strengths almost
depend on the mechanical properties of matrix [11,12]. The trans-
verse tensile strength Y™ and compressive strength Y can be pre-
dicted as following equations [13]:

YT = [1 - (\/V_p— VF)(l —EM/EZZF)] o

c c ®)
YE = [1= (VVe = Vi) (1 - En/Exi)|ofy
where ¢1, and o§; are the ultimate tensile strength and compressive
strength of matrix, respectively.

2.3. Prediction of mechanical properties of woven layer

The mechanical properties of woven fabric layer were obtained
by virtual tests using FEA method. First, the unit cell of woven fabric
was modeled by using commercial CAD software (CATIA V5,
Dassault Systems, USA). Fig. 4a depicts the 4/1 plane weave woven
fabric used in GMT and its unit cell which is the smallest repeated
area periodically. Using the symmetric surface of unit cell, the half
part of unit cell was modeled for the simulation as shown in
Fig. 4b and c. The outer dimension and thickness were determined
by measuring of manufactured woven fabric. The dimensions of
warp and fill of fibers were adjusted for the fibers having 35% of

volume fraction which is same to the conventional woven layer.
The fibers were modeled simply with linear line of cross-section of
warp and fill, without geometrical complexity in order to save com-
puting time of simulation. Then the matrix part could be modeled by
excluding the fiber part from entire rectangular part. After the
assembling of fiber and matrix part, the finite element meshes
(1296 elements of C3D8R and 2093 of C3D4) were generated auto-
matically using commercial FEA software ABAQUS 6.10 (Hibbit,
Karlsson & Sorensen, USA) as shown in Fig. 5. The interfaces between
the fibers and the matrix were assumed as perfect bonding for the
simple calculation. In the virtual tests of unit cell, longitudinal, trans-
verse and shear mechanical properties were obtained with respect
to the directions of force applied as shown in Fig. 5. To obtain the
strength properties, it was assumed that the unit cell would be failed
when the stress in the fiber or matrix reaches to their failure strength
during the force was applied. For all of cases, the displacement in the
thickness direction (z-axis) was fixed.

2.4. Mechanical properties of entire structure of GCMT

The mechanical properties of entire structure of GCMT were cal-
culated by using the classical laminated plate theory (CLPT) based on
the obtained mechanical properties of each layer. It has been known
that the CLPT is a common approach method used to predict
mechanical properties, especially for the thin plate composite struc-
tures [14]. In the CLPT, individual laminate are assumed to be homo-
geneous and orthotropic. When there are no hydrothermal effects,
the analytical stiffness of composite laminate is expressed as
following:

Ny An A A Bii Biz B €
N, A1z An Ax Biz B By 33
Nyy _ Ais Ay Ass Bis B Bes ”/%, (7)
M, Bi1 Biz Bis Dii Diz Dis Kx
M, Biz Bx By Diz Dy Dis Ky
M,y Bis By Bes Dis Das Des Kxy

where Ny, Ny, N,, are in-plane forces per unit length, M, M,, M,, are
moments per unit length, &2, &7, 79, are the strains of midplane and
Ky, Ky, Kxy are the plate curvatures. [A] is the in-plane stiffness matrix,
[B] is stretching-bending coupling matrix and [D] is the bending stiff-
ness matrix. When the stacking sequence of a laminate is symmetric
about its midplane, the bending-stretching coupling matrix [B] is
identically zero. Also, this laminate is subjected to in-plane force
{N} only, the curvature {x} reduces to zero. Then, Eq. (7) become

N, A A A &
Ny = |An An Ax|{ & (8)
ny A A Ass "/gy
and the in-plane stiffness matrix [A] can be calculated as following:
SN
A=Y Q5 (& —2zq) )
k=1
where [@-j][k] are the transformed reduced stiffness of the kth ply

and the z, represents the displacement between midplane and kth
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Fig. 4. Modeling of woven layer: (a) unit cell of woven fabric; (b) geometry of fiber model; (c) 3D view of fiber and matrix model composing unit cell.

ply. Then, the elastic properties of entire GCMT laminate are calcu-
lated as follows:

Al
h (AZZAGG —Agﬁ) 7
Ai6Ars — A12A66
AnAss —Asg

A c
2 ) X
h <A11A65 —Am)
_ 7A16A26 _AIZAGG
b X —
g AnAss — A%

|A]
h <A11A22 —Afz)

(10)

Ec= E, =

Xy —

where |A| is determinant of [A], E,, E,, G, are axial, transverse, shear
modulus of the laminate and vy, vy, are poisson’s ratio.

