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Abstract:-The main objective of the present study is the calculation of the Energy Release Rate (ERR)
in the case of delamination of composite structures subjected to dynamic load. A new numerical
model based on the Mixed Finite Element RMQ-7 (Reissner Modified Quadrilateral with 7-nodes)
and associated to the Virtual Crack Extension Method (VCE) has been developed to this purpose. The
energy balance principal has made it possible to introduce Kinetic Energy into computation of ERR.
Numerical analysis of delamination in composite laminates was investigated to validate the model. It
was carried on a Double Cantilever Beam (DCB) sample. The numerical results obtained for the DCB
delamination under dynamic loading in Mode-l was in good agreement with those found
experimentally by other authors. These results confirming the accuracy and efficiency of the proposed
model.
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1. Introduction

Currently, the use of composite materials is now steadily rising due to its beneficial
mechanical qualities, which enable the creation of high-strength structures. Aerospace, civil
engineering, and the marine sector are just a few of the domain disciplines that employ
composite materials. Since to their composite nature, the stacking of these layers on top of
one another may produce delamination and a loss of bond between these layers [1]-[6].

Delamination is one of the three most critical failure modes in composite layered materials;
especially when loaded dynamically. It can cause a considerable loss of strength and the in-
plane stiffness [7], [8]. The delamination can propagate when subjected to various loadings
such as low- and high-velocity impacts, static loads and dynamic loads acting on the structure

[9].
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To fully understand this failure mechanism, it is necessary to determine the energy release
rate (ERR) G. To compute it, several analytical and numerical methods have been proposed
[6], [10], [11], including the Virtual Crack Extension Approach (VCE) proposed by authors
in [12], [13], [14]. This approach relies on the correlation between the stress intensity factor
and the energy released rate (ERR) in a virtual quantity of crack formation, which was based
on a hypothesis forth by Rice and the J-integral method created by the authors in [15], [16]. It
also involves determining concentrated strain fields near of cracks.

The relation between the energy release rate (ERR) and interlaminar fracture toughness of
composite laminates in Mode-1 Fracture (Opening Mode) under dynamic loading has been
proven by several authors, such as those in [17], [18], who presented an experimental and
analytical solution of dynamic characterization of interlaminar fracture in Mode-1 for two
different material systems under both quasi-static and dynamic loading rates. The results
indicated a positive relation between dynamic loading rates and interlaminar fracture
toughness.

Author in [19], studied experimentally how the dynamic loading rate affects the interlaminar
fracture toughness in composite laminates.

Experimental literature by authors in, [20], [21], has showed that the energy release rate
(ERR) G, based on the symmetric loading of the Double Cantilever Beam (DCB) specimen
arms, can be solved using the Euler-Bernoulli beam theory.

In this paper, a numerical method using the mixed finite element RMQ-7 (Reissner Modified
Quadrilateral with 7-nodes) designed by [22],was employed to solve fracture mechanics
problems. This element was coupled with the virtual crack extension method (VCE) to
evaluate the energy release rate (ERR).

The objective of this study is to develop a numerical model to calculate the value of (ERR) in
the dynamic situation for composite laminates that are subject to a speed opening force in
Mode-I Fracture (Opening Mode) and comparing the obtained values of (ERR) with previous
experimental results.

2. Fracture Mechanic Theorie
According to linear-elastic fracture mechanics, the energy dw, required to propagate the

crack of a length da and subsequently produce a new surface dA is defined as the Griffith
energy release rate (ERR) G [23] expressed as follows:

) AW, dW
G=limao =, = dAp

The surface that the cracks expansion produced is :

1)
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dA=hda (2)
Where \\ o is the work done by the external forces, a and b are the crack length and width
respectively.

Energy conservation can be used to determine the energy variation within the model and the
stress distribution around the fracture point (The virtual crack extension approach) [24]. Mott
modifies the Griffith energy balance in the scenario of a central crack in a plate with infinite
kinetic energy for the fracture event. The modified form of the equation of Griffith is used to
express of energy release rate (ERR) for linear elastic solids [25], [26], as seen in equation
).

1d 1d

b da b da

Where \W o is the external work, U, is the total kinetic energy, G, IS the static energy

Wet ~Us—Uin)=Gista — = U in 3)

release rate in Mode-1 and U ¢ is the elastic total strain energy.

