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ABSTRACT

This paper investigates the opportunities for light-
weighting a current body-on-frame type vehicle using
advanced plastics and composites. In addition, the
safety benefits of structural plastics and composites
applications in future lighter vehicles are identified
and evaluated by frontal impact simulations as part of
implementing the plastics and composites intensive
vehicle (PCIV) safety roadmap of the National
Highway Traffic Safety Administration (NHTSA).
The methodology of the study includes two steps: (1)
developing a light-weight vehicle based on a current
finite element (FE) vehicle using advanced plastics
and composites, and (2) evaluating the
crashworthiness of the light-weighted vehicle by
frontal New Car Assessment Program (NCAP) test
simulations. An FE model of a 2007 Chevrolet
Silverado, which is a body-on-frame pickup truck,
was selected as the baseline vehicle for light-
weighting.

By light-weighting components in the Silverado, the
vehicle weight was reduced 19%. As a result, the
content of plastics and composite in the light-weight
vehicle becomes about 23.6% of the total weight of
the light-weight vehicle. Frontal NCAP simulations
of the light-weighted vehicle show that the light-
weighted vehicles using advanced plastics and
composites provide equivalent structural performance
(intrusion and crash pulse) to the baseline vehicle in
the full frontal impact condition. This study
demonstrates that (1) using plastics and composites
can reduce the vehicle weight efficiently; and (2) the
Silverado, light-weighted using advanced plastics and
composites, provides equivalent structural
performance in the frontal impact condition as the
baseline vehicle.

INTRODUCTION
According to the U.S. Department of Energy (DOE),

the United States consumed nearly 20 million barrels
per day in 2010 [1,2]. The transportation sector

accounted for 28% of total U.S. energy use, two-
thirds of the nation’s petroleum consumption, and a
third of the nation’s carbon emissions. Nearly, 32%
of U.S. greenhouse gas (GHG) emissions are
generated from transportation, the second-largest
source after electricity generation. It was estimated
that 75% of fuel consumption directly relates to
vehicle weight [3]. With everything else remaining
the same and considering mass compounding, a 6 to
8 percent increase in fuel economy can be realized
for every 10 percent reduction in vehicle weight [4,5].
However, there are several barriers to weight
reduction in automobiles: (1) historically low prices
of fuel in the United States, (2) higher costs of
advanced light-weight materials, (3) lack of
familiarity with light-weight materials, (4) extensive
capital investment in metal-forming technologies, (5)
lack of large automotive composites and magnesium
industries, (6) preferences for large vehicles, (7)
perceptions of safety, (8) recycling issues of plastics
and composites, (9) increased emphasis on alternative
fuels such as non-conventional petroleum, biofuels
and electricity, (10) alternative propulsion systems
such as hybrids and fuel cells, and (11) the
automotive industry’s lack of long-term pricing
strategies and stable long-term partners [4,6].

The Corporate Average Fuel Economy (CAFE)
standards in the United State had remained mostly
unchanged for past three decades since 1975. The
new CAFE standards issued in 2010 proposed that
new passenger cars and light trucks, including
minivans, sport utility vehicles (SUVs), and pickups,
are now required to achieve at least 14.5 kilometers
per liter (34.1 miles per gallon) automaker fleet wide
average by model year (MY) 2016 [7]. Recent
changes to the CAFE standards were driving
automakers to seek more aggressive methods for fuel
consumption deductions. Light-weighting of vehicles
will be an important factor to meet these
requirements due to the inherent relationship between
vehicle mass and fuel consumption.
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Vehicle weight reduction is a known method to
improve fuel economy in vehicles. However, Cheah
addressed that the opportunity to reduce vehicle
weight is not simple on three different aspects [5]; (1)
the average new U.S. vehicle weight has increased
steadily over the past two decades [8]; (2) the topic of
vehicle weight reduction should be studied with a
life-cycle perspective, considering energy-intensive
production and recycling of light-weight materials
[9,10]; and (3) while the effectiveness of weight
reduction at a vehicle-level is reasonably well
understood, the effectiveness at a vehicle fleet-level
is less so [11]. Reductions in vehicle weight can be
achieved by a combination of (1) vehicle downsizing,
(2) vehicle redesign and contents reduction, and (3)
material substitution [5,11,12]. Actually, there are a
number of major research projects that have sought to
determine the mass-reduction technology and
materials potential for future vehicles. Lutsey
reviewed seventeen vehicle mass-reduction studies
and summarized achieved mass-reductions and cost
impacting findings [13]. In those studies, the new
manufacturing technologies and the light-weight
materials, such as high strength steel (HSS),
aluminum, magnesium, plastics, and composites, are
utilized to reduce the vehicle weight; and a range of
mass reduction is 16 to 57% in body and 19 to 52%
in vehicle with the average of these vehicle designs
achieving about 30% mass reduction. More recently,
a study by EDAG showed that mass reduction of up
to 23% is likely feasible by MY 2020 while
maintaining vehicle performance and safety
functionality and staying within a10% increase of the
original baseline midsize sedan’s MSRP
(manufacturer's suggested retail price) [14].

