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This work investigates the problem of a linear crack in the middle of a uniform elastic medium under normal tension-compression
loading. The direct Finite Element numerical procedure is used to solve the fractured media deformation problem, which also includes
an examination of the dynamic field variables of the problem. A Finite Element algorithm that satisfies the unilateral Signorini contact
constraint is also described for solving the crack faces' contact interaction, as well as how this affects the qualitative and quantitative
numerical results while calculating the dynamic fracture parameter.
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INTRODUCTION

Engineering materials are prone to cracking and delamination, which compromise the integrity of structures and
components. The relationship between the load being applied and the dimension and location of a crack in an element can
be determined using Fracture Mechanics solutions, which also help to predict the rate of crack formation and propagation
[1, 2, 16]. As a result, it is vital to predict how fractured materials will react under dynamic loadings, as they are prone to
failure under extremely small, unexpected loads. This is why it is critical to correctly determine the fracture parameter from
the field variables, particularly as it is clear that under harmonic loading, the interior crack expands and contracts during the
tension and compression phases, and the opposite crack faces move with respect to each other, significantly altering the
stress and strain field near the crack tip [3, 4]. Until recently, the impacts of crack closure on fractured mechanics solutions
were overlooked due to their level of complexity. However, it is extremely important to consider this phenomenon as the
stresses and displacement jumps in cracked materials are usually higher for dynamic time-dependent conditions than in a
static case, causing sudden failures in engineering structures even under small loads [5]. This is because the dynamic loading
conditions induce more complex stress fields and crack propagation patterns than the static loading conditions.

The most important fracture parameter, the Dynamic Stress Intensity Factor (DSIF), which measures the intensity
of the crack-tip stress field, is affected by the loading frequency, load direction and amplitude, material properties, and
the crack dimension (shape and size). Therefore, the analysis of dynamic linear crack problems requires more advanced
numerical methods and experimental techniques than the analysis of static linear crack problems [6]. Due to the
complexity and non-linearity (even for LEFM conditions) presented by considering the dynamic effect of the problem [7],
a numerical technique has been adopted for the solution, rather than using analytical methods that are limited to static
solutions and simple crack configurations. As a result, the Finite Element numerical approach was employed in this study
for obtaining the stress and displacement fields because it is reliable, convenient, and simple to calculate the appropriate
fracture parameter [8-10]. The current method of Finite Element Analysis (FEA), which examines an in-plane linear crack
situated in the centre of a homogeneous elastic medium, will provide knowledge of the dynamics of a cracked structural
element under harmonic loading, as well as the computational determination of an essential fracture parameter, the
dynamic Stress Intensity Factor (DSIF), which estimates an appropriate crack size and level of stress before crack
propagation occurs. Finite Element Analysis (FEA) is a powerful numerical technique used to solve complex engineering
problems, including analysing dynamic linear crack problems. Here, we refer to a dynamic linear crack problem as the
study of how cracks propagate in a material when subjected to dynamic loading conditions. In the case of this study of a
dynamic linear crack problem, the material is subjected to harmonic tension-compression incident pulse, causing the crack
faces to move relative to each other. The Finite Element (FE) model of this study takes into account the material properties,
the nature of applied loads, and the original centroid crack configuration. This information is critical in many science and
engineering fields where structural health and integrity are important, including mechanical engineering, structural
engineering, materials science, and physics. It aids in understanding failure mechanisms, enhancing material design, and
forecasting the lifespan of engineered structures containing delamination and cracks. Because FEA is an approximation,
its accuracy is determined by the mesh fineness, input data quality, and appropriate model assumptions. Despite some of

Cite as: B.E. Usibe, W.E. Azogor, P.C. Iwuji, J. Amajama, N.A. Nkang, O.0. Egbai, A.l. Ikeuba, East Eur. J. Phys. 4, 537 (2024),
https://doi.org/10.26565/2312-4334-2024-4-63
© B.E. Usibe, W.E. Azogor, P.C. Iwuji, J. Amajama, N.A. Nkang, O.0. Egbai, A.lL. Ikeuba, 2024; CC BY 4.0 license


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4388-2480
https://orcid.org/0000-0001-5715-9336
https://orcid.org/0000-0002-8475-9457
https://orcid.org/0000-0001-5091-8651
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index
https://doi.org/10.26565/2312-4334-2024-4-63

538
EEJP. 4 (2024) Brian E. Usibe, et al.

its limitations, the FEA remains the most dependable technique for handling fracture mechanics problems that need
dynamics analysis. It is crucial to highlight that under harmonic loading, both sides of the crack come into contact (during
the compressive phase), which considerably changes the condition of the solution [11, 21 - 25]. In these works, the effects
of crack closure were also examined, and the findings are provided in the following sections.

