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Abstract This paper discusses dynamic crack growth
and arrest in an elastic double cantilever beam (DCB)
specimen, simulated using the Bernoulli-Euler beam
theory. The specimen is made from two different mate-
rials. The section of interest, where the dynamic crack
growth takes place, is made from a material, the fracture
energy of which will be denoted 2T";. The initial crack
grows slowly in a starter material with a fracture energy
2"y (I'g > I'1), while opposed displacements on both
arms of the specimen are continuously increased. As
the crack reaches the material interface at £ = £, the
loading displacement is instantly suspended, and the
crack suddenly propagates through the test zone, until
it stops at £ = {4. During this process, the energy
2I'1 (€4 — €.) is dissipated. The beam motion and the
fracture process during the fast crack growth stage are
investigated, based on the balance energy associated to
the Griffith criterion. The motion equations are approx-
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imated using a modal decomposition up to order N of
the beam deflection (the analysis has been performed
up to N = 10 but in most cases N = 5 is sufficient
to obtain an accurate solution). This process leads to
a set of N second order differential equations whose
unknowns are the mode amplitudes and their deriva-
tives, and another equation the unknowns of which are
the current crack length £(7), velocity £(¢) and acceler-
ation £(7). To demonstrate the accuracy of this method,
it is first tested on a one dimensional peeling stretched
film problem, with an insignificant bending energy. An
exact solution exists, accurately approximated by the
modal solution. The method is then applied to the DCB
specimen described above. Despite the rather crude
nature of the Bernoulli-Euler model, the results crack
kinematics, and specially the arrest length, correspond
well to those obtained by the combined use of finite ele-
ments and cohesive zone models, even for a few modes.
Moreover, for the basic mode N = 0 (also referred to
as Mott solution), even if the crack kinematics is not
accurately reproduced, the prediction of the crack arrest
length remains correct for moderate ratios. Some para-
metric studies about the beam geometry and the ini-
tial crack velocity are performed. The relative crack
arrest €4 /¢, appears to be almost insensitive to these
parameters, and is mainly governed by the ratio R =
I'o/ 'y which is the key parameter to predict the crack
arrest.

Keywords Dynamic crack growth - Crack arrest -
Peeling test - Double cantilever beam - Energy balance
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1 Introduction

Crack arrest length prediction is an important issue in
the study of dynamic brittle fracture of industrial struc-
tures. It seems sensible to consolidate a conservative
arrest estimate and to investigate complete crack kine-
matics during dynamic crack propagation. This analy-
sis is made difficult, in particular because of wave
reflections on the body boundaries. This paper attempts
to tackle these difficulties using a dedicated fracture
specimen. A commonly used laboratory test specimen
to investigate dynamic crack arrest is the double can-
tilever beam (DCB) specimen, the geometry of which
can be exploited to produce one-dimensional analysis
models. Furthermore, the narrow width of the speci-
men geometry involves stress waves reflections, which
can enhance the crack arrest length.

We focus here on the bimaterial DCB specimen,
which has a high toughness in the part where the initial
crack is blunted. This part is welded to a low tough-
ness section where the crack enters with a high veloc-
ity, depending on the ratio of the the surface energies.
This duplex specimen has been described by Kanninen
(1985) using a special augmented model (Kanninen
1973), within the framework of a quasi-static analy-
sis. Transient kinetic analyses may also be achieved
with some analytical methods leading to hyperbolic
equations being solved by a finite difference scheme
applied to characteristic lines (Freund 1977; Hellan
1981).

The first quantitative prediction for the kinematics of
a fast propagating crack, using energy balance, is due
to Mott (1948). An original analysis, based on solv-
ing Lagrange’s equation for a DCB specimen motion,
considered as a Bernoulli-Euler beam, has been ini-
tiated by Burns and Webb (1970), assuming that the
kinetic energy would follow the expression of a spe-
cific constant loading rate. Freund (1989) has extended
this approach to all loading conditions, using a Hamil-
tonian approach and introducing a modal decomposi-
tion, but his work is restricted to the mode N = 0,
which is similar to Mott’s work. Wang and Williams
(1996) applied this first mode truncation method to a
tapered DCB and their results are in good accordance
with finite element computations. From our knowledge,
higher modes have only been considered as a small per-
turbation of a quasi-statically growing stable crack in a
DCB, leading to natural frequencies and mode shapes
Jagota et al. (2002). An extension to modal analysis is
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suggested here for higher vibration modes to investi-
gate the dynamic crack growth and arrest in a bimaterial
DCB specimen.

This paper is organized as follows. The general
problem is first introduced, with the description of the
crack growth modelling on a DCB specimen which
presents a toughness discontinuity. Section 3 describes
the modal decomposition of the beam deflection and
the corresponding frequency eigenvalues. Then, a vari-
ational principle, using admissible fields expressed on
the modal basis, leads to the local motion equations,
including the crack kinematics governed by the Grif-
fith law.