Fundamentally, the fracture propagation phase is a dynamic process requiring Kinetic energy.
Additionally, kinetic energy in the substrates is mentioned in relation to dynamic loading.
Both of these phenomena can be taken into account. In this case, the dynamic energy release
rate (ERR) is described as follows [27]:

1d

Gldyn =Glsta_B£U kin (4)

Where Gy, is the dynamic energy release rate in Mode-I.

3. Governing Equations

More clear approach to evaluating the kinetic term was provided by authors in [25], [28]. For
this, the "Berry Method" has been used to estimate the deflection ualong the beam. A
vertical displacement profile both ends of beam is needed. According to the Euler-Bernoulli
beam theory, the crack opening displacement rate y(X), prior to crack propagation is given

by Smiley [29]:

y(x)

3 2 .3
_ Pa (Sax X ] (5)

3El, | 23a°

Where P is applied load, E is Young's modulus of the material, |, the moment of inertia

corresponding to bending around the z-axis and a is initial crack length.
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Fig. 1 Delamination of double cantilever beam (DCB).

When the two arms experience a displacement that is symmetrical with respect to the crack's

plane, the arm movement's maximum velocity may reach: %

Where u is an opening speed for both ends of beam.

The displacement speed in the (y) direction prior to the crack propagating was detailed by the
author in [30]. Equation (6) depicts the relationship between the crack length a, the vertical

displacement speed in y direction Y(x)and the opening speed for both ends of beam u. For
a (DCB) specimen.

y(x):M (6)

2a°

. , Y A
u/2\\ y(x)
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Fig. 2 The vertical displacement for of an arm of beam.

Volume 49 Issue 1 (January 2025)
https://powertechjournal.com




~ Power System Technology

ISSN:1000-3673

Received: 16-11-2024 Revised: 05-12-2024 Accepted: 02-01-2025

In order to obtain the contribution of the kinetic energy to the energy release rate (ERR) in

Mode-1 at the beginning of the crack growth, by integrating the displacement speed y(x), it

is possible to compute energy of an arm during an opening movement, the expression
obtained is the derived the vertical displacement speed for an arm of the beam with respect to
the crack lengtha:

Usin = 55 (Y(x)2dm @)

Where m is arm mass.

If p is the mass density of material and bh is the arm's section, equation (7) may be
expressed as follows.

1 .

Usin =5 ANy (x))* dx (8)
Author in [30]. Show that the expression of kinetic energy takes into account volumetric
mass:

1dUkn 33 ., -~

kin '
—MMkn _ 20 hy 9
b da 560'0h ®)

Where p, h and i are the mass density of material, the sample thickness and the speed for arm
successively. In the dynamical situation of the Mode-I, the energy release rate (ERR) under
dynamic loading may therefore be expressed as follows:

33 .2
Gigyn = Glsta_%phu (10)

4. Implementation Of The Model

In order to create a numerical model that conforms with the mechanical hypotheses and
experimental parameters, we examine a test with a double cantilever beam (DCB). The end of
the beam is fixed and cannot move or rotate. At each the beam' free ends, a concentrated load
is placed. The bending moments and shear forces produced by this load have an impact on
the structural integrity and possible fracture propagation. This sample is widely used in
fracture toughness research on the Mode-I of composite materials [31].
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Fig. 3 Schematic drawing of a symmetrically loaded DCB specimen

Two samples with distinct geometric and mechanical characteristics were used for this test. A
bi-material beam was used for the first test and a mono-material beam for the second. This
test was performed at two different opening speeds, 3 m/s in the first sample and 1 m/s in the
second, with a constant force of 60 N for each. The mechanical and geometrical properties
are summarized in Tab. 1 and in Tab.2 [30], [32].

