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ABSTRACT

Thin-walled tubes made of CFRP (Carbon fiber reinforced Polymer) are being increasingly used as CC
(Crush Cans) due to their higher specific energy absorption capacity in the automotive domain for absorbing impact
energy during a frontal crash. Finite element analysis (FEA) based computational methods have matured over the
years with increased accuracy and acceptable correlation with experimental results. FEA-based computational studies
when used appropriately can reduce the number of physical tests and prototypes required besides accelerating the
overall cycle design time. The present work proposes an FEA based design validation approach for the evaluation of
post-tensioned crush can design that can absorb more impact energy compared to a normal CFRP thin tube. The FEM
based method uses a combination of multiple simulation techniques to predict the behavior of a post-tensioned tube.
The post-tensioning in the present work has been proposed in the form of internal pressure for the thin tube. It was
found that a safe value of pressure, when applied as a post-tensioning load, can improve the energy absorption capacity
without increasing the weight of the tube.
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INTRODUCTION

Across the globe, there are intense efforts to make designs weigh lighter and the Automotive domain is no
exception. As a result, to achieve a lightweight vehicle many of the traditional steel components (Park CK et al., 2013,
Hammarberg S, et al., 2020) and panels in a vehicle are replaced by different materials such as ultrahigh strength steel,
Aluminum, Titanium, Plastics, and CFRP. Plastics and CFRP are used for vehicle parts that do not have exposure to
heat from the engine and exhaust. Lightweight vehicle consumes less fuel and helps reduce carbon emissions. Among
the nonmetals, CFRP is being increasingly used for vehicle panels in place of steel Sheetmetal. One of the major
drawbacks of the CFRP component is that they must be completely replaced upon failure due to impacts. Hence CFRP
is mostly used for parts (Park CK et al., 2013) which must fail by absorbing energy completely such as crush cans
(CC). Impact during an accident or a crash generates a compressive force on the CC, which is expected to get crushed
longitudinally, without buckling laterally (TJ Reddy et al., 2019). There exists a host of parameters to describe the
performance of CC (TJ Reddy et al., 2019). Among them, the most important is specific energy absorption (SEA),
which is nothing but the energy absorption capacity for unit mass. CFRP material being low in density is expected to
have better SEA compared to those of metallic designs. Metallic CC typically absorbs energy inelastic, plastic, and
damage modes (TJ Reddy et al., 2017). But CFRP CC absorbs energy in elastic and damage modes, owing to the
brittle nature of the material (TJ Reddy et al., 2017). Post-tensioning is the process of inducing stress in the direction
opposite to the occurrence of load in the operating conditions after the part or component or system is
made/manufactured (Veerat S et al., 2018). Circular holes are introduced in reinforced concrete structures during the
manufacturing stage followed by the insertion of steel rods. The steel rods are held on one side firmly and then pulled
from the other side in tension mode. Upon the rods getting stressed, holes are closed on either side with suitable
capping arrangements, leaving the rods in a pre-stressed state. The holes are positioned in such a way that the rods get
stressed and introduce a pre-stress in the concrete (Veerat S et al., 2018) in the direction opposite to that of the loads
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that the concrete structure is likely to experience. As a result, when the concrete structure experiences the actual load,
some of the portions of the load gets consumed to overcome the pre-stress. As a result, the structure experience fewer
loads compared to the applied/experienced load. This way, the post-tensioned design shall be leaner than the
conventional designs to bear the same applied load. Also, as can be seen from literature (W. Werchniak,1972, Zhang
C et al., 2018), historically both for metals and anisotropic materials induced prestress seem to be offering improved
performance towards fracture and associated damage-based energy absorption criteria.

Thin tubes or cylinders when subjected to uniform internal pressure experience three different types of
stresses namely (Khurmi RS et al., 2018). radial pressure (This is equivalent to the applied pressure), Hoop or
circumferential stress (Pi *r/(2*t)), and Axial stress (Pi*r/t). Here Pi is the internal pressure applied, r is the inner
radius of the tube and t is its thickness. Hence if a thin tube is subjected to pressure it experiences an axial pressure
which shall be tensile. When such a tube is used as a CC, the compressive impact load due to a crash or accident needs
to first overcome the tensile stress that is induced due to pressure. As a result, the post-tensioned tube can absorb more
energy compared to a normal tube (With no internal pressure). The strain due to the longitudinal stress (Pi *r/(2*t)/E)
tries to elongate the thin tube. This elongation (Pi *r/(2*t)/E*L) opposes the crush of the tube, which has to be over
come with additional energy, during sacrificial failure.