Schewel identified that light-weight vehicle could be
a potent solution to triple safety (safety of climate,
drivers and other road users) simultaneously, without
compromise [15]. Clearly, light-weight automobiles
enhance the global environment (climate) safety
through their higher fuel efficiency. However, the
safety (self- and partner-protections) of light-weight
vehicles is not clearly evaluated yet. There have been
many debates about the relationship about between
safety and vehicle weight and size. The Rocky
Mountain Institute (RMI) reviewed the light-weight
automotive safety studies and summarized
conclusions of these studies [16]. The conclusions of
light-weight safety studies have not provided clearly
the safety implications of light-weight vehicles to
vehicle weight and size. These light-weight safety
concerns are still actively studied by many
researchers [17,18].

In 2006, the U. S. Congress directed the National
Highway Traffic Safety Administration (NHTSA) of
the U.S. Department of Transportation (DOT) to
begin development of a program to examine the
possible safety benefits of light-weight Plastics and
Composite Intensive Vehicles (PCIVs) and to
develop a foundation for cooperation with the DOE,
industry and other automotive safety stakeholders
[19]. In the 2008 PCIV safety workshop sponsored
by NHTSA in supporting of implementing this
mandate, attendees indicated that a minimum of 30%
to 40% (by weight) plastics and composite content in
one or more subsystems beyond interior trim could
qualify a vehicle as a PCIV [20]. There are two
roadmaps for PCIVs [21]; (1) a government-led
roadmap under the direction of the NHTSA focuses
on a holistic safety-centered approach to PCIV
innovation [17,20,22-24], and (2) an industry-led
roadmap developed by the American Chemistry
Council - Plastics Division (ACC-PD) outlines the
industry’s action priorities for achieving the
technology and manufacturing innovations required
to realize PCIVs [21,25-27].

NHTSA concentrated on the safety-related research
issues affecting the deployment of PCIVs in 2020. In
2007, the Volpe Center developed a safety roadmap
for future PCIVs and described the approach,
activities, and results of an evaluation of potential
safety benefits of PCIVs [22,23]. Barnes et al.
identified outstanding safety issues and research
needs for PCIVs to facilitate their safety deployment
by 2020, and recommended three topics pertinent to
crashworthiness of PCIVs: (1) material database, (2)
crashworthiness test method development, and (3)
crash modelling [24]. In the vehicle mass-size-safety
workshop in 2011, NHTSA brought together experts
to discuss about the effect of vehicle mass and size
on safety, vehicle structural crashworthiness,
occupant safety, and advanced vehicle design; and to
understand what might be appropriate level of mass
reduction for future CAFE rulemaking [17].

In 2001, the American Plastics Council (APC), now
the ACC-PD, outlined a vision and technology
roadmap for the automotive and plastics industries
[25]. In the technology integration workshop in 2005,
the ACC-PD provided an expansive safety road
mapping effort examining PCIVs [26]. In 2009, the
ACC-PD updated the vision and technology roadmap
to outline the industry’s action priorities for
achieving the technology and manufacturing
innovations required to realize PCIVs [27]. Also, the
ACC-PD recommended three research activities:

(1) improve the understanding of composite
component response in vehicle crashes,
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(2) development a database of relevant parameters for
composite materials, and (3) enhance predictive
models to avoid costly overdesign [21].

Since composites were introduced firstly to
automotive industry in 1950’s [28,29], the use of
composites in vehicles has increased steadily.
Today’s average U.S. light vehicle contains about
174 kg (384 pounds) of plastics and composites in
2009 — about 10% of total vehicle weight but more
than 50% of vehicle volume [1,21]. Advantages of
composites compared to steels for automotive and
transportation are: (1) weight reduction of 20-40%, (2)
styling flexibility in terms of deep drawn panels,
which is limited in metal stampings, (3) 40-60%
savings in tooling cost, (4) reduced assembly costs
and time in part consolidation, (5) resistance to
corrosion, scratches and dents, and improvement in
damping and NVH (noise, vibration and harshness),
(6) materials and process innovations capable of
adding value while providing cost saving, and (7)
safer structure due to the composite material’s higher
specific energy absorption (SEA) [4,6]. Sehanobish
reported that the use of 45.4 kg (100 pounds) of
plastics could replace approximately 90.7 kg (200
pounds) to 136.0 kg (300 pounds) of mass from the
use of traditional materials [30].