Tab. 1 Geometrical properties

; : Crack
Test: L Width Thickness length
L(mm) b(mm) h(mm) a(mm)
01 200 25 4.7 50
02 80 1 4 60
Tab. 2 Mechanical properties
Test: E1(GPa) E2(GPa) V12 p(Kg/m3)
01 325 10.23 0.27 1570
02 10 - 0.3 1000

5. Development Of The Element Used In Numerical Analysis (RMQ7)

In this study, a specific mixed finite element (RMQ-7) is used. It is an improved version of
the parent (Reissner Modified Quadrilateral) Reissner element with four points and five
degrees of freedom in each. The process of formation of this element has passed at several
stages:

Firstly, a displacement node was added to four-pointed Reissner element to create RMQ5,
resulting in an element with five nodes and 22 degrees of freedom (Fig. 4).
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Fig. 4 Element formation RMQ5

Secondly, the five-node reference element RMQ5 were used to create the RMQ11 itself, by
shifting a few variables and the static nodal from the corners to the side, It element with 11
nodes and 2 degrees of freedom at each (Fig. 5).

RMQ-5 element RMQ-11 element
& n & n
L+ (+1.+1) -1+ (=1.+1)
1 2 1 2
. M s 'y A -
¢ Relocalisation s |9 E
blﬂ nﬂ.
4 = 3 4 i 3
{-1.-1) (=1-I) (-1.-1) & 7 (+1.-1)
® 07,022, 02, Uplls o 1.l A0, 022, T 12
(R} ERIEY FaXa gt 0Tz, O 12
(a) (b)

Fig. 5 Element formation RMQ11

Finally, bouzerd [33] proposed the final element RMQ7 (Fig. 6. b) for the modeling of
cracked interfaces. Which based on RMQ11 element, and that using a static condensation
process, which reduces the size of equations with the removal of a certain number of
variables, therefore merging the internal degrees of freedom, and it has the shape of a
quadrilateral with seven nodes and fourteen degrees of freedom, with an arrangement in an
actual (x, y) plane, as shown in (Fig. 6). Five of its nodes are a displacement (uz, u2) nodes,
and the remaining two are stress (g4, ,09,) Nodes. The corners of the quadrilateral include

four displacement nodes, while the center of the side with the specific interface contains th
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fifth displacement node, it's mediating stress nodes. In the modeling of cracked structures,
this node corresponds to the crack's starting location [34], [35]. Bouziane [36], regenerate the
element starting in a natural (&, ) plane leading to an isoparametric formulation [37]

RMQ-11 element RMQ-7 element
F n rFy n
(-1.+1) (+1~1) (-1,+1) (=1,+1)
1 2 1 2
Ay o E Static E
P Condensation
4 3 3 4 3 3
(-1.-13 F; 7 (=1.-1) (-1.-1) I 7 (=1.-1)
ou,.u; BTy Ta2, Tz .Uy up
A Ty OO0z, 04z 00zz, 04z
(a) ()

Fig. 6 Element formation RMQ7

6. Numerical Validation

To compute the energy release rate (ERR) values, we have created a program that includes
equation (10). This program appropriate for computing the (ERR) values in a double
cantilever beam (DCB) analysis in the dynamic state. Where the current mixed finite element
(RMQ-7) described previously is the basis for this program.

A modeling of the DCB beam was done in this program, with 740 elements formed and 2013
nodes. To effectively depict stress concentration effects, we create a finite element mesh with
an adequate density, particularly close to the fracture tip. Fig. 7 is a partial representation of
the DCB beam by the developed program. It also shows the position of the (RMQ-7)
elements around the crack length.

T e o §
4____"__5__..—-—9—-“-—‘:"_'

Fig. 7 Example of Mesh around tip crack by RMQ-7of (DCB) beam
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7. Results And Discussion

The previous experimental results are taken into consideration as the basis for comparing the
obtained outcomes. As a consequence of these findings, as shown in Tab. 3, we observe the
following:

At an opening speed of 3 m/s in the first test, the value of the energy release rate determined
by new program is 195 J/m2. The inaccuracy is around 12.82 % when compared to the
typical experimental G, value of 170 J/m2 found for the same plate by Author in [30]. For the
second test, the energy release rate (ERR) is 471 J/m2, at an opening speed of 1 m/s. When
compared to the results of the [32], where the energy release rate (ERR) value was about 450
J/im2, the error value is 4.45 %.

Tab. 3 Values the energy release rate (ERR)

energy release rate (J/m?)

Test | w(mis) Force P [30] Chenetal., simulatign

(N) 2020 results
01 3 60 170 - 195
02 1 60 - 450 471

This results show a small variation between the numerical simulation and the earlier
experimental studies.