There are few available analytical solutions to
dynamic crack growth problems in finite solids in liter-
ature. Whereas crack propagation problems with tran-
sient motion are often achieved with Finite Element
Models, some analytical procedures are available for
simple one-dimensional models such as the peeling of
a thin film ( Freund 1989; Charlotte et al. 2008; Laz-
zaroni et al. 2012). In Sect. 5, the variational method
associated to a modal analysis is validated on the peel-
ing problem where an exact solution exists.

Section 6 is devoted to numerical experiments on the
DCB with homogeneous fracture properties. A quasi-
static method to capture the crack arrest length is sug-
gested.

2 DCB motion approximation with a Bernoulli
beam model

2.1 General description

An elastic 2A high DCB specimen, with an initial crack
length £y, is illustrated Fig. 1. The specimen arms are
slowly prescribed to a monotonic opening displace-
ment WO(r) which triggers a quasi-static mode I crack
growth (marked by the current value ¢y < £ < £.)
in a first part of the beam, which is made up of a
2@ fracture energy material. A second material with
a lower toughness, referred to as the test section, is
welded to the first one (the corresponding energy is
2I'1 < 2Ig). When the crack tip reaches the sec-
tions interface (x = ¢.) where the toughness jump
occurs, it runs rapidly throughout the test section, from
time r = 0, while the displacement prescribed on the
remote ends of the specimen arms is held fixed during
the whole process (W) = wWe, V¢t > 0). The
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crack velocity ¢ (and the arrest length £4) in this test
section is governed by the energy ratio of the two sec-
tions (R = I'p/ Ty, R > 1). The aim of this paper
is to investigate the crack kinematics during this stage,
especially the crack arrest £, < x < {4, under the
assumption that the crack path is straight. Branching
or kinking cracks are beyond scope of this paper.

The numerical model represents half of the spec-
imen, and consequently half of the fracture energy
(T'p, T'1). A Bernoulli-Euler model is used to simu-
late the beam (ratio i /¢, is considered small enough
for the classical beam theory to hold). The motion is
thus fully represented by the scalar beam deflection
w(x, t). The general differential motion equation, asso-
ciated with the boundary conditions may be written as
follows, V£, g < £ < U4 :

d*w 0%w
EIF—'—,OAa—ZZO, V}CE[O,Z],VI
2
w0, =Wo0), —— 20,0 =0, (1)
ow
U)(Z, t) = 07 _(Zv t) = 07
X

where E, I, A, p are respectively the elastic modulus,
the area moment of inertia, the area of the cross section,
and the mass density of the material.

As it is the dynamic stage that is of interest, the
initial conditions are those of the crack running onset
time when £(+ = 0) = £.. Thus, the stage where
w(x,t), t < 0 x € [0,¢£.], is corresponding to
the quasi-static propagation in the first beam section,
which is not considered here. Nevertheless, this stage is
detailed in the next paragraph, to determine what initial
conditions should be prescribed.

Critical crack length 1 .

I <1, 2h
i N
AN

Crack path in the test section

beginning the dynamic process

2.2 Initial state of the dynamic process

The point where the crack tip reaches x = £, (cf. Fig. 1)
is the ultimate quasi-static stage where the deflection
is denoted w''% (x, t).

The equilibrium equation is the form of (1):

a4that
=0, Vx € [0,¢], Vt <0,0p<{ < ¥,
2., stat

———(0,0=0,Yr <0

x4
w0, 1) = Wo(r),

stat

—— (=0, o<l <L.
2

w4 (0, 1) =0,

The solution of the above system is readily written:

wOot) x o
1) = 3 z(zﬂ 3)+W(t) (3)

wstut (.X

The strain energy (which is also the potential energy
without any prescribed forces along the specimen
boundaries), associated to the above solution is there-
fore:

¢ 2..sta 0 2
LAY i W P UG M
2
0

2 A

The energy release rate is then:

aww 9 (Womn)?
Glean =20 = EEI(C#,
Ly <l <, )

Assuming that the crack onset obeys the Griffith crite-
rion:

GU@) <Ty (6)
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The critical length £, is connected to the critical pre-
scribed displacement and the surface energy through
the relationship:

c\2
N Y %)
2 |

It may be noted that up to £ = ¢{., the relation
G(¢) =T'g > I' holds true, because during this stage
the crack propagation is stable. On the other hand, the
Griffith criterion is violated when the crack tip reaches
the interface bonding the starting and the test sections.
Hence, the relation (7) is no longer relevant for £ > £..
From now on, we will focus on the dynamic stage for
£ > £, (disregarding the static stage £o < € < £.).