Although the benefit of composites are well
recognized by the industry, composite use has been
dampened by (1) high material costs [31,32], (2) slow
production rates [31], and (3) the lack of design
experience and knowledge caused by different
material characteristics from conventional metal
[6,33]. Thus, the application of plastics and
composites is still limited mostly to non- or semi-
structural components of vehicles [6,30,33]. However,
many studies have shown the potential and future use
of composites for light-weighting vehicle structural
components [34-38]. Actually, numerous
investigations of composite intensive automotive
body have taken place over 30 years [28,39-43].
Bonnet [39] and Beardmore [40] designed the body-
in-white (BIW) and front-end module of a passenger
car using carbon fiber reinforced plastic (CFRP)
composites and achieved about 65% reduction in
weight. Boeman and Johnson [41] developed the
composite intensive BIW of a passenger car with
CFRP composites and achieved 60% mass reduction.
Fuchs [42] studied about designing the composite
intensive passenger vehicle while satisfying all safety
requirements. Deb et al. [43] compared the frontal
impact performances of the glass-FRP (GFRP)
composite and steel rails of a passenger car. Those
studies were dealing with unibody structures. There
was a study to develop a light-weight optimized

frame in a body-on-frame type SUV by using high-
strength steel, not composites [44].

In this paper, the opportunities for light-weighting a
current body-on-frame type vehicle using advanced
plastics and composites are investigated as part of
implementing the PCIV safety roadmap of the
NHTSA. In addition, the safety benefits of structural
plastics and composites applications in future lighter
vehicles are identified and evaluated by frontal
impact simulations.

METHODS

The methodology of the research includes two steps:
(1) developing a light-weight vehicle based on a
current finite element (FE) vehicle model using
advanced plastics and composites, and (2) evaluating
the crashworthiness of the light-weighted vehicle by
frontal impact simulations. At first, a light-weight
vehicle is developed to investigate the light-
weighting opportunities in a current vehicle. An FE
model of a 2007 Chevrolet Silverado, which is a
body-on-frame pickup truck, was selected as the
baseline vehicle for light-weighting. Plastics and
composites were considered as the primary substitute
materials in this study. Based on the literature review
and with help from the ACC-PD’s member
companies, candidate steel vehicle components in the
Silverado were identified and light-weighted by
substituting advanced plastics and composites for the
heavier steel components. After that, the frontal New
Car Assessment Program (NCAP) tests of the light-
weighted vehicle were simulated to investigate the
weight reduction effect on vehicle crashworthiness,
to evaluate the crash performance of the composite
structural component, and to look into the
opportunities of using plastics and composites for
weight reduction in a current vehicle. In this study,
only the frontal impact configuration is considered.

In addition, costs were not considered in this study.
In particular, a cost increase as compared to the used
of other advanced materials (e.g., ultra high strength
steel) is one of the critical barriers to using plastics
and composites in automobiles. However, in order to
investigate opportunities for light-weighting vehicles
using plastics and composites and indentifying the
potential safety benefits of plastics and composites
applications in future lighter, this study mainly
focused on identifying currently available plastics
and composite materials and their applicability to
current vehicle components, and did not consider cost
variations. Also, the manufacturability for vehicle
components using plastics and composites is another
critical issue. Instead, the existing vehicle design,
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which has optimal structures for steel material and
steel manufacturing technologies, was utilized to
develop the light-weight vehicle using plastics and
composite as material substitutes in this study. So,
the design changes of original vehicle structures and
components were limited to replacing components,
and therefore are considered to be a minimal
approach that could be taken for reducing the weight
in the light-weighting process. A more optimal
approach would have been a comprehensive, clean
sheet design from the ground up to achieve a
maximized weight reduction for the Silverado.
However, such an approach was beyond the scope of
this study.

Baseline FE Vehicle Model

According to NHTSA’s aggressivity metric based on
the Fatal Analysis Reporting System (FARS)
reported fatalities and the General Estimates System
(GES) reported crash involvements, the light trucks
and vans (LTVs) are over three times more
aggressive than passenger cars in all vehicle-to-
vehicle crash configurations [45,46]. Blum et al. did
a study that looked at the aggressivity of the striking
vehicle to the driver in the struck vehicle and found
that the most important determinant of the risk of
injury to a driver in the target vehicle is the weight of
the striking vehicle [47]. Since 1990 the average
LTV’s weight has increased from 1868 kg to 2046 kg
in 2000 [46]. So, in the aspects of improving fuel
efficiency as well as alleviating aggressivity, an

active effort to reduce the weight of LTVs is required.

