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Abstract

In this paper, a simplified numerical approach for finite element dynamic anal-
ysis of an inelastic solid structure subjected to solid object impact is presented.
The approach approximates the impacting solid as the selected multiple nodes,
for which mass of the impactor is distributed. The node-to-segment contact
formulation with the penalty constraint technique incorporated is employed to
impose contact conditions between the nodes and the surface of the receiver
structure. The node-to-segment algorithm is integrated into Newton-Raphson
time integration scheme and the Lagrange multiplier technique is applied to
enforce the identical displacements for the selected nodes throughout the analysis
process. The approach is verified using two-dimensional plane strain mod-
els considering elastic-perfectly-plastic material behavior. The results obtained
using the proposed approach are in a good agreement with those simu-
lated using a commercial finite element code, ABAQUS Dynamic/Implicit, in
terms of displacements and stress distribution fields. The proposed approach
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is shown to be computationally superior to general finite element method-
based contact/impact analysis without significantly sacrificing the accuracy.

Keywords: Impact, Contact, Node-to-segment, Newton-Raphson method, Lagrange
multiplier, Elastic-plastic material

1 Introduction

Finite element method (FEM) is widely used to perform analysis of contact/impact
problems in solids (Laursen, 2013). Accurate simulations of contact problems require
accurate calculation of contact resistance between two contacting/colliding solids
discretized in finite elements (see Fig. 1a). The contact discretization and tracking
method that seek for numerical solution to resistance at the contact interface can be
classified into three groups: (i) node-to-node (NTN) contact formulation (ii) node-
to-segment (NTS) contact formulation and (iii) segment-to-segment (STS) contact
formulation (Neto et al, 2016). NTN formulation establishes the contact interaction
between the two pair nodes defined at the pre-processing stage. Despite having the
simplest formulation among the three methods, this approach has a drawback of not
being able to capture large deformations, as the initial pair of the nodes may change
under such large deflections (Francavilla and Zienkiewicz, 1975; Stadter and Weiss,
1979). NTS formulation defines a slave node on one side of the contact interface
and a master surface on the opposite side. At the contact interface, slave node inter-
acts with a point of projection on the master surface (Wriggers et al, 1990; Zavarise
and De Lorenzis, 2009b). In this formulation, several slave nodes are needed to rep-
resent the surface geometry, located at the opposite to the master surface. Finally,
STS formulation is the most elaborated formulation, in which the contact constraint
is imposed in an average sense over regions of the master and slave surfaces (Puso
and Laursen, 2004). The main feature of this technique is that it enforces the contact
conditions in the weak form integration, not directly in nodal points as done in the
other two methods (i.e., NTN and NTS). Typically, STS formulation provides more
accurate simulation than NTS formulation (Zavarise and De Lorenzis, 2009a).
Besides the contact formulations, material nonlinearity augments the complexi-
ties to the contact/impact problems. Many research work has investigated responses
associated with the deformations, and contact stresses and pressures resulting from
nonlinear material properties (Jackson and Green, 2005; Ghaednia et al, 2016, 2017).
Because of wide variations in nonlinear material constitutive behaviors, most of
studies have only focused on the responses with idealized elastic-plastic material
models, serving as the basis for understanding the contact characteristics in problems
of colliding/contacting solids. Typically, 2D finite element (FE) model, in which,
deformable 2D flat surface is in contact with (deformable or rigid) circle, was used
to study the effects of the parameters, including geometry, boundary conditions, and
material properties, on the contact stress (force), contact area, and initiation of plas-
tic deformation. A simple yield criterion, such as von Mises criterion, was adopted to
define the onset of plastic deformation. In some cases, experimental data supported
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Fig. 1. Schematic description of (a) typical FEM-based contact/impact analysis
approach (b) proposed contact/impact analysis approach

the findings from finite element analysis (FEA). Result from the aforementioned
numerical and experimental studies were often formulated in analytical expressions
for ease of use (Brake, 2012; Alves et al, 2015; Big-Alabo et al, 2015). However,
many of these analytical models are limited to “quasi-static” contact mechanisms.
In addition, impact problems (or dynamic transient contact problems) are problem-
oriented due to their various forms of material nonlinearities and irregular geometric
shapes as well as a wide range of impacting velocity, mass, and the associated iner-
tia effects. As such, many impact problems were individually analyzed by means of
FEM (Her and Liang, 2004; Zhang et al, 2006; Kumar and Shukla, 2012; Sha and
Hao, 2012).