For the calculation of strength properties of GCMT, the maxi-
mum stress failure criterion was used for the simple calculation.
In the case of one directional virtual loading tests used to charac-
terize the material properties, it has been known that the maxi-
mum stress criterion can be the appropriate prediction method
because the off-axis stress is much smaller than the axis stress thus

effect of multi-axial stress can be neglected [8,15,16]. The maxi-
mum stress criterion predicts the failure of composite when the
any component of stress in kth layer (¢, ¢¥, t¥) exceeds the fail-

ure strength. It is expressed as follows:

X <ol < X"
Y< <ol < YT (11)

K]
‘T[I%‘ < 512

where X¢ and X" are compressive and tensile ultimate strength in
fiber direction, Y¢ and YT are compressive and tensile ultimate
strength in transverse direction and S;, is the ultimate shear
strength.
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Displacement 3. Impact simulation of bumper beam
—~a \‘./_' X To evaluate the impact performances of GCMT bumper beam,
. the impact simulations were performed by using LS-DYNA (LSTC,

USA). In this work, the standard of Insurance Institute for
Highway safety (ITHS) [17] was used to evaluate the impact perfor-
mance of bumper beam which is employed in Hyundai Motors.
[IHS bumper impact barrier test is representatively used to mea-
sure the standard damage requirement as the low-speed crash.
As shown in Fig. 7, the IIHS bumper barrier impact test is com-
posed of bumper system and impact barrier where the bumper
(a) system with beam is impacted by the impact barrier at 10 km/h.

X

/— Rigid body

Bumper beam

Top flange (u)

Lib ()

Bottom flange (I)

(c)

Fig. 5. Finite element model of the unit cell and virtual test conditions: (a) for
longitudinal properties; (b) for transverse properties; (c) for shear properties.

2.5. Verification of calculation procedure for conventional GMT

To verify the mechanical property calculation scheme used in
this study, experimental tests for the conventional GMT were per- (©)
formed. The GMT specimens for uniaxial, compressive and shear
tests were fabricated based on ASTM standard D3039, D3410 and
D5379, respectively. The all of tests were carried out by using uni-
versal testing machine (UNITECH, R&B, South Korea). The unsup-
ported gage zig was used for the compression test and the
V-notched beam method was employed for the shear test, respec- Bumper .
tively. Fig. 6 shows the geometry of specimen for V-notched beam beam _\ . /_ HpAcbAEEEY
method. For all of test, five specimens were tested for the reliable
experimental results.

Energy
Absorber

76 mm

—| 3 mm

N

] 12 mm I 20 mm
38 mm A

~ (d)

90°, ¢ = 1.3mm

Fig. 7. Simulation for IIHS bumper barrier impact test and its FEA models: (a)
Fig. 6. Geometry of composite specimen for shear test using V-notched beam bumper system; (b) impact barrier (c) full model of impact simulation; (d) parts of
method. bumper beam.
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The specification of impact barrier was referred in IIHS bumper test
protocol which is consisted of barrier, energy absorber and rigid
back stop. In this work, the impact simulation was considered as
desirable analysis technique because it can describe the real
impact test exactly although it could be the time consuming tech-
nique compared to the other approach such as the response mod-
eling technique [18-20]. The impact simulation has advantages
that the analysis results can be directly compared with result of
impact test and also the failure load, position and mode were can
be predicted and analyzed with the composite failure criterion.
For the FEA analysis, the meshes (39391 4-node Belytschko-Tsay
shell elements with the five integration points through shell thick-
ness) were generated from the geometrical model supported by
Hyundai Motors. As shown in Fig. 7d, the bumper beam is con-
sisted of 10 parts which are the bumper beam reinforcements, 3
parts of each top, lib and bottom flange. Thickness of each part
was selected as the design variables for the optimization procedure
to minimize the weight of bumper beam. The detail information of
optimal design is described in Section 4.