A 2007 Chevrolet Silverado pickup truck was
selected as the baseline vehicle in this study. Figure
1a shows the 2007 Chevrolet Silverado and Figure 1b
shows the FE model of this vehicle, which was
created by National Crash Analysis Center (NCAC)
at the George Washington University (GWU) and is
available to the public from the FE model database of
NCAC/GWU [48]. The vehicle is a 4-door crew
pickup truck (4.8L V8 SFI engine), which is a body-
on-frame type vehicle. The vehicle weight is 2307 kg
and its size is 5,846 mm (L) x 2,029 mm (W) x 1,917
mm (H). The FE vehicle model consists of about a
million elements and 680 parts. The FE vehicle
model was validated with test results from front and
side crash tests [49] and from suspension tests
[50,51]; that is, the FE model is a validated
representation of the real vehicle.

The FE vehicle model is divided into assemblies as
shown in Figure 2. Since it is a body-on-frame type
vehicle, all assemblies are connected to the ladder
frame structure. The vehicle mass breakdown is

summarized in Figure 3. It shows that the weight of
the power-train related and suspension related
components accounts for almost 50% of the vehicle
weight. The weight of the ladder frame structure is
about 13% of the vehicle weight.

(b)
Figure 1. 2007 Chevrolet Silverado (crew pickup
body style); (a) actual vehicle, (b) FE model.

Figure 2. Assembly of the FE model of Silverado: (a)
closures, (b) occupant compartment structure, (c)
truck bed structure, (d) ladder frame structure, (e)

power-train related, (f) suspension related.
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Figure 3. Mass breakdown of the FE model of
Silverado.

Light-Weighting Strategies

In order to light-weight the current vehicle model,
three strategies were considered: material substitution,
component change, and component removal.

Material substitution In order to reduce the
vehicle weight, the steel material in the vehicle
components was replaced with other lighter-weight
materials. In particular, plastics and composites were
used as a substitute for the steel material since these
materials were primarily the main focus in this study.
Plastics and composites have quite different material
characteristics than steel. Steel material is isotropic
and ductile, while plastics and composites are mostly
anisotropic and brittle. So, the ACC-PD and some of
its member chemical companies (SABIC, BASF, and
Bayer) voluntarily participated in this study to
provide information about available components that
could be redesigned using plastics and composites. In
addition, other available resources were utilized to
gather information about the applications of light-
weight materials.

When the steel material in the Silverado was replaced
by plastics or composites, the components were re-
designed by ACC-PD’s chemical companies if a
design change was deemed necessary. Otherwise, the
steel material was simply replaced with the plastics
or composites. Note that, in this study, only the
frontal NCAP test of the light-weighted vehicle was
considered for investigating the effect of weight
reduction on the vehicle’s crashworthiness. So, if any
component was not engaged in the frontal NCAP test,
the material substitution was realized by adjusting the
weight of the particular component numerically
without changing the component design.

It should be noted that plastics and composites are
applied not only to non-structural components, but
also to structural components in this study. Figure 4
shows the impact energy absorption of components
of the Silverado in the frontal NCAP test. Some
structural components, such as bumpers, fenders,
frontal-end module and ladder frame, are changed to
composites. Especially, the ladder frame of the
Silverado was determined to be the primary structural
member because the ladder frame was observed to
absorb over 70% of impact energy in the frontal
NCAP test. In addition to being evaluated using
NCAP frontal crash test simulations, the new
composite structural components are evaluated by
component test simulations to prove that these new
components provide equivalent structural
performance to original components.

80.00%
70.00%
60.00%
50.00%
40.00%
30.00%
20.00%

10.00%
0.00% B - i

front fenders front-end cowl firewall floor ladder others
bumper module frame

Figure 4. Impact energy absorption of components of
the baseline (original) vehicle in NCAP test
simulation.

When it was determined that there were no plastics or
composites available for a given component but other
light-weight materials were available, the original
material was replaced with the other lighter-weight
materials without undertaking a design change. For
example, the steel material of the wheels and rear
differential carrier were changed to aluminum and
magnesium alloys, respectively.

Component change In the vehicle, there are
many finished components, such as the engine,
transmission, battery, and so on. It was decided that
these existing components could be changed to light-
weight ones to reduce the vehicle weight if it was
determined that the new components could provide
equivalent performance. Since the current vehicle
weight was to be reduced, a smaller engine and
transmission could be adopted. Additionally, a lighter
weight battery could be adopted.

Component removal It was decided that any
component which is not directly related to the vehicle
operation could be removed to reduce the vehicle
weight. Thus, for example, the spare tire and its
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carrier in the current vehicle could be removed. This
is a practice that already is being utilized by the
industry.