8. Conclusions

Considering most previous studies, whether experimental or numerical, focused on evaluating
the energy release rate (ERR) in the static state, it is of great importance in this work to
evaluate the energy release rate (ERR) in the dynamic state.

This paper focuses on the study and implementation of a simulation model of layered
dynamic delamination for a sample representative of composite material. The RMQ-7
element, the virtual crack extension method, and the dynamic Euler-Bernoulli beam theory
are the basis of this model for the dynamic evaluation of the energy release rate (ERR), which
represents the delamination in Mode-I (Opening Mode).

Firstly, the vertical displacement velocity of the arm was derived relative to the crack length
a. This allowed us to obtain an expression of Kinetic energy, which then permitted us to
calculate the dynamic energy release rate (ERR).

Secondly, The static model was transformed to a dynamic model. To do this, a subroutine has
been created to generate initial program and to make it conform to the dynamic state.
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Finally, to verify the effectiveness and feasibility of the current model, a double cantilever
beam (DCB) was used as a representative application of the delamination. The effect of
loading-rate on the delamination of composite materials was studied. The results obtained
showed that the Mode-1 energy release rate (ERR) obtained from this model was in good
agreement with those found experimentally and in literature. This study also showed that the
opening speed in the first mode (opening mode) has a significant impact on the energy
release rate (ERR).

Furthermore, this finding opens the door for further research into the potential that the energy
release rate (ERR) is influenced by variables such as volumetric mass and crack length. To
further understand these impacts and their influence on the energy release rate (ERR) in the
dynamic state, more research may need to be done using systematic experiments or
simulations.

Refrences

[1] A. Tabiei and W. Zhang, “Composite laminate delamination simulation and
experiment: A review of recent development,” Appl. Mech. Rev., vol. 70, no. 3, pp. 1-
23, 2018, doi: 10.1115/1.4040448.

[2] S. Choukri and M. Karama, “Finite element data reduction based energy release rate
for delamination tests,” Key Eng. Mater., vol. 498, pp. 67-78, 2012, doi:
10.4028/www.scientific.net/KEM.498.67.

[3] Q.Luoand L. Tong, “Analytic formulas of energy release rates for delamination using
a global-local method,” Int. J. Solids Struct., vol. 49, no. 23-24, pp. 3335-3344, 2012,
doi: 10.1016/j.ijsolstr.2012.07.005.

[4] H. Zabala, L. Aretxabaleta, G. Castillo, and J. Aurrekoetxea, “Loading rate
dependency on mode | interlaminar fracture toughness of unidirectional and woven
carbon fibre epoxy composites,” Compos. Struct., vol. 121, pp. 75-82, 2015, doi:
10.1016/j.compstruct.2014.11.001.

[5] Y. Zhou, Y. Xiao, Q. Wu, and Y. Xue, “A multi-state progressive cohesive law for the
prediction of unstable propagation and arrest of Mode-l delamination cracks in
composite laminates,” Eng. Fract. Mech., vol. 248, no. November 2020, p. 107684,
2021, doi: 10.1016/j.engfracmech.2021.107684.

[6] K. O.Low, S. M. Teng, M. Johar, H. A. Israr, and K. J. Wong, “Mode I delamination
behaviour of carbon / epoxy composite at different displacement rates,” Compos. Part
B, vol. 176, no. June, p. 107293, 2019, doi: 10.1016/j.compositesb.2019.107293.

[7]  P. Lonetti, “Dynamic propagation phenomena of multiple delaminations in composite
structures,” Comput. Mater. Sci., vol. 48, no. 3, pp. 563-575, 2010, doi:
10.1016/j.commatsci.2010.02.024.

[8] L. Cadieu, J. B. Kopp, J. Jumel, J. Bega, and C. Froustey, “A fracture behavio

Volume 49 Issue 1 (January 2025)
https://powertechjournal.com



. Power System Technology

Y 1SSN:1000-3673

Received: 16-11-2024 Revised: 05-12-2024 Accepted: 02-01-2025

evaluation of Glass/Elium150 thermoplastic laminate with the DCB test: Influence of
loading rate and temperature,” Compos. Struct., vol. 255, p. 112907, 2021, doi:
10.1016/j.compstruct.2020.112907.

