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Abstract

This paper presents a new methodology for prediction of nonlinear dynamic impact force by experimental and numerical
methods. Conventionally in numerical simulations contact force or reaction force outputs are used for prediction of
impact loads, however those are not valid for dynamic cases. Therefore, unlike in literature, load cell is modelled by
spring and damper elements. In numerical analyses Johnson-Cook material model is used since it is the most suitable
model for impact. To measure the impact force for different velocities, an experimental setup was built. In the
experimental setup, adjustable pneumatic piston which is used as an impactor hits a fixed pin and load cell on the piston
rod collects the dynamic impact force. Measured impact force is compared with the numerical simulation results. A
qualitative agreement was obtained between numerical predictions and the experimental results for the lateral impact
conditions. The bending and partial failure of pin during the impact test and also post-test damage photos are compared

with the simulation results.
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1. Introduction

Identification of impact force for impact events occurring on
elastic structures can be performed by various methods that
were proposed in the literature [1-2]. To review briefly some
of the important contributions in this filed, Wang and Shi [2]
have described Johnson-Cook (JC) plasticity and damage
model validation using impact experiment. An important
parameter in the impact phenomena is the force exerted on
the beam by the hammer. This force is of importance, in the
design stage for the drivability study of a pile [3], in the
dynamic analysis of structures subjected to impact forces
and in the dynamic and contact analysis of percussive
drilling systems [4].

Yen and Wu [5, 6] have used multiple strain responses
along with a mutuality relationship on 2D plate structures
based on Green’s functions. It has been successful to find
and measure of strain in the force location. Lind et all. [7]
the have modified JC model, which considers the coupled
effects of strain, strain rate and deformation temperature,
have proposed to describe the tensile behaviors of the
studied alloy steel. Results show that the stress—strain values
have predicted by the proposed model well agree with
experimental ones, which confirmed that the modified JC
model can give an accurate and precise estimate of the flow
stress for the studied typical high-strength alloy steel. Tan et
all. [8] the uniaxial quasi-static and dynamic tensile tests
have conducted at different strain rates for 7050-T7451
aluminum alloy. Then, research of the strain rate hardening
coefficient in the original JC model at different strains and
strain rates have showed that the coefficient is a function of
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strain and strain rate from the tensile experimental results.
Furthermore, a modified JC model has been proposed to
describe the flow behaviors of the studied alloy based on the
correction to the strain rate hardening coefficient.
Comparisons between the experimental data and predicted
results using the original JC model and the modified JC
model showed that a better agreement can be obtained
applying the modified model than the other two models.
Shin [9] proposed a technique for identifying the force
location using modal displacements and transient signal
measured by accelerometers. Vural and Caro [10] have
modified the JC model via considering the strong effect of
thermal softening on strain-hardening, and proposing a
different parameter, in which the enhanced strain-rate
sensitivity in dynamic regime has introduced. The
comparisons between the experimental results and their
predicted results for 2139-T8 aluminum alloy showed that
Vural and Caro's modified model has a better prediction for
the complex coupling of temperature and rate dependent
flow behaviors.

In this study, it was aimed to obtain the dynamic impact
force by numerical methods. For this purpose, a test setup
was prepared where different velocities and so impact forces
could be adjusted. Since JC parameters are widely available
in the literature, AI2024-T3 was used instead of an actual
design material. As a result of test iterations, velocity and
impact force were identified at the most suitable condition
for bending behavior. Numerical model has been built
according to such identified parameters. The failure of
aluminum pin is captured using high-speed photography and
compared with that obtained from the numerical simulation.
Post-test damage photos and measured impact force from
experiment are also compared with the numerical simulation
results. Metal deformation under impact loading is a
complex dynamic process since it involves high plastic
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strains and large strain rate changes. The JC material model
has been widely used to model impact related problems.

2. Methodology

The data presented in this paper was collected from a
programed of impact testing on pressure vessels carried out
at the TUBITAK. Discussed in this section is a general
description of the test setup, an outline of the design of test
specimens and information on the methods of data
acquisition employed.

2.1. Test Setup

A series of impact tests was carried out on a test setup
constructed in the experimental mechanics laboratory at the
TUBITAK. A pneumatic test setup was designed shown in
Figure 1. The tests were used to investigate a number of
features of unloading mechanisms on pressure vessel
structures. However, summarized in this paper are only the
results relating to the measurement of the force propagation
velocity.

(b)
Fig. 1. Developed experimental setup for impact
measurement

2.2. Data Acquisition Setup

Pressurized air passing through the conditioner (1) is
distributed to the system via a polyurethane pipe with 6 mm
diameter (2). 1/4" hand operated flow control valve (3) was
used to control pressure in the setup. In order to obtain the
pneumatic impact force required to break the pin, a single-
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acting and speed-controlled miniature pneumatic cylinder
(4) was placed to the outlet of flow control valve. Load cell
(5) was connected to the movable piston of pneumatic
cylinder. In order not to make load cell contact directly with
the pin and get damaged, a cylindrical part was mounted to
front of it. The pin was welded onto the fixture presented by
number 6.