RESULTS
Development of a Light-Weight Vehicle

The selected components of the Silverado were light-
weighted by following the light-weighted strategies
mentioned above. The detail description of each
component is explained in the reference [52]. In this
paper, several light-weighted components are
explained.

Front & rear bumpers SABIC redesigned the
front and rear bumpers. The original parts of the front
bumper assembly were reduced from nine parts to
five parts and those of the rear bumper assembly
were reduced from six parts to three parts. The steel
material was changed to a blend of semi-crystalline
polyester and polycarbonate (i.e., a PBT(or PET)/PC
blend) [53] and a polypropylene plastic [54]. The
insert support is made of steel. The weights of the
front and rear bumpers were reduced to 47% and 39%
from their originals, respectively. The light-weighted
bumpers are evaluated by component tests which
show that their crash performance is equivalent to the
baseline bumpers. These materials also are applied to
roof and rear window.

Front-end module SABIC redesigned the front-
end module. The original parts of the front-end
module assembly were reduced from nine parts to
one part. The steel material was changed to a long
glass fiber reinforced polypropylene [55]. The weight
of the front-end module was reduced 58% from its
baseline weight.

A- and B-pillar reinforcements Composite
inserts were applied to the A- and B-pillars and the
thickness of steel pillars was reduced. BASF
designed the composite inserts by using a 35% glass
reinforced polyamide (PA6) [56]. Both pillars were
gauged down 20%. The crash performance of
composite inserts in vehicle structure was studied by
Park et al. [57,58]. The light-weighted A- and B-

pillars were evaluated by component tests which
show that their crash performance is equivalent to the
originals. The 35% glass reinforced polyamide (PA6)
is also applied to door beams, transmission
crossbeam, and oil pans along with design changes.

Engine and transmission Table 1 shows the
specifications of three Silverado models. The
Silverado has two kinds of engines: theV6 and V8
engines. Also, the Silverado has two body styles: the
extended cab and crew pickups. The FE vehicle
model was developed for the crew pickup with the
V8 engine. The vehicle size of all three vehicles
listed in Table 1 is similar, but there is a weight
difference. In the extended cab pickup, there is an 84
kg weight difference depending on which engine is
adopted. Basically, this weight difference comes
from the change of engine, transmission, and
connecting assemblies. In addition, the difference of
the gross vehicle weight rating (GVWR) is 182 kg
depending on which engine is adopted. This means it
would be reasonable to assume that, if the vehicle
weight is reduced 183 kg or more, the V8 engine can
be replaced by the V6 engine.

In this study, the original V8 engine was replaced by
the V6 engine. It was assumed that the engine,
transmission, and their assemblies were not changed;
but instead the material density was adjusted,
although the actual size of V6 and V8 engines are
different. Also, it was assumed that even the weight
of the V6 engine could be made lighter by using
newer technologies and lighter materials, such as
aluminum and magnesium. With these assumptions,
the substitutions led to a100kg weight saving in the
engine and transmission.

Ladder frame Previous studies have shown that
fiber-reinforced plastic (FRP) composites offer a
means to light-weight vehicle structural components
[35-38]. The main advantages of FRP composites
over the more conventional isotropic materials are the
lower density, very high specific strength, specific
stiffness, and specific energy absorption (SAE) that
can be achieved. However, introducing the FRP
composites into vehicle structural components should
be achieved without sacrificing the current

Table 1. Specifications of Silverado

NCAP . GVWR Vehicle Wheel Vehicle
Test No. Model Year Body Style Engine Type (kg) Weight (kg) Base (mm) Length (mm)
6171 | SILVERADO | 2007 EXTE:\‘CDKEUDPCAB 43LV6MPI | 2903 2210 3654 5821
6174 | SILVERADO | 2007 EXTE:\'CDKEUDPCAB 48LVBSFI | 3085 2294 3658 5824
6168 | SILVERADO | 2007 | CREWPICKUP | 48LV8SFI | 3085 2307 3660 5830
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performance of crashworthiness and stiffness. Many
studies have shown that composite structures deform
in a manner different than that of similar structural
components made of conventional materials like steel
and aluminum [35-37, 59-61]. The micro-failure
modes, such as matrix cracking, delamination, fiber
breakage, etc., constitute the main failure modes of
composite structures. These complex fracture
mechanisms make it difficult to analytically and
numerically model the collapse behavior of FRP
composite structures. This has limited the application
of composites for mass production in the automotive
industry.