Typically, refined mesh in the vicinity of the contact/impact zone is inevitable to
simulate the progressive structural/material response over problem evolution. Accu-
racy of FEA result is closely dependent on the mesh quality. In some cases, such as
hail impact or drop weight impact on structures, the impact object is very small when
compared to the entire volume of a receiver structure, while it impacts with high
enough inertia (e.g., mass and speed) to create damage within the localized zone of
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a structure. As a result, creating finer FE mesh in accordance with small impacting
object all over the receiver structure could be computationally expensive. This study
was motivated by such cases to deal with the problems in a computationally efficient
way.

The present study aims at suggesting a numerical scheme for FE dynamic anal-
ysis of an inelastic solid structure subjected to “small” solid object impact. A 2D
NTS-based approach for formulating an impact problem is proposed, in which FE
modeling and meshing for the body of the impacting object is not required, unlike
the traditional FEM-based contact/impact analysis (Fig. 1a). Instead, the body of the
impactor is represented with one or more selected node(s) (Fig. 1b) and the mass of
the impactor is applied to the considered node(s) in a distributed fashion based on the
geometry of the impact body. The implicit time integration scheme, Newton-Raphson
method, is chosen for solving the equation of motion for the impact problem. The
proposed approach is verified by applying the method to 2D plane strain example
models and comparing with the corresponding results simulated with a commercial
FEA software, ABAQUS Dynamic/Implicit.

2 Methodology
2.1 Modeling Assumptions

Finite element contact/impact analysis requires refined mesh resolution for both an
impactor and a receiver in the vicinity of the contact/impact zone to provide accurate
results. This refined analysis is particularly needed when failure stresses and defor-
mations of the receiver structure is of the interest to investigate. When the impactor
is tiny relative to the volume of the receiver, say less than 1% of the receiver, a gener-
ally accepted modeling strategy is not to physically model the impactor and instead
to assume it as a concentrated point load. Such an approximation method can cause
less accurate and inconsistent responses.

A computationally efficient and robust FE formulation is suggested, effective to
the following impact problem cases: (i) the impacting body is sufficiently “small”
compared to the receiver structure, and (ii) the impact event causes only a localized
structural defect (i.e., localized material plasticity). For the numerical scheme to be
proposed, two prerequisite assumptions are made: (i) the size of the impact object is
smaller than that of one finite element size in the receiver structure, as shown in Fig.
1, and (ii) the impactor is assumed to be rigid.

2.2 Enforcement of Contact Constraints Using NTS Algorithm

The governing assumption is that the physical body of an impacting solid object can
be approximated by nodal point load. As such, to deal with the contact condition
between the nodal point load and the surface of the receiver structure (see Fig. 2a),
a well-known NTS contact algorithm is adopted, as it has shown its ability to prop-
erly simulate the actual contact mechanism in many engineering applications (Khoei
et al, 2013; Lee et al, 2016; Xing et al, 2019). For detailed information about the NTS
algorithm, see the work of Zavarise and De Lorenzis (2009b). Within the context of
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Fig. 2. NTS contact approach: (a) contact geometry of a receiver element in contact
with an impactor node s (b) geometrical meanings of various scalar and vector vari-
ables defined in the NTS geometry.

NTS contact algorithm, enforcement of contact constraint between the contact sur-
face and the impactor node is typically carried out using the penalty method (Zavarise
and De Lorenzis, 2009b).

A schematic view of the NTS geometry is presented in Fig. 2b, in which the
impactor node, s (slave), is not perfectly aligned with one of the nodes (1 and 2) in
the receiver (master) surface in the normal direction. The normal distance between
the impactor (slave) node and the receiver (master) surface is called “gap”, gn, and
is given by: (Zavarise and De Lorenzis, 2009b)
gv=g-n=(z*—z'")n 1)
where n is the normal unit vector orthogonal to the master surface, ° and x! are
the vectors identifying the current positions, respectively, of nodes s and 1, and g is
the distance vector between the nodes s and 1.