For the present study, the FE solution for the boundary value problem was implemented in the commercial software
ABAQUS/CAE. The isoparametric hexahedral element was adapted for simulating the centroid crack. This choice was
influenced by the fact that typical cracks are 3D in nature and the hexahedral elements satisfy the geometry of the fractured
medium and the crack shape of the current study. The faces of the hexahedral elements align with the geometry and
discontinuities of the discretized linear crack. The use of these hexahedral elements also makes it possible to accurately
model the singularity of the crack front. The hexahedral isoparametric finite elements generally offer a solution with
acceptable accuracy at a lower cost [18, 20]. It best describes the properties of this model as a three-dimensional continuous
(solid) cube with explicit analysis (for dynamic stress and displacements) that allows for the modelling of various geometries
and structures [16]. Mesh refinement and analysis of its sensitivity are used to determine the stress singularity. To satisfy the
unilateral Signorini conditions, the "Hard contact" mechanical constraint was imposed in the Abaqus explicit solver.

THE PROBLEM DESCRIPTION
A harmonic incident wave with a unit amplitude of normal tension-compression load, propagating in a homogeneous
elastic material is considered on the linear crack faces. Ideal elastic waves propagate through materials without causing a
permanent change in their condition when the load is removed, but the material deforms and their cracked faces come
into contact relative to each other, due to harmonic loading, as considered in this work.
This dissipation mechanism causes elastic waves to attenuate and scatter as they travel, and the rate of attenuation is
usually proportional to the incident wave's frequency [12, 13].
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Figure 1. (a) - Crack geometry, (b) - FE Model of linear crack under normal tensile-compressive loading

The homogeneous material is composed of two half-spaces with identical material properties. The linear crack is
located at the center of the domain. The solid domain (1 = Q2) with both lower and the upper half-spaces (E1 = Ez, vi =
V2, p1 = p2) has the following properties of steel [The Young’s modulus (£) = 200 GPa, The Poisson’s ratio (v) = 0.3,
density (p) = 7800 kg/m?], and we assume that only small deformations occur according to LEFM. Figure 1 shows the
3D model built with Abaqus/CAE with an initial non-zero crack opening of ho = 10-®mm in a Cartesian coordinate
system, such that the path of the incident wave is at right angles to the interface. The incident wave was applied at
frequencies and corresponding wavenumbers of k, = 0.1 and the normal angle of the wave incidence, 6o = 0°.

The interface separating the half-spaces, I'*, serves as the boundary for the top half-space, I'!, while the bottom half-
space is represented by I'2. In this model case, surfaces 1 and 2 consist of a finite part (crack surface) with a specific
dimension and crack size (2a), and the bonding interface; all of which satisfies the plane strain condition. The crack
surface for materials 1 and 2 is represented by I'“" such that;

Cer = e y r2en (D

The spatial distribution of tractions at the point of bonding, ['* = I''(¢") N [2(C") meets the continuity criteria for
displacements and stresses, so that;

Ul(x,t) = =U%(x, t), P(x, t) = —P2(x,t) {x eT5 t €T} 2)
The unknown traction vectors on the crack’s surfaces induced by the external loads are:
pl(x,t)=—g, {x €M, te T}

p2(x, t) = g% {x €2, te T} 3)

Where (x, t) is the displacement vector, p(x, t) is the traction vector, and g(x, t) is the load caused from the incoming
wave [3, 9].
The traction vector, (x, t), on each face of the fracture is given by:
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() =g t) +q(xt) “4)

The vector (x, t) represents the contact force at the contact area (['<).