The commonly used FRP composites are
unidirectional laminates and textile composites. In
general, laminates have good in-plane properties, and
textile composites, which include woven, knitted, and
braided fabrics, have better dimensional stability,
out-of-plane properties, and impact and delamination

resistance. Braided composites have some advantages:

(1) good impact resistance, (2) better fatigue life and
strength, (3) low manufacturing cost, (4) good
interlaminar shear properties, and (5) efficient
reinforcement for torsional loads [39]. The numerous
studies of braided composites have been performed
and identified crushing behavior, energy absorption
capability, and significant braiding parameters [62-
65].

Actually, extensive material experiments of a carbon
fiber-thermoset braided composite were performed in
this study to identify the crushing behavior, energy
absorption capability, and numerical material
parameters [52]. Based on the result of material tests
and simulations, the steel in side rails was changed to
the carbon fiber-thermoset braided composite, which
is explained in detail in the references [52,66]. The
design of the ladder frame was not changed but the
thickness of side rails was increased to twice the
thickness of the original design in order to have
equivalent stiffness and impact performance to that of
the original steel ladder frame. The crashworthiness
of the composite ladder frame is evaluated by
component tests which show that their crash
performance is equivalent to the original. Therefore,
the weight of the ladder frame was reduced 32% from
that of the original. If the composite material is
applied to cross members and mount supporters and
optimal design is adopted, the weight of ladder frame
could be reduced even more.

Table 2 summarizes all the weight savings of
components of the Silverado to develop a light-
weighted vehicle. The total saving is 432.76 kg
which is about 19% reduction of the original vehicle

weight. Thus, the weight of the light-weight vehicle
becomes 1,874.24 kg. Today’s average U.S. light
vehicle contains plastics and composites that account
for about 10% of the total vehicle weight [1,21].
Based on this fact, it can be assumed that the weight
portion of plastics and composites in the original
Silverado is about 10% (i.e., about 187.4 kg). Using
this assumption, the total weight of plastics and
composites in the light-weighted vehicle can be
obtained by summing up the weight of existing
plastics and composites (187.4 kg) and the weight of
newly added plastics and composites (254.35 kg). In
other words, the light-weight vehicle contains about
441.75 kg of plastics and composites, which is about
23.6% of the total light-weight vehicle weight.

Frontal NCAP Test Simulations

The frontal NCAP test was simulated to evaluate the
crash performance of the light-weighted vehicle
developed above. In the full frontal NCAP test, a
vehicle with two dummies in the front seats collides
with the rigid barrier in the full overlap configuration
at the impact speed of 56 km/h (35mph). In the full
frontal NCAP simulation, dummies were considered
as added masses. The LS-DYNA hydrocode is
utilized for vehicle crash simulations [101].

Three vehicle configurations are considered; (1) the
baseline (original) vehicle (2,307 kg), (2) the light-
weighted vehicle with the original steel ladder frame
referred to as LWV1 (1,949 kg, 16% weight
reduction), and (3) the light-weighted vehicle with
the composite ladder frame referred to as LWV2
(1,874 kg, 19% weight reduction). Since the ladder
frame is the primary energy absorbing structure of
the Silverado, its crash performance is of great
interest. So, the two different light-weighted vehicles,
LWV1 and LWV2, were considered for evaluation to
determine if the composite ladder frame could
provide equivalent crash performance as the original
steel ladder frame. As stated above, the difference
between the LWV1 and LWV?2 is the material
adoption of the composite ladder frame in the LWV?2.
The LWV2 is the lightest vehicle.

Figure 5 shows vehicle response histories in the
frontal NCAP test. Figures 5a and 5b show the
acceleration curves. The notable point in the
acceleration curve of the baseline vehicle is a big

drop at 27 msec, which is induced by the crumple
zone deformation of side rails. This big drop in
acceleration can be observed in LWV1 and LWV2 as
well. Compared to the baseline, the LWV1 has higher
peaks at an earlier time, and the LWV2 has a lower
peak at an early time, but a higher peak at a later time.
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Table 2. Summary of weight savings