As intuitively expected from Fig. 2, the contact between the impactor and receiver
is physically initiates when g = 0 and it remains in active only if g5 < 0 (i.e.,
when indentation exists). Following the penalty method, the contact contribution to
the potential ®“°™* is defined as: (Zavarise and De Lorenzis, 2009b)

1
P = Cengi 2

where €y is the penalty parameter. The choice of penalty parameter, €, should be
made carefully, as it can influence the contact-induced duration, force, and indenta-
tion (degree of penetration). Following the sensitivity analysis (see Appendix A for
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details), this study used the value of €, to be equal to the modulus of elasticity of the
receiver.

The matrix-form of the nonlinear equation of motion represented by the FE dis-
cretization of the receiver coupled with the discretized contact area can be written as:
(Suwannachit et al, 2012)

Mii+ Cu + fint + fcon _ fext (3)
where M is the mass matrix and C' is the damping matrix. u is the displacement
vector, with the overdot (-) denoting the time derivative. f represents the nodal force
vector. The superscripts int, con, and ext on f are the abbreviations for internal,
contact, and external forces.

The residual (or called the out-of-balance) force vector, which will be used for
time integration scheme to be presented in the following section, is constructed using
the foregoing force vectors such that:

R= femt _ f’int _ fcon (4)
The mass matrix is constructed as:
MTCC 0

where M is the mass matrix of a receiver structure only and M7 is the mass
matrix or scalar value depending upon the number of nodal points representing the
impacting solid.

Similarly, displacement vector u is set up such that:

u={un ©)

where u = {ul, ué, ey Uy Uy T is the displacement vector for the receiver
structure, in which the subscripts « and y stand for the z-direction and y-direction,
respectively, and n is total number of nodes for the receiver structure. u™? =
{us, uZ}T is the displacement vector of the impactor, in which the superscript s rep-
resents the impactor’s node, and as intuitively expected, it follows that in this case,
s=n+1.

Solving Eq. 3 using the Newton-Raphson method requires the stiffness matrix
given by the exact Jacobian of R for each iteration j (Laursen, 2013). At the current
time step ¢+ At with At being the simulation time increment, the nonlinear equation,
Eq. 3, is linearized as Eq. 7 presented below.

Tec

t+At t+At | t+AL _ tHAL peqt t+AE peon  PFAL pint
M u;+C u;+ Kr, Auj; = = Fiti— Fici (D

where K r is the algorithmic tangent operator.
Using the time integration scheme to be discussed in the following section, Eq.
7 is iteratively solved within a time step ¢ + At until the convergence tolerance is
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7
satisfied; e.g., the out-of-balance force R;f  or the displacement increment Aw; is
sufficiently small (Suwannachit et al, 2012; Bathe, 2016).

In Eq. 7, K,_, is evaluated using the force and state variables of the previous
iteration j — 1, that is,

int con afyitl afgo—nl
Kz =Ky, + K77, = Ouj * ouj1 ®
with K7, = K, in which K is the initial stiffness matrix, and K f;,f” and K7™
denote the tangent stiffness matrices contributed by both the impactor and receiver
themselves and from the contact interaction, respectively.

For the case of employing a consistent tangent stiffness matrix, it follows that
K" = K and thus, K%' can be kept constant throughout the simulation. The
contributions of the contact interaction to K “°" and to £°°"* must be known and can

be implicitly defined as follows when the effect of tangential friction is neglected
(Zavarise and De Lorenzis, 2009b).
con T 6N'g]2\]j -1 T
K7 ZGNNSNS_TNONO 9)
and
5% =engn, Ns (10)
where
No={0,-n,n}" (11)
Ng={-n,—(1-¢&n.&n}" (12)

In the above equations , . = {0,1} and 0 = {0, 0} ¢ is the tangential projec-
tion of g, normalized to the master segment length [,,, as shown in Fig. 2b. When g
is sufficiently small to be negligible, Eq. 9 can be simplified by dropping the second
term in the right hand side of the equation.

2.3 Time Integration of Nonlinear Equation of Motion Using
Newton-Raphson Method

The classical Newton-Raphson method (Cook et al, 2001) is used to solve the non-
linear equation of motion described in the previous section. In this method, the
velocity and acceleration at the iteration j within a time step ¢t + At are approxi-

mated by means of Taylor series expansion. According to Newmark method, these
approximates become
. 1 .. .
Uj = Uj—1 + Atuj,1 + §At2 [25’&] + (]. - 25)117',1] (13)
Uy =iy + At [yi; + (1 — )it (14)
with
t+Atu0 — tu
t-‘y—AtiLO _ t,u (15)
t+Ati'lI0 — ti'L
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where (3 and +y are the numerical factors that control characteristics of the algorithm
in terms of numerical accuracy, stability, and damping.
Solving Eq. 14 for ; and substituting it into Eq. 13, respectively, yield