3 Approximate equation of the DCB motion by
modal decomposition

3.1 Natural frequencies and eigenmodes for a
pinned-clamped beam

Considering a beam in free vibration, a separated solu-
tion of the deflection, in time and space, is assumed:

wx, 1) = w'(x) + ¢ (x) f (1) ®)

where the static part w*'%’ fulfils the system (2).
The motion equation (1) may be written as:

EI ¢////(x) f//(t) 5
JR— = — =
PA $x) f@®

where w is the angular frequency, and which produces
two differential equations:

') + @ f(t) =0, and ¢"" (1) — u*p(r) =0 (10)
pAa)2

with p* = = (11)

We only focus on the second equation, which provides
the eigenmodes and the eigenvalues.
The general solution of this equation is:

(€))

¢(x) = Acos(ux) + B sin(ux)
+ Cch(ux) + Dsh(ux) (12)
with the boundary following conditions:
0 =0—>A+C=0
" 0)=0—- —-A+C=0
¢ () =0 — Bsin(ul) + Dsh(ul) =0
¢ (£) =0 — Bcos(ul) + Dch (ul) =0

13)
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These conditions induce the following equation for the
eigenvalue solution:

tg(ul) = th(ut) (14)

This equation has an infinite number of solutions

i, i € N, which can be calculated numerically, or

approximated for high frequencies (by noticing that for

uil >>0,th(u;f) — 1) by:

5l = 4i + Dm
1 - 4 ’

The eigenmodes take the following form:

eN 5)

cos (uit)
ch (uif)
where the coefficient B is determined by the mode nor-
mality [|¢;[| =1

¢i (x) =B [Sin (mix) — sh (/LM)] 16)

3.2 Approximate equation of motion

We focus now on the beam with the moving crack. The
moving domain {x, x € [0, £(¢)]} will be normalized,
with the variable change X = x/¢, X € [0, 1], so
that all expressions will be integrated over a stationary
domain.

It is assumed that the deflection of the beam is given
by the following approximation:

w (X, 1) = w' (X) 4+ (X, 1) (17)

where W (X, t)is the perturbation around the equilib-
rium solution w*'* corresponding to the expression
(3). This perturbation can be decomposed for its eigen-
modes, which provide an orthonormal basis:

WX, ) =a; ()¢ (X), i=1,N (18)

where the Einstein summation convention is adopted.
¢; is the ith normal mode shape for free vibration of the
beam, and ag; the unknown deflection amplitude asso-
ciated to ¢; (which depends on the initial conditions).
The complete solution of the dynamic crack growth
problem in the DCB is now restricted to the determi-
nation of the time dependent variables a; (¢), £(t)

4 General evolution of the system and local
equations

The purpose of this section is to produce local equations
of the general motion a;(t), £(t) for the case of the
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DCB with a running crack, starting from a variational
principle and the modal decomposition.

Let us consider the evolution of the total energy of
the beam H (¢) (the surface energy could be considered
here as space dependent but for simplicity it is assumed
that the fracture properties remain constant):

HH)=U@t)+ K@) +T1(L@) — L) (19)

Between two mechanical states at time r = 0 (crack
onset) and any time 7; > 0, the energy balance states
that H (¢) keeps this initial value Uy at any time:

H(1) = U(n) + K(n) + T1(€(t) — £e) =Uo  (20)

The energy components may be written on the station-
ary spatial domain {X = x/¢, X € [0, 1]}, with:

(1)

4
2
K@), 1) = % (—awg’;’”)

1
Al dw(X,1)\>
dx = ° /( w;t )) dX

0
4
El [ (3*w(x,1)
vew.n =5 [(755°)
0

EI 25X 0\
dxz_/ WX DN
20 9X2

0

Using the deflection modal decomposition on the
eigenmodal basis {¢;}, the previous expressions are
rewritten as:

K1), 1)
1
Al?
= pzf / (Xw*' " (X) 4+ Xa; (1) ¢} (X)
0
¢ 2
—Za,- (1) ¢; (X)) dX i=1,...N 1)
El l stat” 7" 2
U= [ (0 0+ a0 ) ax e
0

Let (g;) denote the parameters of the energy terms
(gi = aj,i = 1,N, gn+1 = £). The total energy is
then a functional H (g;, ¢;) depending on the parame-
ters and their time derivatives. Therefore, the following
relation holds:

dH 0H oH

—=—qi+—Gi =0 23
dr 34; qi + 94 qi (23)
With a simple mathematical calculation, invoking the
particular form of the kinetic energy (see “Appendix”),
the N + 1 local motion equations hold:

0K -U) daK-U) _

3q; di g 0 i=LN

qi qi (24)
0K -U) dK-U) |

Y, i 9¢ !

To complete the problem statement, the constraints
w >0, Y > 0, which describe respectively the crack
lips non overlapping and the crack growth irreversibil-
ity, should be coupled to Eq. (24). These aspects will
be henceforth disregarded, because the lips contact can-
not be separately treated on each mode, and the irre-
versibility treatment, although it may be feasible, would
increase the computation cost. These shortcomings do
not greatly impact the final outcome.