components [ old material | new material | weightsaving (kg) [ references
o material substitution with new design (using plastics and composites)
A- & B-pillars steel downgauge, 132 [56-58]
composite inserts
door beams steel composite 4.92 (55%) [56]
tailgate steel plastic, composite 8.66 (44%) [53,55]
front-end module steel composite 7.77 (58%) [55]
front bumper steel plastic, composite 7.61 (47%) [53,54]
rear bumper steel plastic, composite 6.32 (39%) [53,54]
transmission crossheam steel composite 4.40 (56%) [56]
o material substitution only (using plastics and composites)
roof steel plastic 8.82 (43%) [53,54]
front fenders steel plastic 3.53 (45%) [67]
rear fenders steel plastic 10.84 (45%) [68,69]
rear window glass plastic 2.73 (42%) [53,54]
oil pans steel composite 3.82 (51%) [56,69]
stabilizer links steel composite 0.14 (40%) [56]
IP retainer steel composite 4.10 [70-74]
truck bed steel composite 20.46 (31%) [75,76]
drive shaft & yokes steel composite 3.69 (58%) [77-80]
front brake disks steel composite 14.39 (50%) [81]
leaf springs steel composite 34.73 (70%) [82-84]
ladder frame steel composite 74.80 (32%) [52,59-66]
o material substitution only (using other materials)
rear differential carrier steel magnesium 8.80 (25%) [85,86]
wheels steel aluminum 20.06 (40%) [87]
e component change
front & rear seat 10.00 (20%) [88-91]
engine & transmission 100.00 [52]
door modules 2.00 [55,92]
battery lead-acid lithium-ion 10.76 (60%) [93-96]
Tires 8.75 (10%) [97,98]
e component removal
spare tire & carrier 38.79 (100%) [99,100]
’ . baseline 2307.00
Vehicle weight (kg) light-weighted 187424 432.76 (19%)

Overall, all three acceleration curves are not much
different. Figures 5¢ and 5d show the velocity curves.
All vehicles exhibited a similar rebounding speed and
slope. The LWV1 and LWV2 have earlier velocity
zero time than the baseline as shown in Figure 5c.

Figures 5e and 5f show the wall force curves. The
force curve of the baseline vehicle has five peaks
within a certain force range. The LWV1 shows
similar wall force to the baseline except the lower
peak at the late time, which is because of the lower
weight of LWV1. On the other hand, the wall force
curve of the LWV2 has just two peaks, which is
clearly indicative that the composite ladder frame in
the LWV2 makes a big change in the crash mode of
the LWV2, compared to the baseline with the original
steel ladder frame.

Table 3 summarizes the single response values of
vehicles in the frontal NCAP test simulations. In
terms of the maximum crush, the LWV1 has a lower
crush value than the baseline, but the LWV2
exhibited a similar crush value to the baseline. The

weight reduction in the LWV1 possibly leads to
lower vehicle crush. However, adopting the
composite ladder frame in the LWV2 causes more
vehicle crush than the LWV1 although the vehicle
weight of the LWV2 is lighter than the LWV1. The
vehicle stiffnesses, i.e., the crush-work stiffness
(Kw400) [102] and the global energy-equivalent
stiffness (Kg) [103], were calculated using the wall
force curves in Figure 5f. The LWV1 stiffnesses
become softer than the baseline vehicle, which may
be the effect of weight reduction. The LWV?2
stiffnesses become further softer than the LWV,
which should be the effect of using the composite
ladder frame. Thus, using the composite ladder frame
leads to the vehicle stiffness being softer but to
similar vehicle crush as the baseline. In other words,
the composite ladder frame in the LWV2 provides
the required crash performance to keep the
crashworthiness of the LWV2 equivalent to the
baseline.

Figure 6 describes the measurement points of
occupant compartment intrusion. The intrusions at
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Figure 5. Vehicle response histories in frontal NCAP tests; (a) acceleration in time, (b) acceleration in displacement,
(c) velocity in time, (d) velocity in displacement, (e) wall force in time, (f) wall force in displacement.

Table 3. Summary of vehicle responses in frontal NCAP test simulations

Vehicle baseline LWV1 LWV2
Maximum X-crush (mm) 675.8 642.1 ( -5%) 678.7 ( 0%)
Kw400 (MPa) 2413.4 2180.8 (-10%) 1768.2 (-27%)
Ke (MPa) 1530.8 1453.2 ( -5%) 1255.8 (-18%)

the fifteen cross-points of five Y-lines and three Z-
lines were measured at the end of the simulation time.
Only the driver-side intrusion was investigated. Z1
was located 100 mm above the vehicle floor. Figure 7
shows the intrusion profiles of the three vehicles.

Both light-weighted vehicles, the LWV1 and the
LWV2, show smaller X- and Z-intrusions than the
baseline vehicle, which could be attributed to the
effect of weight reduction.
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Figure 6. Measurement points of vehicle intrusion
(unit: mm).

Figures 8 through 10 show the deformations of three
vehicles. The deformation of the baseline vehicle is
shown in Figure 8. A folding deformation mode of
the steel ladder frame is observed. The deformation

Y5

1000 1000

of the steel ladder frame reaches a location that is
behind the engine as indicated by green arrow in
Figure 8a. The deformation of the LWV1 is shown in
Figure 9. Since the LWV1 has the original steel
ladder frame, the deformation of the LWV1 is similar
to that of the baseline. The deformation of the LWV2
is shown in Figure 10. Since the LWV?2 has the
composite ladder frame, the deformation mode is
quite different from the baseline. The brittle fracture
mode of the composite ladder frame can be observed.
The bending fracture of the composite side rails also
occurs at a location around the transmission
crossbeam as indicated by the green arrows in Figure
10b.