- 1 . 1 ..
iy = g (B — Aty 1) ~ (M - 1) . (16)
. 1 Y . y .
iy = gt = (3-8 (- )anan
with
Auj = 'Ll,j — uj—l (18)

in which, Aw; is the increment in the displacements.
Now, after plugging Eq. 16 and Eq. 17 into Eq. 7, bringing the terms with Aw;
to the left-hand side and the others to the right-hand side of the equation gives

K Ay — B (19)
where 1 1
Kl — M+ —-—C+Krp 20
1T gAY gar e TR T ¢
£t 5 M | i+ (51
At 2
p B forj =1
R vo|(2-1)a; At (L —1) i,
j—1 B 7= 23 I
feat f;ntl _ f;(inl — Mii;_y — Cij_, forj > 2
(21)

Once K ji { and R;”: jl are computed, the displacement increment Auj can be
obtained using Eq. 19 as given by

Au; = (KT RS (22)
Then, displacement w; is updated as

Lastly, velocity and acceleration are updated via Eq. 16 and Eq. 17, respectively.

2.4 Multiple Nodes Representation of Impacting Solid

As mentioned earlier, approximating the entire body of the impacting object as a sin-
gle nodal point and applying its inertia properties (object mass and speed) to this
node can lead to significant stress concentration on the localized impact zone of the
receiver structure. This is obvious since the nodal point representing the impactor
ignores the effect of contact area and the associated resistance. To overcome this lim-
itation, multiple nodes parallel to the contact surface, are used to exert the equivalent
inertia force of the impactor in a distributive way to the receiver structure. At the
same time, the mass of the impactor is distributed at these selected nodes based on
the impactor geometry.
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Fig. 3. Nodal points distribution based on the impactor’s geometry

As an example, one can consider a circle-shape impactor to be substituted with
three nodal points, s1 (for center), s2 (for left), and s3 (for right), positioned in par-
allel to the contact or receiver surface, as shown in Fig. 3. The impactor body is
geometrically sectioned into three vertical parts or sections (vs1 : Ys2 : Ys3) perpen-
dicular to the contact surface with the width of the left and the right sections being
the same (i.e., 752 = 7s3). The mass distribution ratio for the selected nodes is deter-
mined based on the relative area proportion of each part. For example, in the case of
Ys1 : Vs2 : Vs3 = 1 :1: 1, the mass distribution ratio for nodes, s1, s2, s3, becomes
about 0.42 : 0.29 : 0.29. Finally, the position of the left/right nodal point is defined as
aR, in which R is the circle radius and « is the ratio factor determining the position.
The factor « is bounded by the left/right part of the impactor geometry: the lower
bound is the x-direction distance from the center of the impactor to the boundary
of the left (or right) node, normalized by R, and the upper bound is the left/right-
end distance normalized by R, that is 1.0(= R/R). Since the method approximates
the physical geometry of the impactor and « is the key parameter that accounts for
such approximation, appropriate o has to be determined. This can be done using a
trial-and-error approach within the suggested range (upper/lower bounds). However,
based on comprehensive analyses as will be seen in Sections 3.1.2 and 3.2, « that
gives accurate results is found as about 0.90 for practical impactor geometries, such
as circle and square, when 1 : ¥s2 1 753 = 1 : 1 : 1. Effect of « on the receiver
displacements and stresses will be addressed in those sections.

2.5 Displacement Adjustment Using Lagrange Multiplier
Technique

Since the impactor is represented by the selected multiple nodes, these nodes are
assumed to have the identical displacements over the impact process. However,
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applying the NTS algorithm to each of these nodes and solving Eq. 7 by means of
the Newton-Raphson iteration scheme does not guarantee that the displacements of
all these nodes would be identical throughout the simulation, as they are assigned
different distributions of mass depending on different geometrical partitions. There-
fore, to impose the identical displacements between those nodes, Lagrange multiplier
equation is introduced to the nonlinear time integration scheme described above.
This is done following the technique suggested by Leon et al (2012) and it is briefly
described below for the particular case considered in this study.