That leads to the following second order differential
equations governing the beam vibration coupled to the
crack kinematics (see the details in “Appendix”):

L L g\ L 20, i
ai=z C3+ajC4 +7ajC4
& (ci+acy)
£2 2 J1
SLELd =N ©5)
oA
.2 o ) .
P=— 4 (—2ai 5 —2d;aiCY)
3ET 2 2.4
METEIY (3(wc) ta “f)
L L i Ch+dja; €l — 1L (26)
A Y

where the coefficients (C;] ,C, CL, Cyf ) only depend
on the mode shape of the beam (see “Appendix”), and
A=%0 4 g, CY 4 24iCh

These two coupled systems are solved using a back-
ward differentiation formula method, used for implicit
equations. Once again, the above coupled system does
not ensure the irreversibility of the crack growth =
0), neither does it prevent the crack lips from interpene-
trating (w (x, t) > 0 should always be true). This does
not affect the results but could be amended in future
work, using corresponding constraints.
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Fig. 2 The peeling test with two surface energies

5 A one-dimension model for the peeling film
process

Before solving the above equations, let us focus on a
problem close to the running crack in the DCB, but
more simple and having an exact solution.

Let’s consider the peeling experiment of a thin film,
inextensible and perfectly flexible, from a rigid surface.
A vertical displacement W(z) is slowly prescribed at
the origin x = 0, while the film is stretched by an
axial force N and debonded from the surface, activat-
ing a surface energy I'¢g (cf. Fig. 2), for £y < x < £,
where £y > 0 is the initial length of the film. From
x = £, the bonding surface becomes weaker, having a
lower surface energy I'y with R = g/ "1 > 1. When
£(t;) = L., the loading is frozen WO(t.) = WY and
the peeling length is quickly increasing, up to the arrest
length £(t4) = £4. The aim is to determine the arrest
length, and more generally the complete film kinemat-
ics during the dynamic stage, disregarding the trivial
quasi-static peeling phase (¢ < 0). This problem has
been investigated by Freund (1989) and revisited by
Marigo et. al. for a slightly different loading, Charlotte
et al. (2008) and for heterogeneous debonding prop-
erties Lazzaroni et al. (2012). This problem, provid-
ing an exact solution, shares some similarities with the
DCB problem and is a mockup for testing the approach
defined above.

5.1 Statement of the peeling test

Only the main outcome is presented here, the detailed
analysis is presented in Freund (1989) and Charlotte
et al. (2008), Lazzaroni et al. (2012). A specific prop-
erty of this problem is that the peeling point carries a
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discontinuity of strain (w, ) and velocity (w,; ), which
propagates along the film at the wave speed ¢ = /N /p
where p is the wave celerity of the film. The motion
and the peeling process involve the following energies
(respectively kinetic, potential and dissipative part of
the total energy):

o)

P w2
K1), 1) = E/ (5) dx 27)
0
N " aw\>
U(Z(t),t):;/ (%) dx (28)
0
D) =T1(L@) —2£.) (29)

The boundary conditions are:
w0, 1) = WO(te) = w, wl(®), 1) =0, Vi,1=1

while the initial conditions are: w(x, 0) = w*'%(x, 0)
=w(l —x/L.).

Furthermore, the velocities and strains jumps are
expressed on the singular characteristic curves C; =
{ (xj, tj)} in the space-time plane, as:

|:3w(x]‘,l‘j)jH - |:8w(x]',tj)jH
at - dx

where 7 is the unit normal of the characteristic curve.
The variational approach applied to this problem
leads to the local equations:

X

82w 82w
No— =Py =0, on [0,LMNXI0,T1/C
(30)
qw(x;, 1) ow(x;, 1))
o [ 220201 [[22000]|
3D

These equations describe the film motion. Furthermore,
the peeling point kinematics is depicted by a special
characteristic curve and is expressed by the Griffith
law:

2 2
l(N [aw(e(t), 1)} , |:8w(£(t), z)} ) .
2 0x 0x
(32)

These equations may be solved by the characteristics
method and lead to the exact solutions of the film deflec-
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tion and kinematics. The main results may be summa-
rized as follows:

w(x, 1) = w (l — Zﬁ) forx < £(t) —ct

c

(33)
wx, 1) =w (1 o —{-Z/c)) for x > £(t) — ct
(34)
andé(z)/c = R=- forO <t <ty
R+1 -
(35)

o =L(ta) =R
U(ﬂc) (e ), 0<t<4é)c

K (€(r) =

U B — &b (L),

e/t =t < (be+La)/c
(36)

It is worth noting that the kinetic energy is time depen-
dent only through the peeling length, and obtains a zero
value after the arrest point, making a substantial differ-
ence with the DCB test, as is discussed in Sect. 6.