DISCUSSION

As part of implementing the PCIV safety roadmap of
the NHTSA, this study investigates the opportunities

Y4

1000

50 as50 450
900 900 00
850 . 850 850 .
— 800 — 800 -
£ E = 800 :
E 750 E 750 E 750 &
N 700 N 700 N 700 o
650 650 650 -
600 600 600
550 550 550
500 500 ! 500
-1500 -1400 -1300 -1200 -1100 -1500 -1400 -1300 -1200 -1100 -1500 -1400 -1300 -1200 -1100
X (mm) X (mm) X (mm)
Y2 Yl
1000 1000
950 950
900 900
850 + 850 *
= 800 $ g S0 : e Pre
E 750 R E 750 K
~ 700 - =3 700 R —— post(Baseline)
650 P 650 - —— post(LWV1)
600 600 —ar— pOSt{LWVZ)
550 550
500 500
-1500 -1400 -1300 -1200 -1100 -1500 -1400 -13200 -1200 -1100
X (mm) X (mm)
(a)
3 2 1
-1100 1100 -1100
-1150 -1150 -1150
-1200 -1200 -1200
. -1250 __-1250 __-1250
E £ £
E -1300 E -1300 E -1300
= 1350 = 1350 = 1350
-1400 -1400 -1400
-1450 -1450 -1450
-1500 -1500 -1500
200 300 400 500 600 700 200 300 400 500 600 700 200 300 400 500 600 700
Y (mm) Y (mm) ¥ (mm)

Figure 7. Vehicle intrusions; (a) vertical profile, (b) horizontal profile.
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(a) (b)

Figure 8. Deformation of the baseline vehicle; (a) frontal area (wheel hidden), (b) ladder frame.

(@) (b)
Figure 9. Deformation of the LWV1 vehicle; (a) frontal area (wheel hidden), (b) ladder frame.

(@) (b)

Figure 10. Deformation of the LWV?2 vehicle; (2) frontal area (wheel hidden), (b) ladder frame.
for light-weighting a current body-on-frame type Over 25 components of the Silverado were light-
vehicle using advanced plastics and composites. In weighted by using plastics and composites primarily.
addition, the safety benefits of structural plastics and In consequence, the original vehicle weight, 2,307
composites applications in future lighter vehicles is kg, was reduced to 1,874 kg, which is about a 19%
identified and evaluated by frontal impact decrease. The light-weight vehicle contains about 442
simulations. kg of plastic and composites, which represents about

23.6% of the total weight of the light-weight vehicle.
To reach or exceed a 30% content of plastics and
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composites in the development of a PCIV, additional
applications of plastics and composites to the vehicle
structural components, especially occupant
compartment and closures, would be required. Also,
adopting optimally sophisticated design can reduce
more mass in the light-weighted components.
Particularly, the ladder frame can be further reduced
if composite material is applied to crossbeams and
optimal design is used.

Those light-weighted components include non-
structural as well as structural members, such as
bumpers, pillar reinforcements, door beams, and
ladder frame. Especially, the ladder frame was
determined to be the main energy absorbing structure
and was changed to a carbon fiber-thermoset braided
composite. The crashworthiness of the composite
structural members was evaluated by frontal NCAP
simulations. Only frontal impact configuration was
considered in this study. The simulation results of the
light-weighted vehicles show that (1) the vehicle
mass reduction contributes to a decrease in the
vehicle frontal intrusion, (2) the deceleration of a
vehicle was more likely to be dependent on the
vehicle stiffness and crash mechanisms, rather than
vehicle mass reduction, and (3) overall, the light-
weighted vehicles using advanced plastics and
composites provide equivalent structural performance
(intrusion and crash pulse) to the baseline vehicle in
the full frontal impact condition.

In conclusion, this study demonstrates that (1) using

plastics and composites can reduce the vehicle weight
efficiently, and (2) the light-weighted Silverado using
advanced plastics and composites provides equivalent

structural performance in the frontal impact condition.

Especially, carbon-FRP composites show good
structural performance. Also, this study recommends
further research, such that (1) undertaking a clean
sheet design from the ground up (rather than the less
optimal component redesign approach) to provide an
maximal approach for light-weighting, (2) the
evaluation of the crashworthiness of light-weighted
vehicles in other crash configurations (side and rear
impacts, roof crush, etc.), (3) the study of cost
analysis, and vehicle repair and maintenance issues
of plastics and composites components, and (4) the
enrichment of material database of plastics and
composite.
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