In [THS bumper test, the impact performance of bumper system
is evaluated by measuring the deflection and intrusion as shown in
Fig. 8. The deflection is defined as the maximum inside deforma-
tion of bumper beam after the crash. Low deflection is needed
for bumper system because the deformed bumper beam should
not make any contact with other components of automotive after
the crash for the safety of passenger [21]. The intrusion is defined
as a maximum relative distance between the bumper beam and
impact barrier during the crash and low intrusion is desirable to
reduce the injury risk of person hit by automotive [22]. During
the impact simulation, the intrusion and deflection were obtained
from the distance between nodes of bumper beam and impact bar-
rier. In this work, 3 middle node sets on front surface of bumper
beam were selected as the measuring points (Fig. 8b) and highest
value was defined as the intrusion and deflection result after the
impact simulation. Additionally, the failure of bumper beam during
impact simulation was predicted by using Tsai-Wu criterion [23].
The Tsai-Wu criterion predicts the failure of composite when the
failure index f; in a laminate reaches one as follows:

Node
(Rigid)

AX = intrusion

Y Ay = deflection

(b)

Fig. 8. The definition of intrusion and deflection: (a) intrusion and deflection; (b)
selected nodes.

fiZFiaiJerjﬁ,‘aj:], i,j=1,276 (12)

where @; and 0; represent the stress components at failure, and the
F;; are expressed in terms of the strength values of the material in
tension, compression, and shear. For a single lamina in plane stress,
(12) reduces to

fi=F1G1 +F10y + F1162 + F30% 4 Fes02 + 2F1201G2 = 1 (13)

The Tsai-Wu coefficients are defined as follows:
1 1 1 1 1 1

F1:F+F, 2=ty F11:—W7 FzzZ—W
1
Fes = Fi2 = =0.5v/F11F»
12
(14)

The impact simulation was performed with 10 km/h of initial veloc-
ity of bumper beam based on ITHS impact test standard. All surfaces
of bumper beam and rigid body were defined as one contact group
for effective calculation of multiple contacting during impact anal-
ysis. In the case of conventional GMT bumper beam, the 136 mm of
intrusion and 93.6 mm of deflection were obtained. These conven-
tional impact performances were reflected to specify the constraint
of optimal design in Section 4.

4. Design optimization of the hybrid bumper beam
4.1. Design requirement and variables

The design requirement for hybrid bumper beam was to mini-
mize the weight with maintaining of impact performances. The
weight of bumper beam depends on the material and thickness of
bumper beam parts. The mass of the bumper beam m;, was calcu-
lated as:

n
My = Peom X Z(Asurface.i X tpart.i) (15)
i=1
where p,,,, is the density of material, n is the number of bumper
beam part, Asace; i the surface area and tye; is the thickness of
ith part, respectively. The shell surface area was calculated auto-
matically in analysis step in LS-DYNA. To minimize the weight of
bumper beam, the following objective function was used:

Minimize m, (16)

Also, the impact performance of bumper beam should be maintained
compared to the conventional GMT bumper beam as following:

Intrusion < 136 mm

17
Deflection < 93.6 mm (17

For the design variables, each thickness of 3 parts of top flange
(uy, Uy, uz), front rib (rq, r5, r3), bottom flange (I4, I, I3) and thickness
of bumper reinforcement (b) were selected as shown in Fig. 7d.
Because the bumper beam consists of 10 parts with complex
shapes, it is too difficult to control the each part of bumper beam
by decimal point of thickness. Therefore, to consider the manufac-
turing condition of bumper beam based on the result of optimal
design, the discrete values were used for each design variable. In
this work, each design variable was allowed to have one of the fol-
lowing discrete values as 3,4, 5, ..., 14.

4.2. Design problem formulation
Combining the design requirements described in Section 4.1

and the design variables described in Section 4.2, we could formu-
late the discrete design optimization problem as following:
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Fig. 9. Manufacturing process of hybrid bumper beam.

30

I Caiculated

25 Il Experimental

Modulus (GPa)

E11 E22 G12

(a)

l I Calculated
350 I Experimental

400 -

300 +

250

200

150 4

Strength (MPa)

100

50

Tensile22

Tensile11 Compressive11 Compressive22 Shear12

(b)

Fig. 10. Predicted mechanical properties of conventional GMT: (a) moduli; (b)
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Find bu, r, ;i i=1,2,3
to minimize my,
subject to [b,uj,r, i) €[3,4,...,14] i=1,2,3

18
Intrusion < 136 mm (18)

Deflection < 93.6 mm
with Material case =1, 2, 3, 4

4.3. Optimization method

In this work, the micro-genetic algorithm (nGA) was used to
solve the discrete optimization problem with high computational
efficiency. The nGA has been successfully employed to solve the
discrete optimal design problems with accelerated convergence
compared to the traditional genetic algorithm (GA) which has
the serious limitation of severe computing time [24-28]. The
LGA is the “small population” of GA that operates on the principles
of natural selection or survival of the fittest to evolve the best
potential solution over a number of generations to find the
most-fit or optimal solution. During evaluation, the algorithm
keeps the best individuality from the previous converged genera-
tions (elitism). Then, a new random population is chosen and the
evolution process restarts. With a these procedures, the generation
evolves and converges to a local optimal solution [26]. The nGA is
better at distinguishing the global optimal solution from the local
solution because it works with a population of strings while many
optimization algorithms move from one point to another in the
design variable space.