5.2 Approximation of the peeling problem by a modal
analysis

This problem may be also solved, by using a modal
analysis and in disregarding the strain and velocity
jumps, contrary to the characteristics method. There-
fore, it provides only approximate results, although a
reasonably accurate estimate can be obtained with a
limited number of modes. As already stated for the
beam, the film deflection can be expressed on the eigen-
modal basis:

w (X, 1) = w' (X) + b (X, 1)
w (X)) + a; ()i (X),

where w'@ (X) = WO[1 — X]

Unlike the DCB specimen, the eigenmodes and the
angular frequencies are very simple and calculated
crudely by hand. The local motion equation (30), asso-
ciated to the boundary conditions leads to the following
normalized eigenmode vector:

i=1,N

éi (X) = V/2sin(in X),
ni=im,i=1,N,X €[0,1],

2.2 2
and the angular frequency: a)lz = “226 = ’;;712\].

The potential and kinetic energy expressions, asso-
ciated to N modes are:

Uw,t) = %(l)(w02 +a;a;j (in)28,‘j), where §;; is
the Kronecker symbol.

=3 32 / (WoX + a, ()i (X)

— Xa;()$}(X))*dX
In the same way as for the DCB test, assuming the
stationarity of H(t) = U(t) + K(t) + I'1 (£(¢) — £.),
the following equations hold:

. 1 1
J4
i = 7 (—/xw%l.dx +aj/X¢}¢,~dX>

0 0
1

2,
+7aj/ qu,-d)}dX

0

2
_172/ (WO —aj¢)) X*¢ldX

1 N .
Zz a,u, i=1,N
(37)
2 i ]
. a; 2 0 ’
= T Xl <‘/2X (Wo¢! —a,~¢i¢>})dx)
0
042
2 A ((W ) +alaj81j“' )
1 1
14 . 0 . ’ I
+— | —a; XwW q&,-dX—l—a,-aj X . pidX — —
A J 0
0 0
(38)

with: A = (W2/3 + aia; [y X2 ¢jdX — 2a; W°
i Xgjax

It can be seen that the above equations are very sim-
ilar to those governing the DCB test (25,26).

5.3 Numerical application of the modal analysis

Selecting the following characteristics: ¢ = 5,000 m/s,
p = 7,800 kg/m> corresponding to steel properties,
and a debonding energy ratio R = I'g/I'1 = 2, and
with the initial length ¢, = 0.1 m, the modal analy-
sis is performed with a wide range of modes, and the
results compared to the exact solution provided by the
characteristics method. The peeling length versus the
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time process provided for different number of modes
and compared to the exact solution is illustrated on the
Fig. 3. For the basic mode (N = 0), the kinematics
are roughly designed but the arrest point is perfectly
predicted because the energy balance is perfectly valid
between the starting and the ending point. For N = 2,
the kinematics is much better, oscillating around the
analytical solution. Beyond N = 10, the results fit
with the true solution (except some tiny oscillations
which are invisible on the figure). Note that the arrest
is established here when the peeling length decreases,
which although not physically acceptable, is numeri-
cally possible because of the irreversibility not being
taken in account.

Fig. 3 Peeling length
evolution L-Lc (m)

1,20E-01

The peeling point velocity is sketched in Fig. 4. The
small oscillations noticed above for £(¢) are increased
for the velocity, but the magnitude oscillates around the
exact value £(1) = g—jr}c = 5, with a quasi jump for
the debonding start and arrest.

The kinetic energy (Fig. 5) increases up to the time
t = £./c when the shock wave is reflected on the fixed
point where the displacement w¢ is prescribed. The
energy then decreases and cancels at the time arrest.
This process is correctly described with a sufficient
number of modes but small perturbations remain (the
solution is approximated by steps). Due to the lack of
constraints concerning the peeling irreversibility, the
numerical values increase again, after the definitive

Peeling point kinematics
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Fig. 4 Peeling velocity
V (m/s)
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Fig. 5 Kinetic energy

K
evolution «

9,E+10

Kinetic energy evolution during the peeling process
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Fig. 6 Crack kinematics

for a modal decomposition L/Lc
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Crack growth for a ratio R=2 : modal analysis versus CZM
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arrest (the film is “rebonding” as we can see on Fig. 3).
The arrest is assumed at this point which fits with the
theoretical one, corresponding to the round trip time
delay for the wave (£, + €4)/c).

6 Application to the DCB test

The previous modal analysis is now applied to the
DCB test, selecting the following characteristics: E =
210'"Pa, p = 7800kg/m> corresponding to steel
properties, and with the initial length £, = 0.1 m to be
as close as possible to the previous test. The height of
the beam is 2 = 0.006 m so that the initial slenderness
ratio A = £,/ h ~ 17 is sufficiently large to make the
Bernoulli model relevant, and a rectangular section is
assumed with a unit width.

t(s)