) Pin Breaking System

LabView

Software

Computer ‘ :Diﬂ

‘ Plate ‘
R
I
NI USB-9162
Data Acquisition System Loagee

Fig. 2. Schematic Diagram of impact force data acquisition system

Schematic diagram of the impact force measurements
and data acquisition system of the pin breaking system is
shown in Figure 2. Dytran 1051V6 and National Instruments
NI USB 91621 have been used as a load cell and data
acquisition system respectively. LabView software has been
used for processing data gathered via.

3. Numerical Simulations

3.1. Numerical Model

The 3D numerical model representing pin breaking test
setup was created by Ansa preprocessor, and
Abaqus/Explicit was preferred as the solver. The eight-node
reduced integration brick hexahedral elements (C3D8R)
were used in the simulation. Total number of elements used
in the analysis is 400166. In order to obtain impact force
accurately, numerical modelling studies have been done. As
a result of those studies, it was recognized that load cell
modelling was critical. It was determined from correlation
study that load cell should be idealized with spring and
damping elements.

Vo=0 mm/s

Vo=1300 mm/s I

point mass

‘ !

Connector element
k=2e6 N/mm
¢=0.02 Ns/mm
DOF=1,2,3

Fig. 3. Numerical Model

Thanks to Abaqus connector element, spring and
damping features can be defined out of one single element.
In the model as seen in Figure 3, the connector element is
connected to the surfaces of solid elements by RBE2 rigid
elements. The stiffness value of load cell, which is 2X
(10°) N/'mm, was obtained from product -catalogue.
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Damping value of ¢ = 0.02 Ns/mm was entered to the
connector element for the stability of the numerical
simulation. Total mass of load cell was equally distributed to
nodes of the connector element by using point masses. The
piston speed which is 1300 mm/s was defined to all elements
on the left side of A line, however; no initial velocity value
was given to the elements on the right side of B line.
According to the scenario in the model, the piston transmits
the movement to load cell, and the load cell that operates
like a spring transmits the movement to part in front of it and
then the collision occurs. The pin was kept as DOF 1-3 from
the lower surface of test setup in a way to represent the
boundary condition. For the contact algorithm, “Abaqus
general contact” was preferred and coefficient of friction
was given as 0.12 mesh sensitivity analyses was performed
to have optimized mesh for stability, accuracy and
computational cost. The results presented in this study are
based on this optimized mesh. The average size of the
element used in simulation is 0.25 mm.

3.2. Material Model
In impact analysis, the material model should include strain
rate dependency for both material deformation and failure.

3.2.1. The Johnson-Cook Plasticity Model

The Johnson-Cook plasticity model is a particular type of
Mises plasticity model with analytical forms of the
hardening law and rate dependence; is suitable for high-
strain-rate deformation of many materials, including most
metals; is typically used in adiabatic transient dynamic
simulations. The yield stress is, expressed as [11]

5=[A+BE)"][1+Cin (1—':)] [1-6m] )
0 for T<T,

6= (TT‘_T;O) for Ty<T<T, @)
1 for T=>Ty,

Where: A is yield stress at ambient temperature, B is
hardening modulus, n is strain hardening exponent, C is
strain rate constant, gP! is plastic strain, €' is plastic strain
rate, £, is reference strain rate, T is the current temperature,
T, is the melting temperature, T, is the reference
temperature typically room temperature.

3.2.2. Johnson - Cook Failure Model

The Johnson-Cook dynamic failure model is based on the
value of the equivalent plastic strain at element integration
points; failure is assumed to occur when the damage
parameter exceeds 1. The damage parameter, D, was first
presented in Ref [12].

AgP!

D=Zg 3)
¥

Where P! is an increment of the equivalent plastic strain,
summation is performed over all increments in the analysis.

E?l is the strain at failure and assumed to be of the form [11].

&' = [ + doexp (=d5 ] |1+ dyin (ééi:)] (1+d0)
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Where d,; — d, are material constants to be determined
from experiments, g is the tri-axial stress, p is the pressure

stress; q is the Mises equivalent stress. This expression
differs from the original formula published by Johnson and
Cook (1985) in the sign of the d; parameter. This difference
is motivated by the fact that most materials experience a
decrease in 5?1 with increasing stress tri-axially; therefore, in
the above expression will usually take positive values [17].

3.2.3. Mie-Gruneisen EOS

Provide a hydrodynamic material model in which the
material’s volumetric strength is determined by an equation
of state, pressure (positive in compression) is defined as a
function of the density and the specific energy.

2
= % [ - % + YoPoEm (5)
n=1-% ©)

Where 1 is the nominal volumetric compressive strain, p, is
the reference density, c, is reference sound speed, E,,
internal energy per unit mass, s is slope of the Ug — U, curve
and y, is the Griineisen ratio [13-16].