The “small” initial crack opening introduced in the model problem of this work satisfies the condition of non-
zero initial opening. Signorini constraints must be imposed for the normal components of the contact force and the
displacement discontinuity vectors [13-15]. The constraints ensure that there is no interpenetration of the opposite crack
faces and there are no initial contact forces due to a non-zero initial opening of the crack. The constraints are given by the
following inequalities;

Au, (x,t) = —ho(x) 5 he(x) > 0, ®)
qn(x,t) 20,
~ (duy (x, ) + ho(x)) gn(x,t) = 0. (6)
Where ho is the initial crack initial opening:
ho = bAUStat Mg (1 4 cos (m\/xZ + xZ/a)) /2 7)

The maximum crack opening under static normal loading is represented by Austat max = 2(1 — v)/u, while b
represents the normalized magnitude of the crack's initial opening [13].

Dynamic Stress Distribution in Elastic Homogeneous Material
The magnitude of the applied load is defined with a step time using the Fourier function;
f®) = ag + X (A, coswt + B, sinwt) ®)

The amplitudes A» and B» of the Fourier functions are depicted by the elements of the tractions and displacements,
respectively, as illustrated below:

T T
Peos (1) = 2= [ 0 (1,) cos(@t) dt, ugps (x) == [ u (x,£) cos(wt) dt 9)
T . T .
Dsin (x) = % Jo p () sin(wt) dt, ugy, (x) = % Jy u (x,t) sin(wt) dt. (10)
The potential function defines the incident tension-compression harmonic wave as:
@ (x,t) = Pyelkaxn=—wt) (11)

In Figure 2, ®o and o represent the amplitude and circular frequency (o = 2xf) of the incident wave, respectively.
kais the generalized wave number given by ke« = /¢ and Cq are the velocities of incident waves in isotropic elastic
media [3,11,13].

C, = //1+p2u (Longitudinal wave), C, = \/% (Transverse wave). (12)

Where A and p are lame constants, and p is the density of the material (steel). Figure 2 depicts the unit amplitude of the
incident sine wave (equation 10) travelling as a function of time, t, along the normal y-direction (x2 axis), with tensile
(crest) and compressive (trough) phases.
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Figure 2. Harmonic incident wave pattern

The applied load of 1 MPa is a time-dependent sinusoidal incident wave, and at a given frequency, the generalized
wave number (k,) is obtained and the corresponding dynamic field variable is then extracted. Since the two half-spaces
are made of the same materials, there is no change in the properties of the wave distribution between them. The incident
wave is completely transmitted into lower material and there is no reflection. The initial incident wave propagates through
both half-spaces with the magnitude of reflected and transmitted waves equal to zero. Section 5 of this work describes the
distribution of the normal components of the dynamic field variables.
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Finite Element Approximation
The appropriate Finite Element approximation for the linear interface crack is based on those obtained in [16] and
briefly described in Section 1 of this study. Again, to establish the presence of stress singularities at the crack tip only
requires a mesh refinement around that region of interest. This enables the accurate assessment of reliable field variables
at the crack tip.

Figure 3. FE mesh discretization for the Griffith crack

In this Finite Element composition, no specific crack tip elements were required. Mesh refinement and sensitivity
analysis were adequate to approximate the singularity condition at the crack tip of the FE model. Figure 4 depicts the
numerical GUI results of the FE model. When the harmonic load is applied, under compression, the stress level at the
contact region of the crack surfaces increases, and the model deforms depending on the load increment, with each
successive step until the entire process is completed [16].

Figure 4. FE model with Stress Extrapolation

NUMERICAL RESULTS AND DISCUSSIONS

In this study, the numerical distribution of the stress field variables is extracted at the points of integration nearest
to the crack tip, whereas displacements are determined at relative nodal points indicating the vicinity of the tip [16-18].
Note that r = 0 is the crack tip with infinite stresses (which is not realistic in real materials). Away from the crack tip,
field variables become less valuable for fracture parametric analysis. Therefore, the region under consideration must be
as close to the tip as possible (0 <r/a < 1) [19, 20] to obtain accurate results with desired stability and reduced distortion
of the elements around the crack-tip region. To model this “small” distance from the crack tip, the meshing “art” becomes
very useful. Another way to avoid infinite stresses is to assume some elastic deformation during loading in order to
provide a large area during the contact of crack faces.

The desired stresses are in the y-direction of the tension-compression load, and they are extracted at the Integrating
Points in the FE model and then extrapolated to nodal points to represent the crack tip, for evaluation. This also gives a
good approximation of stress singularity.