6.1 Modal analysis for R=2 and R=3

The Fig. 6 displays the crack length extension versus
time for the surface energy ratio R = 2, and R = 3,
assuming a zero initial crack velocity. Unlike the pre-
vious test, an analytical solution is no longer available.
To obtain a point of reference, the modal analysis is
compared with a 2D (plane strain) finite element inves-
tigation associated to a cohesive zone model Debruyne
et al. (2012) (the cohesive zone is small enough to fit
with the Griffith criterion). The crack kinematics are
illustrated on Fig. 6 for R = 2 and for a range of mode
from N = 0 to N = 5. By examining the figure, two
initial comments can be made. First of all, the oscil-
lations of the crack growth are more pronounced than
those observed for the peeling test. Secondly, the aver-
age crack velocity is much lower than for the previous
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Fig. 7 Crack kinematics
for a modal decomposition
up to 5 modes (R=3)
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Crack growth for a ratio R=3 : modal analysis versus CZM
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Higher modes (5<N<10) for a ratio R=2
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Fig. 8 Crack kinematics for upper modes (5 < N < 10) for R=2

example, meaning that a number of backward and for-
wards travelling waves are possible. It can be assumed
that these oscillations derive from two sources: the first
is connected to the wave returns marked by transient
short arrest (¢ = 0), depicted by short flat steps with
the cohesive model, which are degenerated in oscilla-
tions with the modal analysis allowing crack growth
reversibility. The second is most likely due to the mode
shape, described by hyperbolic functions that are more
complex to compute accurately than those related to
the peeling film.

Nevertheless, the crack growth is in good agreement
with the cohesive zone model for a modal analysis with
N > 3. For the basic mode N = 0, the complete kine-
matics is only very roughly approximated, but the crack
arrest prediction is a rounded up value (€4 /€, ~ 1.45).
Once again, this latter is assumed when there is a signif-
icant decrease of the crack length. Figure 7 sketches the
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2,00E-04 3,00E-04 4,00E-04

t(s)

5,00E-04 6,00E-04 7,00E-04 8,00E-04

crack kinematics for the ratio R = 3. The same conclu-
sions can be drawn from observing the short transient
arrests, the results fluctuations and the global agree-
ment with the finite element analysis. The assumed
definitive crack arrest is here £4 /£, ~ 1.75 and the
basic modal analysis (N = 0) provides an upper bound
of the solution (£4 /¢, ~ 1.85).

6.2 Modal analysis for higher modes and higher ratios

The modal analysis correctly predicts the crack kine-
matics with a moderate number of modes (N < 5)
and takes less than 1min of computer time. Above
the fifth mode (the analysis has been performed up
to 10 modes), the curves related to each mode coin-
cide almost perfectly, as represented by instance on
Fig. 8, for the case R = 2. Above N = 10, the con-
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Fig. 9 a Beam deflection as . b .
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vergence is more difficult and the time significantly
increases.

Below R = 10, no crack overlap has been detected,
so that the lack of consideration of contact does not
involve outliers. Beyond R = 10, a small crack overlap
is observed in the earlier crack growth stage (cf. Fig. 9a)
and the method reaches its limits.

6.3 Some comments about the kinetic energy role on
the crack growth process

The kinetic energy can vary during a possible tran-

sient arrest and even for the definitive arrest, because

some free vibrations remain (K (£(1),1);,_, = pTM

4,00E-04 6,00E-04 8,00E-04

1,00E-03  1,20E-03 1,40E-03 1,60E-03
t(s)

fol (a; (1) ¢; (X))ZdX). Hence, unlike the peeling test
where the kinetic energy only plays a transitory role and
where the arrest is fully predicted by the total quasista-
tic energy balance (Lazzaroni et al. 2012), the kinetic
energy evolution is more complex for the DCB test as
it can been observed on Fig. 10 for R = 3. At the defin-
itive crack arrest time, the kinetic energy does not van-
ish and yields a value slightly higher than its minimum,
occurring during the second bounce corresponding to
the beam vibration at the end of the crack propagation
(cf. Fig. 10).

As depicted on Fig. 11 (comparing kinetic energy
evolution for R = 2 and R = 3), the higher the ratio R,
the greater the importance of the kinetic energy, includ-
ing during the second bouncing stage.
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Fig. 11 Kinetic energy
versus time for R=2 and K@)
R =3 (CZM solution) 70

Kinetic energy evolution for R=2 and R=3
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At certain moments, independent of the ratio, the The energy balance is then written:
decoion, long befors the memded e tme. iy = AW 2 IEWR
’ ’ * 7 3500 260 e
(41)

6.4 Crack arrest prediction with a quasistatic method
and sensitivity of arrest to particular parameters

6.4.1 The approximate solution of Mott applied to the
DCB specimen

Mott (1948) extended Griffith’s theory to dynamic
crack propagation, including a contribution from the
kinetic energy. Mott’s main assumptions are that the
crack growth process is steady state and that in the
energy balance relation (20), the kinetic energy is time
dependent, but only throughout the crack velocity. For
the case of the DCB, assuming that the displacement
keeps its quasi-static shape, as related in (3), these
assumptions lead to:

w(x, t) = w'(x) 39)

and
200)

dwstat 2
K1), £(1)) = 52()/( )dx

pA(wC) 2 S x g
“)/ (M)*ﬂ(r)) a

(40)
which matches the expressions derived from the modal
analysis with N = 0.
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Considering {4 =0and using the relations (4), (5) and
(6), the following expression holds:

3 EI (w°)? _ L, TIo o

—— = i€y —¢

27 B 3738 " Hba = L)

which leads to a simple polynomial relation for pre-
dicting crack arrest:

o4\ o4\’
3(7) —(R+3)(Z—) +R=0 (42)

For the ratios R = 2, R = 3, the relative arrest length
are rcspectlvely = 1.45 and 6" = 1.84, which is in
good accordance with our preV10us investigations. It is
expected that the prediction accuracy will be degraded
for high ratios but will constitute an upper bound.