[91 A. Corigliano, S. Mariani, and A. Pandolfi, “Numerical analysis of rate-dependent
dynamic composite delamination,” Compos. Sci. Technol., vol. 66, no. 6, pp. 766775,
2006, doi: 10.1016/j.compscitech.2004.12.031.

[10] A. Ekhtiyari, M. M. Shokrieh, and R. Alderliesten, “Loading rate effects on mode-I
delamination in glass/epoxy and glass/CNF/epoxy laminated composites,” Eng. Fract.
Mech., vol. 228, no. January, p. 106908, 2020, doi:
10.1016/j.engfracmech.2020.106908.

[11] M. Ilyas, C. Espinosa, F. Lachaud, and M. Salaiin, “Simulation of Dynamic
Delamination and Mode I Energy Dissipation,” 7th Eur. LS-DYNA Conf., 20009.

[12] B. Tanager, “Short Communications Short Communications,” vol. 19, no. January
1982, pp. 2006-2007, 2011.

[13] D. M. Parks, “A stiffness derivative finite element technique for determination of
crack tip stress intensity factors,” Int. J. Fract., vol. 10, no. 4, pp. 487-502, 1974, doi:
10.1007/BF00155252.

[14] H. G. Delorenzi, “Energy release rate calculations by the finite element method,” Eng.
Fract. Mech., vol. 21, no. 1, pp. 129-143, 1985, doi: 10.1016/0013-7944(85)90060-8.

[15] J. R. Rice, “A path independent integral and the approximate analysis of strain
concentration by notches and cracks,” J. Appl. Mech. Trans. ASME, vol. 35, no. 2, pp.
379-388, 1968, doi: 10.1115/1.3601206.

[16] G. P. Cherepanov, “Crack propagation in continuous media. PMM vol. 31, no. 3, 1967,
pp. 476-488,” J. Appl. Math. Mech., vol. 31, no. 3, pp. 503-512, 1967, doi:
10.1016/0021-8928(67)90034-2.

[17] M. A. Riezzo, M. Simmons, B. Russell, F. Sket, V. Martinez, and C. Gonzaélez,
“Dynamic characterisation of interlaminar fracture toughness in carbon fibre epoxy
composite laminates,” Compos. Part A Appl. Sci. Manuf., vol. 126, no. July, p.
105597, 2019, doi: 10.1016/j.compositesa.2019.105597.

[18] C.. Sun and C. Han, “A method for testing interlaminar dynamic fracture toughness of
polymeric composites,” Compos. Part B Eng., vol. 35, no. 6-8, pp. 647655, 2004,
doi: 10.1016/j.compositesb.2004.04.006.

[19] M. Isakov, M. May, P. Hahn, H. Paul, and M. Nishi, “Fracture toughness measurement
without force data — Application to high rate DCB on CFRP,” Compos. Part A Appl.
Sci.  Manuf., wvol. 119, no. August 2018, pp. 176-187, 2019, doi:
10.1016/j.compositesa.2019.01.030.

[20] N. Dagorn, G. Portemont, V. Joudon, B. Bourel, and F. Lauro, “Fracture rate
dependency of an adhesive under dynamic loading,” Eng. Fract. Mech., vol. 235, n

Volume 49 Issue 1 (January 2025)
https://powertechjournal.com



i

Y 1SSN:1000-3673

. Power System Technology

Received: 16-11-2024 Revised: 05-12-2024 Accepted: 02-01-2025

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Volume 49 Issue 1 (January 2025)
https://powertechjournal.com

April, p. 107082, 2020, doi: 10.1016/j.engfracmech.2020.107082.
B. R. K. Blackman et al., “The failure of fibre composites and adhesively bonded fibre
composites under high rates of test: Part Il mixed-mode I/IT and mode II loadings,” J.
Mater. Sci., vol. 31, no. 17, pp. 44674477, 1996, doi: 10.1007/BF00366342.

H. Bouzerd, “Elément fini mixte pour interface cohérente ou fissurée.” Lyon 1, 1992.
A. A. Griffits, “The phenomena of rupture and flow in solids,” Masinovedenie, vol. C,
no. 1, pp. 9-14, 1995, doi: 10.1098/rsta.1921.0006.