3.2.4. Damage Evolution

Figure 5 depicts the characteristic stress-strain behavior of a
material undergoing damage. In the context of an elastic-
plastic material with isotropic hardening, the damage
manifests itself in two forms: softening of the yield stress
and degradation of the elasticity. The solid curve in the
figure represents the damaged stress-strain response, while
the dashed curve is the response in the absence of damage.
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Fig. 4. Stress-strain curve with progressive damage degradation [17].

In the figure 4, oy, and Egl are the yield stress and

equivalent plastic strain at the onset of damage, and Efl is the
equivalent plastic strain at failure; that is, when the overall
damage variable reaches the value D = 1. The value of the
equivalent plastic strain at failure 5?1 depends on the
characteristic length of the element and cannot be used as a
material parameter for the specification of the damage
evolution law. The damage evolution law is specified in
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terms of equivalent plastic displacement, u™P! or in terms of
fracture energy dissipation G;. The effective plastic
displacement was used in this study which is defined with
the following evolution equations [18]:

o' = Le? (7

Where L is the characteristics length of the element
defined in the model as the square root of the integration

point area, EFI is the equivalent plastic strain at complete
failure of the material taken form the uni-axial stress strain
curve. According to the mesh size used in the numerical
model for this test, the value of L is assumed to be 0.2 mm.
Mechanical properties and Johnson—Cook constitutive
parameters used in the numerical study are given in Table 1.

Strain Hardening Exponent n 0.73
Thermal Softening Exponent m 1.7
Strain Rate Constant C 0.0083
d1 0.112
d2 0.123
d3 1.5
d4 0.007
ds 0
Reference Strain Rate (1/s) £ 1
GRUNEISEN coefficient Yo 2
reference sound speed (m/s) Co 1900
Slope of the Us — Up curve s 1.338

Table 1. Mechanical properties and Johnson—Cook
constitutive parameters for A12024-T3 [19,20]
Parameter Notation
Density (kg/m3) p 2785
Young Modulus (GPa) E 74.66
Shear Modulus (GPa) G 28
Poisson Ratio v 0.3
Melting Temperature (K) T, 911.15
Transition Temperature (K) T, 293
Initial Yield Strength (MPa) A 368
Hardening Modulus (MPa) B 683.9
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4. Results and Discussion

As a result of the performed test iterations, it was decided to
adjust miniature pneumatic cylinder velocity to 1300 mm/s.
Speed of pneumatic cylinder was validated via a scaled
paper placed at the back of test setup. Same velocity value is
applied to the numerical simulation model. The highest
value that is read in strain rate tensor in numerical analysis
was 12,234 s'. Captured high-speed photography taken from
the test and numerical deflection results were compared side
by side as is seen in Figure 5 in the same time intervals.
Good agreement in the failure behavior has been observed
between experimental and numerical results.

b)

(d)

Fig. 5. Captured high-speed photography versus numerical deflection results during the impact.

As the force data collected from load cell and connector
force (CF) obtained from numerical analyses were
compared, a difference of 7% was observed. Statistical
values of force results are presented in Table 2.

Table 2. Statistical Impact Force Results from experiment
and numerical simulation.

Fmax Fmin Fmean FRMS
™) ™) ™) ™)
Simulation Result 10740 -10700 270.3 5315
Experimental 11860 | -12390 -32.8 5491
Measurement
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As the failure behavior of the pin in the numeric
simulation result is reviewed, it is observed that damage
parameters of the elements on the pin bottom corner which
are exposed to compression, reach 1 and so they are
removed from the model. When those elements are removed
from the model between the time frame (0.0026 - 0.0028
sec), stiffness of the structure and impact force suddenly
drops as seen in Figure 6. It seems that experimental and
simulation load distributions are not the same from 0 to
0.0025 time frames. The reason of this, the time elapsed is
not sufficient for the pneumatic cylinder to reach its ideal
velocity from initial velocity.
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Fig. 6. Simulation result and experimental measurement, load history
during the impact

Impact force collected from experiment progresses at very
low ranges in certain time frames. The reason of this case is
considered as the elastic deformation of test setup due to
tolerance based spaces such as between cylinder and piston
which cannot be avoided. When post-damage photos of pin
after experiment and numerical simulation are compared, a
high rate of similarity is observed. In numerical analysis, it
was observed that some elements at the tip of the pin are
removed from the final geometry; similarly a small amount
of scrap was removed from the test sample as seen in Figure
7.

(2)

(W]
Fig. 7. Damage photos of specimen after experimental and numerical
lateral impact loading

5. Conclusions

In the test and analysis comparisons, it was verified that
Johnson-Cook constitutive material and damage model
could rightly provide bending and partial failure behavior up
to 10% s! strain rates. In numerical analysis, it was seen that
load cell should be idealized with spring and damping
elements instead reading of contact force or reaction force
for identification of impact force. Thanks to the correlated
numerical model, an opportunity was created to analyze pin
with different materials and impact parameters in simulation
environment.

This is an Open Access article distributed under the terms of the
Creative Commons Attribution License
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