6.4.2 Sensitivity of arrest to initial crack velocity and
beam slenderness

It is noteworthy that the expression (42) depends only
on the ratio R, and not on any beam geometry para-
meter. The following analysis is attempting to estimate
the arrest length sensitivity to some parameters as the
initial velocity, and the beam geometry.

The crack kinematics is affected by the initial crack
velocity, as illustrated in Fig. 12:
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Fig. 12 Comparative crack
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The higher the initial velocity, the higher the aver-
age velocity and the sooner the arrest time. However the
arrest length is not affected by this parameter. Note also
that the kinetic energy behaviour (Fig. 13) is affected
by the initial acceleration and only at the beginning of
the crack growth. With respect to the beam geometry,
the slenderness effect on the crack growth has also been
investigated (see Fig. 14). The crack velocity decreases
when the slenderness A & £./h increases, which is as
expected, but the result of great interest is the insensi-
tivity of the crack arrest length to the slenderness. The
more exceptional conclusion of these investigations is
that the relative crack arrest length € 4 /£, is essentially
governed by the fracture energy ratio.

t T t T t T 1

4,00E-04 6,01E-04 8,01E-04
t(s)

7 Conclusions and outlines

The problem of an elastic DCB with a bi-toughness
material, subjected to a slowly prescribed opening
displacement has been investigated, focusing on the
dynamic crack stage, which occurs in the test section
with a lower fracture toughness while the prescribed
displacement is suddenly stopped. The decomposition
on the first N eigenmodes of a Bernoulli beam deflec-
tion associated to the total energy balance, leads to
a system of N 4 1 coupled differential equations of
second order. The associated solution consists of N
modal deflection amplitudes and to the crack length
evolution.
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The method has been applied to the dynamic peeling
test of a thin film, where exact solutions are available
(the equations derived from the DCB and the film are
of course different but are structured in a similar way).
The numerical prediction for the peeling testis in a very
good accordance with the analytical solution, with only
a few modes and a short computational time (a few sec-
onds). Concerning the crack growth in the DCB speci-
men, the dynamic crack kinematics seem to be correctly
described with a few modes, compared to a 2D finite
element transient dynamic analysis using a cohesive
zone model, but some problems remain. In particular,
the numerical results are disturbed by some oscilla-
tions. These latter may be produced by a complex wave
propagation which leads to transient short crack arrests
(which are not present in the peeling test). But the fail-
ure to account the crack growth irreversibility (¢ > 0)
in the method may magnify the difficulties. This short-
coming may be circumvented by adding the constraint
inequality ¢ > 0to the motion equations, but with prob-
ably an increase in computational time (it takes only a
few minutes for a complete analysis with the current
method). If the aim is the prediction of the crack arrest
length—which is of high interest for the engineer—the
trivial mode (N = 0) is sufficient. Furthermore, the
relative arrest length £ 4 /£, is somewhat insensitive to
parameters such as the beam geometry or the initial
crack velocity, and is mainly governed by the ratio of
the energy at the blunted crack onset over the surface
energy of the running crack material. A simple method,
based on an energy balance, has been suggested to pre-
dict the crack arrest length, disregarding the complex
dynamic propagation stage, with a good estimation for
moderate ratios. An extension of this method to a beam
with variable section geometry (for instance tapered
DCB), or a dynamic force loading, is straightforward.
The next anticipated continuation of this work is to
consider a complex toughness distribution, and in par-
ticular a layout of small flaws distributed on special
sections of the beam. On the other hand, developments
concerning the material behaviour such as the viscosity
or plasticity, or the application to bidimensional geome-
tries are possible but more complicated.