The distribution of the normal component of the harmonic stress waves along the crack plane during the entire period
of oscillation (0 < wt < 2m) for wave number k, = 0.1 is shown in Figure 5. It shows that the stresses rapidly decrease

with distance from the crack front and vice versa.
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Figure 5. Normal distribution of stresses near the crack front
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On the other hand, the magnitudes of normal displacement discontinuities along the diametrical crack surface before
and after loading are presented in Figure 6. The normal distribution of displacement of the crack surfaces during the
oscillation period (0 < wt < 2m) for wave number k, = 0.1 is also presented in Figure 7 for the leading edge of the crack.
In the current study, there is symmetry between the leading (+) and trailing (-) crack fronts (see Figure 6), so only one
front (the leading) of the specimen is used for the analysis.
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Figure 6. Magnitude of normal displacements along the diametrical crack face before and after loading (upper half-space)
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It should be noted that the tangential components of the stresses and displacements are absent or negligible due to
the location of the crack in relation to the direction of the loading and the small curvature of the crack faces. Therefore, it
was only necessary to evaluate the normal components of the solution.

There are no contact forces during the tensile phase of harmonic loading and crack opening, as shown in Figure 8.
However, when unilateral constraints are enforced, the contact forces become present (see section 6 below).
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Figure 8. Absence of contact forces at the crack surface due to the opening of the crack faces

Finite Element Algorithm for Contact Interaction

Following the solution of the current problem, the Finite Element contact interaction has been implemented with the
algorithm below for the next stage of this study.
Apply initial harmonic loads, which completes the description of the physical problem
Solve for Fourier coefficients using equations (8) to (10)
Obtain the initial stresses and displacements without contact constraints
Define interaction pair for the crack (contact surfaces) without friction (£ = 0)
Apply Kinematic contact conditions to satisfy Signorini constraints of equations (5) and (6)
Check for overlapping and penetration of crack surfaces; if yes, then go to 5 and repeat
Else, go to 8
Obtain the unknown stresses and displacements of interest under contact

PNRNAINR W=
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9.  Obtain unknown contact forces resulting from 5 and as part of 8
10. Repeat the algorithm to get all the appropriate extrapolated variables at the crack tip
11. Extract the numerical results and post-process using an IDE
12. Compute the Dynamic Stress Intensity Factors from 3, 8 and 11 without and with contact interaction
Figure 9 shows the linear crack under contact constraints. When external forces or pressures cause the crack surfaces
to interact or remain in contact, it is said to be a linear crack under contact constraints. This situation often occurs in
materials where the behavior and transmission of the crack are influenced by friction, crack closure or other boundary

conditions.
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Figure 9. FE Model of Linear crack under contact constraints

In Figure 9, the constraints shown in the middle of the model (with yellow dentations) are the contact interaction
properties that are imposed as boundary conditions on the crack faces of the FE model to address the components of the
contact forces and load vector on the crack surfaces as indicated in equations (5) through (7). Using isoparametric surface-
to-surface contact discretization and a “Hard” Kinematic mechanical constraint method from [19], the Signorini contact

conditions are strictly enforced, and the penetration of contact elements is minimized. The numerical results are extracted
without and with the effects of the crack closure.
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Figure 10. Distribution of normal displacement considering contact interaction
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Figures 10 and 11 show the normal distribution of displacement and the corresponding contact force at the crack
face during the period of oscillation (0 < wt < 2m) for wavenumber k, = 0.1 for the upper half-space at the leading edge
of the crack. It is shown that the distribution of the normal component of the displacement, even during the tensile phase
is significantly altered when the contact interaction of the opposite crack faces is considered (see line 5 of the algorithm).
The kinematic contact constraints enforced during the period of oscillation prevent the interpenetration (overclosure) of
the crack faces. The displacement discontinuity over the crack surface is observed to be distorted, especially during the
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compressive phase where contact takes place. By the elimination of the interpenetration of the contacting (crack) surfaces,
there is a corresponding contact force which repels the slave surfaces from the master sections, thereby leading to a
substantial decrease in the magnitude of the normal component of the displacement discontinuity (see line 6 of the
algorithm). This accounts for the qualitative and quantitative changes in determining the fracture parameter, Stress
Intensity Factors (SIF) without and with contact interactions.