The procedure for the determination of optimal thickness of
each part is as follows. First, the values of the design constraints
(deflection and intrusion) and objective function (total weight of
bumper beam) were obtained from LS-DYNA corresponding to
the initial population of design variables. Then those values are
evaluated and the remaining strings are determined using a tour-
nament selection strategy. In this strategy, strings are paired ran-
domly, and adjacent pairs compete to become the remaining
strings in the following generation. In the following step, the next
set of strings is obtained by the crossover operation. Using the new
strings, the convergence of the population loop is verified. If the
population loop has not converged, the selection and crossover
operations are repeated until the population loop converges.
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Finally, highest fitness values in the final generation is outputted as Table 3
the solution of the optimization problem [26-28]. Optimized designs of the GCMT bumper beam in each material case.
Designs Parts Top flange Lib Bottom Reinforcement
4.4. Final design of hybrid bumper beam (u) () flange (1) (b)
Conventional 1 115 12 10.5 13
After the design optimization of hybrid bumper beam for each 2 115 115 105
material case, the final design was chosen with considering of 3 105 105 105
the total mass, impact performances and also the reinforced con- Case 1 1 9 7 6 1
tent of carbon fibers. Then, the hybrid bumper beam was manufac- 2 10 6 6
tured based on the selected final design result. Fig. 9 shows the 3 9 4 /
hot-press molding process for manufacturing of hybrid GCMT com- Case 2 1 7 8 6 10
posite bumper beam supported by Hyundai Motors. Then, the § é 3 Z;
impact test of manufactured bumper beam was performed based
on IIHS standard and compared with the simulation results. Case 3 ; 27; g 3 10
3 7 9 5
5. Results and discussion Case 4 1 3 3 9 10
2 6 9 4
3 5 9 7

Fig. 10 shows the mechanical properties of conventional GMT

obtained by experiments and calculations explained in Section 2.

Conventional Case 1

1.28E-009 —a— Density
1 " 13K
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~ 1.24E-009
L L300 =
kS g
D 1.22E-009 - =
~ w»
%‘ 20 @
< 1.20E-009 o
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Conventional Case 1 Case 2 Case 3 Case 4
(a)

Conventional Case 1 Case 2 Case 4

550 I Conventional
I Case 1
I Case 2
i I Case 3
I Case 4

Strengths (MPa)

Tensile11 Compresive11 Tensile22 Compresive22  Shear12

Fig. 11. Physical and mechanical properties of designed GCMT: (a) density and moduli; (b) strengths.
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It was found that all of the calculated mechanical properties
showed good agreements with the experimental results. The errors
between the experiment and prediction might come from the voids
or small defects generated during manufacturing process. Based on
these results, it could be concluded that the mechanical properties
of layered composite structures can be predicted well using CLPT
method.

The mechanical properties of newly designed four types of
GCMT (cases 1-4 of described Section 2.1) were also calculated
and depicted as shown in Fig. 11. The density of all hybrid compos-
ites was reduced by substituting of glass fibers with carbon fibers.
The lowest density was obtained from the case 2 because the most
amount of glass fibers was replaced by carbon fibers (total 28 vf%).
In the case of moduli, the longitudinal elastic modulus was
increased for all of design cases due to the higher elastic modulus

Conventional Case 1

Case 2

of carbon fiber compared to the glass fiber. Especially, almost 40%
increased longitudinal elastic modulus were obtained in the case 2
and case 4 because the high volume fraction of carbon fiber (28 and
23 vf¥%, respectively) was reinforced. However, the transverse mod-
ulus and shear modulus showed similar value compared to those of
conventional GMT. It is come from the fact that the transverse
modulus and shear modulus are almost dependent on the mechan-
ical properties of the matrix, not those of fiber [8].