8 Appendix: Energy derivation for the DCB test

Local motion equations derived from the enrgy bal-
ance:
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dH 9H .  0H

e s
dH(gi,qi) _ U . 0K
di = BCqul aqi%

0K .. .
+—q¢+T1L=0 (I)
9gi

It is deduced that:

0K, d (0K.\ . d (0K
FEAARPTA FYRLY B LPR Py

and that %qi = 2K (for the stationary crack the

kinetic energy is a quadratic form, for the growing
crack, this property cancels but the energy keeps the
property g_fidi + %é =2K)

That leads to:

oK .. d . . d (0K
4 = _E(ZU) =2l — gi—

3 dr \ dg;
aU . . d (0K
=-2—q -2l —qGi— \ —

aqi dt \ 9g;

Inserting this relation in (I), it comes:

3U‘+3K, 28U, T
94; qi 94 qi 9 qi 1

d 0K .
—qi—(— 2I'ie =0
CIldt(aq.i)+ 1

That says:

(K —U) d 0K | . .
HEZD) 200 g —rié =o.
9qi dt 9qi

i=1,N (I

Selecting an arbitrary number of modes N, and making
the difference of the relations (Il) for N and N +1 g¢;,
the following relations hold for each occurrence:

(K —-U K
WK—U) A (RN o vi=1n
da; dt \ 0a;

[B(K—U) d (BK)} .
= 2 _Z(=)|-rii=0,
e dr \ 3¢

Application to the DCB test:

Using the relation (8), the kinetic and elastic energy
relations for N modes are expressed as (with the Ein-
stein summation convention):
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pAéz 1 / /
K = 5 / (Xwi,q (X) + Xa; (1) ¢ (X)
0
¢ 2
—Zdi(t)dn(X)) dX i=1,...N
1
EI 7 ” 2
U= T (Wiar (X) +ai (1) ¢/ (X)) dX
0

The above expression of K (a;, a;, ¢, 0)is clearly a 2™
order homogeneous function of (a;, £).
Deriving K — U with respect to (a;, a;) leads to :

(K —-U
( 9a; ) |: / (X2¢ Wrar + X2¢i,¢}a.i)dx
1
~i [ xo ¢,a,dX} 5 / (/W — 0/ 60X
0
d (K — U) ,
e = A [e/( X¢iwlyy, — Xida))dX

I
+é/(*X¢i¢}dj +¢i¢jdj)dx+ﬁ/¢i¢jiijdx:|
0 0

WK -U)
aai o

L1
52
! [Z [ bt + X050

1
/ X9 de} G / (@) Wy + 9/ 9a))dX

0

d d(K -U) _

45020l oo s

I
+é/(—X¢i¢}dj +¢i¢ja.j)dx+€/¢i¢jﬁjdxj|
0 0

Therefore, the Eq. (24) lead to the following differential
system (using the Einstein summation convention on
the index j):

Lt i\ L 20, i)

i = 7 (Ci+a,€ ) + €

+E (e aycir) - LEI Vi=1,N
62 2 a] 1 €4 Aalul’ 1=

with the following coefficients :
1
c/ = / X¢j¢dX
0
1

ch= / X2w'pld X
0
1

Cl = / Xw ¢;d X

0
1

cl =/X¢;¢,dx
0

In the same way, deriving H = K +U +T'1(£ — £,)
with respect to (¢, £) leads to :

. 1
K —U) £2 1
7| [

+X2w /mt¢ ai +X d) ¢ a,aj)dX + - /¢l¢ja,ajdX:|

3EI
+T£4 ((w;/taz)z + 2wy, bf ai + ¢l{/¢}/aiaj)dx
0
d B(K U) 2
dt az pPA — — /(X stal)

+2x? wsm,qbiai + X2 qbl-q)jaiaj)dX
1
_/ (X1t + X s + Xy )X
0

¢ . .
+7 / QX7 biai +2X i@ aia;)dX

.1
Y4
+2 / (X2 ()0 + 2X %0 Bl + X208 i )d X
0

The equation relative to the Griffith criterion leads to
the single differential equation:

c B i

{ = 25 + — A (—ZajCz —2aja,~C1 )
3ET 2, 2,4
RETEINY (3(wc) ta “i)

(. i . i T
+Z a,-C3+aiajC4 _2,0_A s
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with A = Cy + a;a;C5 + 24;Ci.

Application to the peeling test:

the kinetic and elastic energy relations for N modes
are expressed as (using the Einstein summation con-
vention) :

1

pl? dw ,
K ="— —)dX
202 /(dt )
0
pl?

1
¢
=57 / WoX + zdi(t)qbi(x) — Xa; (¢} (X))*dX

0

1
v="_ / LEAVE WY + aia;(im)28:))
~2un ) \ax )" T 20 HATUR) G
0
Applying the same process than for the DCB case, and
deriving K — U — D with respect to (a;, a;) and to
(£, £), the following equations hold :

.. 1 1
i .
a; = 7 —/XWO¢,'dX+dj / X¢}¢idx
0 0
1

. . 1
2¢ . / Kz 0 / 247
+=aj | X¢ighdX — 7 W —a;¢))X*¢jdX
0

¢
0
N,
—ﬁ;aiui, i=1,N
o . ]
i= C oW — aiglghyax
T2 A i T 499
0
N 042 2
+M((W) +aja;jdiju;)

1 1
¢ . 0 . / l—‘l
+— | —a; | XW ¢;idX +aja; X pidX — —
A J 0
0 0
1 1

A= W%H?3 +a,»a,-/x2¢;.¢;dx - 2a,-W0/x2¢;dX
0 0
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