Using the asymptotic expression from [21], the Stress Intensity Factors for mode I is determined as the next stage
of this study as follows:

K, =limo,V2nr (13)
r—0

Where r is the distance from the crack front. In this problem, there is symmetry between the leading (+) and trailing
(-) crack fronts (see Figure 6), so only one front of the specimen would be used for the determination of the mode I
fracture parameter and the values of the Stress Intensity Factors would be normalized by the static value, and the results
validated with those from [22, 26].

Kt = o,Vna (14)

From equations (13) and (14), and by the stress extrapolation method shown in Figure 4, the Dynamic Stress
Intensity Factor at the crack front can be determined, neglecting, and taking the effects of contact interaction into account.

CONCLUSIONS

The direct Finite Element Analysis was used to obtain the normal opening mode of dynamic stresses at the crack
tip, and the displacements across the diametrical crack face of a homogeneous fractured media. The normal (Mode I)
distribution of stresses along the crack plane during the entire period of oscillation (0 < wt < 2m) for wave number k,, =
0.1 was determined and analyzed. The magnitudes of normal displacements along the diametrical crack face before and
after loading were also analyzed for the upper half-space with a distribution of displacement (without and with contact
interaction) of the crack faces during the period of oscillation. The dynamic numerical results show that the nature of
dynamic loading and the frequency of the incident wave on the cracked elastic media affect the distribution of the stress
waves and therefore alter the fracture parameter significantly.

In what follows the solution of the current problem; the implemented Finite Element algorithm satisfies the unilateral
Signorini constraints for the contact interaction on the surface of the crack during the period of oscillation and leads to
the determination of the dynamic Stress Intensity Factor for varying (higher) wave numbers.
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KIHIEBO-EJEMEHTHHI AHAJI3 ITIPOBJIEMHA JUHAMIKH JITHIAHOT TPIIIITHA
Bpaiian E. Ycioe?, Biabamc E. Azorop?, Hpunn Y. Isyasi?, Ixozed Amamxama®, Hroiio A. Hkanr®,
Opyk O. Eroaii¢, Oaexcanap 1. Ixey6ad
“Ilenapmamenm ¢hizuxu, Yuieepcumem Kanabapa, Hicepisn
b Tenapmamenm nayrosux nabopamopnux mexunonoziii, Yuieepcumem Kanabapa, Hizepisn
“/lenapmamenm ynpaenints exonro2iunumu pecypcamu, Yuieepcumem Kanabapa, Hizepis
4[locnionuyvka 2pyna 3 ximii mamepianie, Jenapmamenm uucmoi ma npuxnaouoi ximii, Yuisepcumem Kanabapa, Hizepis

Y poGoTi mochiKeHO 3amady MpO JNiHIHHY TPINIMHY B CEpeAWHI OJHOPIAHOTO TPYKHOTO CEPElOBHINA NPH HOPMATBHOMY
HaBaHTA)XEHHI PO3TAr-CTHCKYBaHHS. [IpsiMa uncenbHA Mponexypa KiHIEBHX €JICMEHTIB BUKOPHCTOBYETHCS JUIS PO3B’SI3aHHS 3a/adi
nedopmarii cepeoBHUIIa 3 TPIMIMHAMH, KA TAKOXK BKIIIOYAE JOCIIHKEHHS 3MIHHUX JUHAMIYHOTO MOJIS 33/1adi. AJTOPUTM KiHIIEBUX
CJIEMEHTIB, SIKMH 3aJ0BOJIbHSE OJHOCTOPOHHE KOHTAaKTHE oOMekeHHs CHHBOpPIHI, TAKOXX OIMCAHO JUISl BUPIIIEHHS KOHTAKTHOI
B3a€MOJIii MOBEpXOHb TPIIIMH, a TAKOX SIK 1Ie BIUIMBAE HA SKICHI Ta KiJbKICHI YMCJIOBI Pe3yJIbTAaTH Iijl Yac pO3paxyHKy JUHAMIYHOTO
napameTpa pynHyBaHHS.
KonrodoBi cnoBa: capmoniune nasanmadsicenns; ninitina mpiwuna; napamemp pyunHy6aHHs;, KOHMAKMHA 63AEMOOIs; enacmudHuil
cepeOnill; Kinyego-eleMeHMHUI aHAi3
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