In the case of strengths, the different improving trend could be
found as the replacement position of carbon fiber as shown in
Fig. 11b. The noticeable improvements of longitudinal tensile
strength could be achieved only when the carbon fiber was rein-
forced in the UD layer (cases 1 and 2). It is come from the fact that
the conventional UD layer is fractured earlier than the woven layer
due to its lower tensile strength. On the other hand, in the cases of
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Fig. 12. Specification of optimally designed bumper beam with respect to material case: (a) weight; (b) impact performance.
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Fig. 13. Impact performances of the optimally designed hybrid GCMT composite
bumper beam: (a) load-displacement curve; (b) deflection and intrusion with
respect impact time.

3 and 4, it is noteworthy that the almost 4 times higher shear
strength was achieved compare with that of the conventional
GMT. It might be because the shear strength of woven layer was
much improved by carbon fiber. In other words, the entire shear
strength could be enhanced due to the increased shear strength
of woven layer because the shear strength of entire GCMT is deter-
mined by lowest shear failure strength. However, in the case 4, the
improving of shear strength was almost saturated although the 2
times higher amount of carbon fiber was reinforced. It is because
that the shear strength of woven layer was increased more than
that of UD layer thus the UD layer is fractured earlier than the
woven layer due to its lower shear strength. In the case of com-
pressive strengths and transverse tensile strength, there were only
small changes because these properties are much dependent on
the mechanical properties of matrix, not the properties of fiber
[12]. Based on these results, it could be concluded that the tensile
strength and shear strength of GCMT can be improved by the rein-
forcement of carbon fiber into the UD layer or woven layer, respec-
tively. Using these properties, the optimal design of hybrid bumper
beam could be performed for each material case with impact sim-
ulation as described in Section 4.

Table 3 shows the optimized thicknesses of bumper beam parts
(Fig. 7d) in each material case. Also, the weight and impact

performances of optimally designed bumper beam were obtained
in each material case as shown in Fig. 12. It was found that all of
the performances including weight, the intrusion and deflection
were successfully improved by optimization using GCMT materi-
als. Note that the cases 1 and 2 showed much higher intrusion than
those in the cases of 3 and 4. It might be because the impact per-
formance might be much dependent on the shear strength of
GCMT rather than its tensile strength. Therefore, the results in case
3 and case 4 showed the best impact performances (the lowest
deflection and intrusion) with about 1.4 kg of weight reduction
due to its improved shear strength. Also, it is noteworthy that
the only half amount of carbon fiber was replaced in the woven
layer in the case 3 compared to the case 4. Therefore, considering
the cost of carbon fiber, the optimal design using the material case
3 could be chosen as the final design for the hybrid bumper beam.
Fig. 13 shows the impact simulation results of the final design of
GCMT bumper beam. It could be confirmed that the maximum fail-
ure load was improved and the intrusion and deflection were
reduced compared to the conventional bumper beam. Fig. 14
shows the manufactured hybrid bumper beam based on the final
design and its impact test. After the impact test, the fracture posi-
tions were observed and compared to the results of impact

(c)

Fig. 14. Manufactured hybrid bumper beam and impact test: (a) finally designed
hybrid bumper beam; (b) bumper impact test; (c) fracture of bumper beam after
impact simulation and test.
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Table 4
Final design results obtained from impact simulation and real test.

Weight (kg) Intrusion (mm) Deflection (mm)
Simulated 2.49 130 82
Tested 2.61 123 89
Conventional 39 136 93

simulation (Fig. 14c). It could be found that the fractured area of
manufactured GCMT bumper beam agreed well with the impact
simulation result. The impact performance from the impact simu-
lation and real impact test were described in Table 4. Although the
weight of manufactured bumper beam had slightly heavier than
the calculation, about 33% (1.3 kg) of the weight could be reduced
and both of the intrusion and deflection were improved to be
123 mm and 89 mm compared to those of the conventional bum-
per beam (136 mm and 93 mm, respectively).

5. Conclusions

In this study, the various designs of glass/carbon mat thermo-
plastic (GCMT) were devised and its mechanical properties were
calculated by classical laminates plate theory. Then, the GCMT
bumper beam was optimally designed for each material case by
using the pHGA algorithm with the impact simulation. Based on
the optimal design results, the final design of GCMT bumper beam
was selected with considering of the weight, impact performances
and used amount of carbon fiber. Then, the real bumper beam was
manufactured by using the final design and its impact perfor-
mances were measured. It was found that the optimally designed
GCMT bumper beam had 33% less weight compared to the conven-
tional GMT bumper beam while having the improved impact
performances.
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