Previous experimental studies in the aerospace domain have revealed that thin tubes when internally
pressurized and used in an aircraft bottom compartment, exhibit improved energy absorption capacity (T.Hou et al.,
2014) compared to unpressurized tubes. Another study also revealed that the damage initiation load increases for a
pre-stressed tube compared to a normal tube, both of which are made of CFRP material with quasi-isotropic
configuration (V Gattineni et al., 2020) Any design is normally an iterative process (Shigley JE et al., 2011) and hence
the studies related to design validation must be repeated for each iteration. The method of design validation can be
either by using classical methods (Solid Mechanics) or experimental methods or finite element methods (FEM). Solid
Mechanics methods can only be applied to certain designs that have certain shapes and use specific materials.
Experimental methods need prototypes and testing equipment/facilities. On the other hand, FEM based methods as
implemented in commercial software like Abaqus can be used to evaluate the designs of any shape and material
without the need to have a physical model. As a result, the FEM based design validation process is fully digital and
does not lead to any destructive testing. Changes in design can be rapidly implemented to computer-based designs and
quickly validated. This leads to a rapid reduction of the lead time required for the design life cycle. The present work
proposes FEM based method to validate the design of a quasi-isotropic post-tensioned CC design. First, the FEM
software Abaqus is calibrated against the experimental results to study its ability to simulate the energy absorption
process in a thin CFRP tube. Later the software is also calibrated using the solid mechanics approach to predict the
stresses in the same tube when subjected to internal pressure.

TUBE DETAILS USED FOR THE STUDY

A thin CFRP tube configuration with an inner radius of 25 mm and 9 layers each with a thickness of 0.19
mm and a length of 60 mm as available in the literature (Guohua Zhu et al., 2018) is chosen for the study. To achieve
a quasi-isotropic configuration, ply angles of 0°,90°, 0°,90°, 0°,90°, 0°,90°, 0° have been used. The schematic of the
tube is as shown in Figure 1.

60 mm

9 Layers
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Lamination Angle : O, 30°, (", 0%, 0,90, &, 90", ¢

Figure 1. Configuration of the CFRP tube(Guohua Zhu et al., 2018)

302



Venkateswarlu Gattineni and Venukumar Nathi

| 4 v e e

e a]
B o g o

Figure 2. Typical force displacement curve (TJ Reddy et al., 2017)

TRIGGER EOMETRIC CONFIGURATION

The area under the force-displacement curve for a compressed tube gives the energy absorbed by it during
an impact. The force-deflection curve could be different for different speeds of impact. A typical force-displacement
curve for a CC is shown in Figure 2. As can be seen from the Figure, for an ideal CC the peak impact force must be
equal to the mean value of impact force in the force-displacement curve. CFRP materials are usually very stiff
compared to metals and hence shall exhibit a very high value of initial peak force which shall be very high compared
to the mean force (Yan Ma et al., 2018). To reduce the initial peak force, the edge of the tubes is usually modified
with features called triggers (Yan Ma et al., 2018., Deepak S et al., 2018). There could be several trigger
configurations. But to avoid accidental failure of the tube due to slow speed impacts and for ease of manufacturing a
double bevel trigger configuration as suggested in the literature (Gattineni V et al., 2020) has been used for the current
geometry. The trigger angle used is 45°. Figure 3 shows the schematic cross-section of the tube thickness for the
trigger configuration used.

MATERIAL PROPERTIES USED FOR THE STUDY

CFRP is a brittle material by nature. Hence the typical stress-strain curve for a CFRP material used as an
energy-absorbing component is as shown in Figure 4.
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Figure 3. Schematic view of trigger (Deepak S etal., | Figure 4. Typical Stress strain curve (V Gattineni et
2014) al., 2020)

Hence for design validation of components made of CFRP the elastic material properties as shown in Table
1 (Guohua Zhu et al., 2018) have been used. Upon loading, as and when the interactive stress value in the component
reaches an allowable limit, the damage gets initiated in the component. The limiting values for the damage to get
initiated are as shown in table 2 (Guohua Zhu et al., 2018). Once the damage gets initiated, further incremental loading
causes damage to evolve further to make it fail. The total energy that is absorbed during the damage process until
complete failure is termed as fracture energy. The fracture energy data for the material being used for the study are
listed in Table 2 (Guohua Zhu et al., 2018)
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Table 1. Density and Elastic material properties used for study (Guohua Zhu et al., 2018)

S.No Property Name Value Allowable
1 Density 1560 Kg/m3
2 Elastic modulus Primary 65500 Pa 776 Tensile & 704 Compressive (MPa)
3 Elastic modulus Secondary 64400 Pa 760 Tensile & 698 Compressive (MPa)
4 Shear modulus 4500 Pascal 95 (MPa)
5 Poisson’s ratio 0.037