For the impactor represented by three nodes shown in Fig 3, an additional
constraint equation for the displacement increment Aw; is given by:

a’Au; =0 (24)
where
a=1{0,0,..,0,0,0,2,0 —1,0, -1} (25)

corresp. toAu"e¢  corresp. toAui™mP

Thus, Eq. 24 yields

20803} — Aus? — Aug? = 0 (26)
Introducing this constraint condition gives rise to the additional force term in the
residual force vector R/ , such that Eq. 19 is amended as:

K Auy = R 4 an 570 27)

in which, X is the Lagrange (multiplier) parameter, which controls the increment of
the reference force vector fref . ﬁjiﬁ is the “new” residual (out-of-balance) force

incorporating the contribution from f"/.
The addition of A); ¢ can be regarded as the addition of external force and it

is accumulated throughout the iteration process. It follows that

Fles o plog L AN et (28)
As such, the effective residual force vector of Eq. 21 is amended such that
—eff e a
R, = R/ + o (29)

Since the displacement change due to the enforcement of Eq. 26 directly affects
the associated contact force, £7°/ has to be set up using the contact force relation
between the receiver and the impactor N g (Eq. 12), given by:

fl =2Ng - Ng - N’ (30)
where the coefficients for each IN g of the three nodes are determined to be the same
as those in Eq. 26.

Combining Eq. 24 and Eq. 27 gives a well-known matrix-form equation incorpo-
rated with constraint equation, as follows.

K5 e [Au) R (1)
a’ 0 AN 0
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To solve this nonsymmetric system of equations, Batoz and Dhatt (1979) pre-
sented a technique, which decomposes the iterative displacement vector into two
parts.

Auj = ANjAuy; + Au,, (32)

where e
Au,, = (KPR (33)
Awy, = (KT~ 7! (34)

With some further manipulation, detailed in Leon et al (2012), A); is derived as
given by.

Ay, — 0 A, 35
J al A ulj ( )
with AX; = 0.

To summarize, for an iteration j at a given time step, Aw,., and Aw;; in Eq. 33
and Eq. 34 are computed. Then, A); is computed via Eq. 35. Finally, the displace-
ment increment with the Lagrange constraint condition imposed is obtained by means
of Eq. 32.

2.6 NTS-Based Multi-Nodes Contact/Impact Newton-Raphson
Scheme

Up to now, it has been discussed how the NTS method, Newton-Raphson method,
and Lagrange method are coupled among each other to solve the contact/impact
problems considered. The integrated solution scheme is illustrated step-by-step in
the flow chart in Fig. 4. The scheme describes the iterative procedure for solving the
so-called nonlinear NTS-based multi-nodes contact/impact Newton-Raphson scheme
at a given time step only. Finally, the scheme is repeated for each time step, as the
simulation time increases.

3 Verification

Two-dimensional plane strain models were used to test the verification of the pro-
posed approach for dynamic analysis of impact problems. An in-house FEA code was
written in MATLAB language (MATLAB, 2020) to implement the NTS-based multi-
nodes contact/impact Newton-Raphson scheme discussed earlier. The verification of
the proposed modeling approach was done by comparison with the commercial FEA
software code, ABAQUS (Dassault Systemes, 2014). In the following sections, the
proposed approach will be applied to each of the two different impact problem cases:
(1) indentation model, in which a rigid object hits a deformable flat (receiver), and
(i1) simply-supported beam model, subjected to transverse impact loading due to
rigid object. It should be noted that the indentation model, in which translations at
three sides of the receiver structure are restrained (see Fig. 5a), is an idealized model
designed to investigate pure elastic-plastic behavior of the structure subjected to rigid
impact object, found in many of the published models (Ghaednia et al, 2017). On the
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Fig. 4. NTS-based multi-nodes contact/impact Newton-Raphson scheme at a given
time step

other hands, the beam model can be regarded as a simple representation for a more
realistic behavior of the (receiver) structure that actual overall motion and deflection
are accounted for.