H. Liu, X. Meng, H. Zhang, H. Nie, C. Zhang, and Y. Li, “The dynamic crack
propagation behavior of mode | interlaminar crack in unidirectional carbon/epoxy
composites,” Eng. Fract. Mech., vol. 215, no. February, pp. 65-82, 2019, doi:
10.1016/j.engfracmech.2019.05.004.

I. A. Magomedov, Z. A. Dzhabrailov, and M. V Abubakarov, “Derivation of crack
propagation velocity formula for investigation dynamic problems,” 10P Conf. Ser.
Mater. Sci. Eng., vol. 1155, no. 1, p. 012037, 2021, doi: 10.1088/1757-
899x/1155/1/012037.

T. Crump, G. Ferté, A. Jivkov, P. Mummery, and V.-X. Tran, “Dynamic fracture
analysis by explicit solid dynamics and implicit crack propagation,” Int. J. Solids
Struct., vol. 110-111, pp. 113-126, 2017, doi:
https://doi.org/10.1016/j.ijsolstr.2017.01.035.

B. R. K. Blackman, A. J. Kinloch, F. S. Rodriguez-Sanchez, and W. S. Teo, “The
fracture behaviour of adhesively-bonded composite joints: Effects of rate of test and
mode of loading,” Int. J. Solids Struct., vol. 49, no. 13, pp. 1434-1452, 2012, doi:
10.1016/j.ijsolstr.2012.02.022.

P. Davies, B. R. K. Blackman, and A. J. Brunner, “Standard Test Methods for
Delamination Resistance of Composite Materials: Current Status,” Appl. Compos.
Mater., vol. 5, no. 6, pp. 345-364, 1998, doi: 10.1023/A:1008869811626.

A. J. Smiley and R. B. Pipes, “Rate Effects on Mode I Interlaminar Fracture
Toughness in Composite Materials,” J. Compos. Mater., vol. 21, no. 7, pp. 670-687,
1987, doi: 10.1177/002199838702100706.

G. Hug, “Behaviour analysis of carbon-epoxy laminates under high-speed loading:
manufacture of the same materials by means of microwave curing for comparison.”
Arts et Métiers ParisTech, 2005.

L. Surcin, F. Lachaud, R. Piquet, and O. Nemes, “Procédés de mise en oeuvre et
délaminage des stratifiés en carbone/époxyde,” Trans. des JINC13, pp. 161-170, 2003.
T. Chen, C. M. Harvey, S. Wang, and V. V. Silberschmidt, “Dynamic interfacial
fracture of a double cantilever beam,” Eng. Fract. Mech., vol. 225, no. November, pp.
1-9, 2020, doi: 10.1016/j.engfracmech.2018.11.033.

H. Bouzerd, “Mixed finite element for coherent interface or crack,” University




= v Power System Technology

/Y~ ISSN:1000-3673

:

Received: 16-11-2024 Revised: 05-12-2024 Accepted: 02-01-2025

Claude Bernard-Lyon, France, 1992.

[34] S. Bouziane, H. Bouzerd, and M. Guenfoud, “Mixed finite element for modelling
interfaces,” Eur. J. Comput. Mech., vol. 18, no. 2, pp. 155-175, 2009, doi:
10.3166/ejcm.18.155-175.

[35] H. Bouzerd, N. Boulares, and A. Bouchair, “Un ¢élément fini mixte pour le calcul du
taux de restitution d’énergie du coudage (Kinking) d’une fissure,” 29éme Rencontre
I’AUGC-Tlemcen, 29-31 Mai 2011, vol. 111, pp. 140-149, 2011, [Online]. Available:
http://dspace.univ-tlemcen.dz/handle/112/527

[36] S. Bouziane, “Elément fini mixte pour les interfaces fissurées des bimatériaux
anisotropes,” Université 8 mai 1945 - GUELMA. Algeria, 2009. [Online]. Available:
http://dspace.univ-guelma.dz:8080/xmlui/handle/123456789/7242

[37] A. Mohamed Ben Ali, S. Bouziane, and H. Bouzerd, “Computation of mode i strain
energy release rate of symmetrical and asymmetrical sandwich structures using mixed
finite element,” Frat. ed Integrita Strutt., vol. 15, no. 56, pp. 229-239, 2021, doi:
10.3221/IGF-ESIS.56.19.

Volume 49 Issue 1 (January 2025)
https://powertechjournal.com