Table 2. Fracture energy data used for the study (Guohua Zhu et al., 2018)

S.No Property Name Tensile Compressive Units

1 Fiber fracture energy 125 250 KJ/m2
(Primary axis)

2 Fiber fracture energy 95 245 KJ/m2
(Secondary axis)

TOOL SELECTION AND CALIBRATION FOR FEM STUDY

The post-tension design of the thin CFRP tube that needs to be studied shall get subjected to internal pressure
(As part of the post-tensioning approach) load followed by a compressive load. Hence the FEM tool to be chosen
should simulate the behavior of the CFRP tube when subjected to pressure and compressive loads. Multiple thin tube
configurations (With different areas of cross-sections) have been studied (Guohua Zhu et al., 2018) through the FEM
method using Abaqus software (Abaqus., Simulia Corp) All the tube configurations were made of the same CFRP
material. All the design configurations were also tested physically. The physical tests and FEM studies were conducted
considering steady-state static loading. The studies have a good correlation between experiments and physical tests.
Studies have revealed that either hexagonal or circular cross-sections for tubes are well suited as energy absorbers
(Tuljapure, S.B et al., 2013). But from a manufacturing feasibility point of view, circular sections are easy to make
compared to hexagonal sections. Hence the circular tubular cross-section which correlates with the test and FEM study
using Abaqus has been used for the study (For the current study). As can be seen from the references (Guohua Zhu et
al., 2018) the results of the FEM study using Abaqus software (Abaqus., Simulia Corp) correlate well with theoretical
values, for a thing tube subjected to internal pressure load. Hence Abaqus software is suitable to correctly simulate
the behavior of thin CFRP tubes subjected to internal pressure followed by crushing through compression.

APPROACH USED FOR FEM STUDY

To study the effect/improvement of post-tension compared to the regular tube, first, a normal CFRP tube is
compressed, and its energy absorption capacity is computed. Later, the same tube design is first subjected to internal
pressure and allowed to bulge (radially) and expand (Along the axis) under the influence of internal pressure load to
experience stress. The tube under stress is then compressed to estimate the energy absorption capacity. The detailed
approach for the study has been shown in the form of a flow chart in Figures 5 and 6.
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FAILURE THEORY USED FOR THE STUDY

To assess the failure of the designs or components made up of CFRP multiple theories of failure are used by
engineers globally (maximum stress, maximum strain, maximum shear stress, interactive stress). Interactive failure
criteria that consider the interaction between stress/strain tensors in a different direction are found to predict failure
close to physical tests. Among the interactive theories, the Hashin criteria (Hashin et al., 1980) is found to be more
accurate (Sun C.T et al., 1996) as per research. Hence the same criteria have been used for the present study.

FINITIE ELEMENT MODEL OF THE CFRP TUBE

The thin tube has been modeled using a layered composite element available in Abaqus. To achieve this, a
surface model representing the mid surface of the tube is created. The surface has been discretized using layered
elements. Successive layers within the element starting from the inner most layers have been specified ply angles of
0°,90°, 0°,90°, 0°,90°, 0°,90°, 0° to achieve quasi-isotropic configuration. All 9 layers have been assigned with the same
thickness value of 0.22 mm per layer. To create the effect of trigger (double bevel), the length of each layer is adjusted
as shown in Figure 7. Figure 8 shows the FE model of the thin CFRP tube in full and zoomed view of the trigger.
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Figure 5. FEM based approach for energy absorption Figure 6. FEM based approach for energy
estimation of normal tube absorption in post tensioned tube
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Figure 7. Length of each layer in CFRP tube along the axis Figure 8. FE model used for the study
for double bevel trigger (Surface)
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FE MODEL SETUP FOR THE BASE DESIGN STUDY

The normal thin CFRP tube design is termed as the base design and is studied for energy absorption capacity
at steady state using Abaqus software. For the FE model created, a rigid plate is attached at the bottom (bottom plate).
This plate is fixed/grounded to prevent it from moving in any direction. A contact surface is created between the
bottom surface of the tube and the bottom plate. Another rigid plate (top plate) is attached at the top of the tube (Edge
with trigger). A contact surface is created between the top plate and top surface of the tube which has a trigger. The
top plate is constrained in all directions, except for the axial direction of the tube. To simulate the steady-state
compression of the base design for energy absorption, a downward displacement of 35 mm (Guohua Zhu et al., 2018)
is prescribed for the top plate for 15 milliseconds. The model configuration is as shown in Figure 9. Since this is an
impact scenario, explicit dynamics solver available within Abaqus (Abaqus., Simulia Corp) has been used.