3.1 Indentation Model

To build the indetation example shown in Fig. 5, both models (in-house FE model
and ABAQUS FE model) used the 8-nodes (quadratic) elements (Q8 elements) with
the mesh size of 0.05m for the receiver, consisting of a total number of 400 elements.
The boundary conditions were modeled such that all sides of the flat structure except
the impact side were constrained in the x and y directions (i.e., pinned support).
The deformable flat receiver was modeled with an J2 isotropic hardening elastic-
perfectly-plastic material model. The following material properties were assumed:
E =200GPa, p = 7700kg/m3, p# = 0.3,and 0y, = 350M Pa, in which E, p, 1, and
oy are, respectively, Elastic modulus, mass density, Poison’s ratio, and yield strength.
No damping was applied to the model. The circle-shape impactor body with its radius
of 0.025m was considered, whose mass and initial velocity was assumed as 0.5kg
and 500m /s, respectively. The velocity of 500m /s was chosen as the applied veloc-
ity of the impactor, as it is high enough to generate the material plastic behavior. In
the ABAQUS model, the Dynamic/Implicit solver with the Newton-Raphson method
adopted was chosen as the solution solver. The impactor was geometrically mod-
eled and were meshed with Q8 elements with the mesh size of 0.01m (Fig. 5b), and
the surface-to-surface contact formulation (identical to STS formulation discussed
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Fig. 5. FE mesh of indentation model and its boundary conditions: (a) In-house FE
model, in which the impactor is represented by node(s) (b) ABAQUS model, in which
the impactor is modeled using finite element mesh

earlier) was applied at the potential contact interface to account for the contact inter-
action between the discretized mesh of the receiver and impactor. The rigid body was
applied to the impactor of the ABAQUS model. For all the analyses, the simulation
time increment was set as 1076 s.

3.1.1 Analysis Using Single Node Representation of Impacting Solid

The first numerical analysis was performed using the proposed approach with a sin-
gle nodal point impactor and the ABAQUS FEA software. As shown in Fig. 6, the
comparison of the results from the two analyses shows that the computed impact
forces were reasonably in agreement, while the displacement of the node in contact
was overpredicted by the approach using a single-node impactor. The discrepancy in
the displacement was attributed to the fact that in the proposed approach, the entire
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Fig. 6. Comparison of results simulated with ABAQUS subjected to circle-shape
impactor and with in-house FEA code subjected to single-node-impactor: (a) Impact
force and (b) y-direction (vertical) displacement of the receiver node in impact

impact force was concentrated on the one nodal point in impact, whereas in the
ABAQUS, the impact force was exerted on the surface of the receiver in a distributed
fashion during the contact interaction.

Fig. 7 presents the von Mises stress (.S,,,,,) field distribution developed within the
ABAQUS model, at the time of the maximum vertical (i.e., y-dir.) displacement of the
center node at the top surface occurring. The corresponding stress distribution fields
with respect to four stress components, S11, So2, Ss3, and Si2, are shown in Fig. 8.
Fig. 7 can be compared with Fig. 9, in which stress distribution field of S, devel-
oped within the in-house FEA code is depicted. It should be noted that the brightness
and saturation used in the colorbar schemes of the ABAQUS and the MATLAB are
slightly different. As expected, the maximum stress of the in-house FEA model was
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higher than that of the ABAQUS model, due to the stress concentration resulting from
the single node impact load.

For further investigation, an additional ABAQUS analysis was performed by
applying the user-defined impact force-time history, that was obtained from the in-
house FEA code for the single-node impact analysis, directly on the receiver without
modeling the physical body of impactor with finite element mesh. As shown in Fig.
10b, the results of ABAQUS model and in-house FE model were in a good agree-
ment in terms of the vertical displacement of the node in impact with respect to the
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Fig. 9. von Mises stress (S,,) field distribution from in-house FEA code with a
single node of impactor

simulation time, when subjected to the identical impact force-time history (see Fig.
10a). This verifies the formulations of the in-house FEA code, giving the confidence
of the developed code.

3.1.2 Analysis Using Three Nodes Representation of Impacting Solid

To incorporate the effects of the geometry of the impactor body into the node-based
approach, three nodes of impactor were applied to the receiver structure. As described
in Section 2.4. The circle-shape impactor depicted in Fig. 3 were partitioned into
three parts having the identical widths, v41 : vs2 : ¥s3 = 1 : 1 : 1, resulting in the
mass distribution ratio of 0.42 : 0.29 : 0.29 for the three nodes. This geometry parti-
tion ratio gave rise to « that can range from 0.33 to 1. Thus, the following analyses
were carried out using three different « values, i.e., 0.33, 0.9, 1.0. « of 0.33 and « of
1.0 were, respectively, the lower and upper bounds for the given geometry partition.
Based on the trial-and-error method, o = 0.9 was determined to give a match to the
ABAQUS results.

Fig. 11 shows the comparison of the impact force-time history obtained using the
ABAQUS and the in-house FEA with the aforementioned three different o values. It
was found that the three nodes of impactor approach produced the impact force time
profile comparable to ABAQUS analysis, with little effect of . In Fig. 12b through
Fig. 12d, displacement histories with respect to time are presented for the nodes from
the top to the bottom shown in Fig. 12a. The comparisons indicate that use of & = 0.9
gave a good agreement with ABAQUS analysis results, while slight discrepancy was
observed with increasing time and being far away from the impact zone. Overall,
considering severe transient dynamic response, such differences seemed reasonable.

As shown in Fig. 13, the von Mises stress field distribution obtained for o« = 0.9 at
the maximum displacement of the first top node presented reasonably accurate results
compared with Fig. 7. The stress distribution fields of the four stress components of
the plane strain model is depicted in Fig. 14, which showed good consistency with
the ABAQUS analysis results presented in Fig. 8.

In order to check whether the ratio parameter o = 0.9 found above is also valid
for different impactor geometry, an identation model subjected to the square-shape
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Fig. 10. Comparison of results simulated with ABAQUS and with in-house FEA
code (both subjected to single-node-impactor): (a) Impact force and (b) y-direction
(vertical) displacement of the receiver node in impact

impactor was built and studied. In the ABAQUS model, the impactor was built as a
square-shaped plate with its side 0.0443m long, of which dimension was determined
to have the same area as its circle-shaped counterpart. In the corresponding in-house
FE model, the impactor was again treated as three-nodes and their mass distribution
ratio was made as 1 : 1 : 1, assuming the square-shape impactor divided into three
equal parts. Effect of o on displacements was studied by taking three values: 0.33,
0.9, 1.0, where 0.33 and 1.0 are the lower and upper bounds, respectively. The results
presented in Fig. 15 show that results with a = 0.9 are in good agreement with the
corresponding ABAQUS results for the nodal displacement histories measured at the
same three different positions shown in Fig. 12a. This indicates that there is a no need
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Fig. 12. Comparison of displacements simulated with ABAQUS subjected to circle-
shape impactor and with in-house FEA code subjected to three-nodes-impactor: (a)
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node from the top (c) vertical displacement of second node (d) displacement of the
third node
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Fig. 15. Comparison of displacements from the ABAQUS model with a square-shape
impactor and in-house FEA code with impactor represented by three-nodes: (a) FE
mesh (b) vertical displacement of the first node from the top (c) vertical displacement
of the second node (d) displacement of the third node (nodes positions presented in
Fig. 12a)

3.2 Simply-Supported Beam Model

A simply-supported beam model with 3m long and 0.3m depth, shown in Fig. 16,
was analyzed for additional verification to account for the realistic situation incorpo-
rating the deflection of the receiver. As with the previous indentation model, the beam
was created using 8-nodes quadratic elements (Q8) with the mesh size of 0.05m and
J2 elastic-perfectly-plastic material behavior. Material properties and applied mass
and velocity were the same as those of indentation model. No damping was consid-
ered. To serve as reference, ABAQUS model was created using the aforementioned
geometric and material properties in addition to modeling a physical impact object
and applying the surface-to-surface formulation (i.e., STS formulation) at the con-
tact interface. Then, an in-house FEA model with the three nodes impact approach
was created and was simulated for different « values: 0.3, 0.9, and 1. Note that « of
0.9 was the value found from the above verification example. Fig. 17 compares the
analysis results obtained using the ABAQUS and the in-house FEA code. As shown
in Fig. 17a, the impact force-time histories computed using in-house FEA code with
a = 0.9 reasonably matches the force obtained using ABAQUS analysis, similarly
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vertical displacement of second node (d) displacement of the third node

to the previous indentation case. Fig. 17b through Fig. 17d show the displacements
of the nodes at the midspan, that are, the first, second, and third nodes from the
top surface. The comparison results indicate that the displacements obtained using
the proposed approach with oz = 0.9 reasonably agreed with those obtained using
ABAQUS analysis. More discrepancies occurred in the third node from the top with
increasing time. This is attributed to the accumulation of discrepancies as a node gets

far away from the impact location.