FE MODEL SETUP FOR THE POST TENSION DESIGN STUDY

To induce the pre-stress through the post-tension approach, the tube needs to be subjected to a pressure load
first. Later to study the effect of pre-stress on the tube, the pre-stressed tube needs to be compressed to the same length
as in the base case.

&= -35mm(1,2,4,5,6 DOF constrained) Top plate

¥ Rigid Bottom Plate

All DOF Fixed(Bottom Plate)

Figure 9. FE model used for the study (Surface) Figure 10. FE model used for post tensioning
(pressure load)

SAFE VALUE OF PRESSURE

Theoretically, it is possible to apply an internal pressure up to 6 MPa (Gattineni V et al., 2020) without
causing burst failure of the tube. In the practical environment, a pressure value of 6 MPa (Gattineni V et al., 2020) can
cause the crushed pieces of CFRP tube during compression to fly around cause injury. Hence a safe pressure value of
2 MPa (T.Hou et al., 2018, Gattineni V et al., 2020) has been considered for the study.

D’ALEMBERT’S PRINCIPLE FOR PRESSURE LOAD EFFECTS

The same FE model of the thin CFRP used for the base design has been used to study the effect of pressure.
But the top and bottom plates are not used. Normal FE based calculations/simulation requires the model to be fully
constrained at least at one location. But if the model is constrained at one location, it can lead to high local stress (as
the pipe cannot expand at the constrained location due to pressure application) which is not a real condition. Hence to
avoid this issue, pressure loading in conjunction with the inertia relief method (which is based on d'alembert's
principle) is used in Abaqus. This approach can solve a steady-state static FE model without boundary conditions
without the need for fully constraining it. In this approach, an equivalent acceleration is applied at the center gravity
of the body (tube) which is not constrained fully in the direction opposite to that of the load to achieve equilibrium.
As a result, the component remains stationary even in the absence of full constraints. Hence the tube is subjected to
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pressure load invoking inertia relief and solved using implicit solver to induce the pre-stress in the tube. Figure 10
shows the FE model with the pressure load applied.

ENERGY ABSORPTION CAPACITY OF THE POST TENSIONED TUBE/DESIGN

The displacements predicted for the tube under the influence of pressure load are transferred to the model used for the
base case (With top and bottom plates). The displacements at various nodes of the tube are specified as initial
conditions for the base design tube. Like in the case of base design, the tube with displacements from pressure load
specified as initial conditions is then compressed by 35 mm (same as in the case of the base case) and the energy
absorption capacity is computed.

RESULTS FOR BASE DESIGN STUDY

Figures 11 shows the stress state of the CFRP tubes for compression of 35 mm, for the base design. Figure 12 shows
the force-displacement curve for the base design while the same figure also shows the graph of energy absorbed by
the base design due to compression.

RESULTS FOR POST TENSIONED DESIGN

Figure 13 shows the stress state of the CFRP tubes for compression of 35 mm, for the post-tensioned design. Figure
14 shows the force-displacement curve for the post-tensioned design while the same figure graphically shows the
energy absorbed by the post-tensioned design due to compression.

A~
v 'v
\

Figure 11. Stress and Compression state of base  Figure 12. Force defection & Energy absorption curve for
design the base design
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Figure 13. Stress and Compression state of post Figure 14. Force defection & Energy absorption
tensioned design curve for post tensioned design

COMPARISON OF BASE AD POST TENSTIONED DESIGNS

Figure 15 gives a comparison of force-displacement curves between the base design and post-tensioned designs.

Figure 15. Comparison of force Vs displacement curves for base and post tensioned designs

DISCUSSION ON RESULTS

As can be seen from the results for the same length of compression, the post-tensioned tube can absorb more
energy for the same shape/size and weight. For the sake of calibration of the Abaqus tool based on reference (Guohua
Zhu et al., 2018), the compression is taken as 35 mm. However, if the compression or stroke length (M.S. Zahran et
al., 2017) is more, the post-tensioned design can absorb more than 10% energy compared to the base design. Also, the
value of pressure has been limited to 2 MPa (Gattineni V et al., 2020), to avoid any fatality to humans in the vicinity.
If the material has more fracture energy as its property, the value of pressure can be further increased to get more
benefits through post-tensioning.

CONCLUSIONS

e A finite element-based design validation method to validate the designs of post-tensioned thin CFRP tubes
has been developed and presented. As can be seen from the results post-tensioning in the form of applied
pressure load can lead to improved energy absorption capacity for the automotive crush can.
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e The current values of compression and pressure can be further enhanced based on practical and safety
considerations. Improved energy absorption capacity for the same weight of the tube shall result in
improvement of occupant protection inside a vehicle.
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