921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966



967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001

1003
1004

1009
1010
1011
1012

Springer Nature 2021 IXTgX template

22

3.3 Discussion on the Proposed Approach

In short, although it is simple and straightforward to implement, the presented impact
analysis approach achieves an excellent accuracy on the analysis of the impactor
hitting a deformable (elastic-perfectly-plastic) body. Based on the presented verifi-
cation examples with a circle-shaped or square-shaped impact solid, it was found
that o value of about 0.9 gave best matching results to the corresponding ABAQUS
Dynamic/Implicit analysis results. The presented approach has the advantage of
being computationally efficient over classical finite element impact analysis. Further-
more, in the classical approach, creating finer element mesh over a receiver body, as
needed owing to the small size of an impacting object, could be not only computa-
tionally expensive but also create unforeseen modeling challenges, and thus can take
significant time and effort to achieve desirable results. In fact, the computational time
between the classical approach and the proposed approach, measured from the inden-
tation model example with a circle-shape impactor, was compared. To run the total
simulation time of 0.002 s, the proposed approach took 147 s, while the classical
approach taking 562 s; thus, showing the proposed approach almost four times faster.

4 Conclusions

This study presents a simplified finite element approach for the analysis of impact
problems, which requires less computational effort than typical finite element con-
tact/impact analysis and is straightforward to implement. The approach approximates
the impacting solid as the selected multiple nodes placed in parallel to the contact
surface, at which mass of the impactor is distributed in certain proportion according
to the sectioned geometry of the impacting solid. The proposed numerical solu-
tion scheme is based on Newton-Raphson time integration method that is integrated
with the node-to-surface contact algorithm incorporating penalty constraint method
and Lagrange multiplier technique, which allows to account for contact interaction
between the selected nodes and the surface of the receiver structure. The proposed
approach is verified using 2D plane strain models considering elastic-perfectly-
plastic material behavior for two specific cases: (i) indentation model and (ii) beam
model, each subjected to impacting solid. The simulation results obtained using the
approach are in good agreement with ABAQUS Dynamic/Implicit analysis results,
e.g., in terms of the impact force, displacements, and stress distribution fields.

In the proposed formulation, the parameter o determines the positions of addi-
tional nodes, which are used to approximately represent the contact area resulting
from an impact solid. The sensitivity analysis results on varying « values indicated
that « has a significant impact on the simulated results. However, for most of the
practical purpose, the impactor geometry can be assumed as a circle, oval (with two
similar length diameters), or square, and « value of 0.9 is found to be a good esti-
mate that can represent those impactor geometries. When the impactor geometry was
changed, for example, from a circle-shape to a square-shape, the only parameter that
needs to be adjusted for this change is the mass distribution ratio to the selected
nodes, which can be explicitly determined based on the geometrical partition ratio.
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The proposed approach is computationally much more superior to the typical
finite element contact analysis, without significantly sacrificing the accuracy. This
is possible made by omitting physical modeling of the impactor and the associated
mesh discretization. In particular, the present approach is expected to be efficient for
case where there are multiple impact events to the receiver.
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Appendix

A Sensitivity Analysis of Penalty Parameter

Many studies (for example, Asano, 1986; Goudreau and Hallquist, 1982; Hallquist
et al, 1985; Kulak, 1989; Pham et al, 2018) have been extensively conducted to
find the optimum value or range for the penalty parameter (in Eq. 2) that ensures
reliable and accurate analysis results. Comparison of the suggested ranges for the
penalty parameter in these studies shows the penalty parameter can differ by at
most the order of magnitude 107 times depending upon the used materials, contact
geometries, element types, etc. Unfortunately, no universal analytical expression for
determining appropriate penalty parameter value exists. Therefore, this study carried
out sensitivity analysis for the choice of penalty stiffness.

The penalty stiffness values were adjusted proportional to the Young’s modulus
of the receiver material, as ey = ~E"°°, where E"°¢ is the Young’s modulus of
the receiver material and « is the associated scale factor. A wide range of x was
considered. To this end, k was set to increase 10 times for each individual run from
1072 to 10*2. The indentation model (Section 3.1.2) was used for this sensitivity test.
Fig. Al shows results of the computed impact force and displacement of the node in
impact for different « values considered. As expected, both the impact force and the
local nodal displacement were very sensitive to variation in the penalty parameter.
Out of the five simulation runs, the run with kK = 1 (i.e., ey = E"°°) provided
the force and displacement histories the most comparable to the ABAQUS results. It
should be mentioned that a more accurate result was obtained with x = 1.1 but the
difference was not significant when compared with x = 1.
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