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Abstract

Due to the harshness and unpredictability of the tidal site environment, the damage induced
by an accidental impact should be considered in the certification of composite cylindrical
structures intended to be used in the design of the composite MJM tidal turbine concept. The
first part of this paper deals with the effect of different failure criteria based on quadratic
stress functions on the low-velocity impact response of thick filament wound glass/epoxy
cylindrical structures. A user-defined material model (VUMAT) applied to three-dimensional
solid elements was implemented into the finite element software Abaqus-Explicit to explore
the effect of failure criteria on the predicted dynamic response with intralaminar damage. The
investigated failure criteria include the two-dimensional Hashin criteria presented by Hashin
in 1973 and extended to the three-dimensional case by including analytically the out-of-plane
stress terms (criteria denoted “Hashin 3D”), the three-dimensional Hashin criteria described
by Hashin in 1980 (criteria denoted “Hashin 3D 1980”), the Puck matrix transverse criterion
coupled to Hashin criteria (criteria denoted “Hashin-Puck”) and Chang-Chang criteria
(criteria denoted “Chang & Chang 19877). The intralaminar damage model includes damage
onset based on quadratic failure criteria, damage evolution, and element deletion from the
solid mesh. FEA analyses are carried out with different low-level impact energies. The
numerical results show different impact responses as well as the damage characteristics
particularly the matrix cracking through the thickness. In the second part the bilinear cohesive
zone model (CZM) is employed for modelling the interlaminar damage. The combination of
the intralaminar damage model with the interlaminar model is applied using an uncoupled
methodology. By comparison with the experimental force-time curves, interface properties
used in the cohesive model have been estimated numerically using a reverse methodology and

a baseline FEA model. The modelling approach has proven to be capable of reproducing
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experimental results with good accuracy. The modelling outcomes and predicted damage are
therefore intended to be applied in the design loop and development of the MJM tidal turbine
prototype where thick filament wound glass/epoxy cylinders are subjected to low-velocity

stones impact.

Keywords: Composite cylinder, impact, dynamic response, progressive damage,

delamination.



1. Introduction

Fibre reinforced matrix composites have been widely introduced in the design of marine
structures due to their high specific strength and stiffness to density ratios as well as their
excellent corrosion resistance. Glass fibre reinforced polymer (GFRP) and carbon fibre
reinforced polymer (CFRP) are the most commonly used for marine applications [1]. Thick
filament wound glass epoxy cylinders are particularly attractive for such application and are
intended to be used in the design loop of the MIM ducted turbine prototype [2] (Fig. 1). Due
to the tidal site environment, the turbine is expected to be subjected to impact loads which
result in progressive damage and may cause a significant strength and stiffness reduction
[3].To fully explore the capabilities of thick filament wound cylinders, it is crucial to
investigate with acceptable accuracy the type of failure and its location under dynamic loads.
Thorough knowledge of the nature of the damage is necessary to enhance the design
efficiency which requires damage tolerance and reliable estimation of the residual lifetime.
However, the development of FEA (finite element analysis) modelling techniques combined
with advanced material models that describe the damage location and growth based on
appropriate failure theory are of great interest to fully master the design loop of complex

structures operating in a harsh environment.

Fig. 1: Inlet cylindrical duct of the MJM tidal turbine and ribs reinforcement at the outlet zone [2]

Damage models have been presented in the literature in recent years dealing with the
application of the continuum damage mechanics (CDM) originally introduced by Kachanov
[4] and well explained by Lemaitre and Chaboche [5], Maire and Chaboche [6] and more
recently by Ladeveze et al. [7] for the failure prediction of composite materials. Research

works [8] [9] have investigated a numerical approach based on the CDM which combines



failure criteria for the damage onset, damage variables for the irreversible damage progression
and fracture mechanics for the final failure. The results have shown that the application of the
CDM can describe very efficiently the damage mechanism in composite subjected to low-
velocity impact loads. However other damage models [10] [11] based on plasticity approach
combined with failure criteria have been applied for composites that exhibits ductile
behaviour under impact loads such as Graphite/PEEK and other thermoplastic composites.
Regardless of the numerical approach, the failure theory of composite under impact load is
mainly described by damage modes including fibres breakage, matrix cracking, delamination

and the interaction between these modes [12].

Many research works published in the literature devoted to the impact modelling of composite
cylindrical shapes have considered for the majority an in-plane stress effect only [13] [14]
[15]. Krishnamurthy et al. [13] determined the impact response for both a cylindrical shell
panel and a full cylinder employing both analytical method and FEA. A parametric study was
carried out in the FEA using the Choi-Chang damage model to analyse the effect of varying
the controlling model parameters such as impactor mass, velocity and curvature of the
cylindrical shell on the impact response and the induced damage. In the analytical method, the
deflection as a function of time at the point of impact was obtained using a numerical
procedure based on the Fourier series and incorporating the non-linear Hertz’s contact law
which enables consideration of local indentation produced by the impactor on the cylindrical
shell surface. As a result, the authors have shown that force-time curves and the extent of
damage obtained for the cylindrical shell panel are very different from that for the full
cylindrical shell and the damage suffered by the cylindrical shell panel is significantly higher
than that of the full cylindrical shell. Khalili et al. [14] have performed quasi-static and
dynamic FEA investigation on composite shell structures and composite cylindrical shells
using different side-to-thickness ratios assuming a linear elastic behaviour and in plane effect.
The dynamic response of different geometries including plate, curved shell laminate, thick
shell cylinder and thin shell cylinder was simulated numerically using both rigid and
deformable impactor mesh. The authors conclude that in the FEA models with a large degree
of freedoms the explicit solver give more realistic results but more CPU time is required. The
authors recommend explicit solvers for solving wave oriented models such as impact
problems. Hyeon [15] analysed the transient response and damage of a composite laminated
cylinder subjected to foreign object impact with consideration of the change in stiffness. The

shear deformation theory of a doubly curved shell and Von Karman’s large deflection theory



as well as a strain—displacement relation including initial strain terms to consider the stiffness
change induced by cylinder stress due to internal pressure were used to develop a

geometrically nonlinear finite-element program.

Tarfaoui et al. [16] [17] carried out quasi-static and dynamic analysis on thick filament
wounded glass-epoxy cylindrical structure with transversely isotropic plies using Abaqus. The
authors developed a numerical impact model implemented into Abaqus based on material
property degradation to predict the progressive failure induced by an accidental impact. Once
failure in an element is detected, the material property corresponding to that particular failure
mode is reduced depending on the material degradation model. However, delaminations were
not considered and no distinction is made between damage initiation and propagation in the

numerical model.

The purpose of this paper is to compare the effect of different three-dimensional failure
criteria including the two-dimensional Hashin and Rotem criteria published in 1973 [18] but
extended to the three-dimensional case by including analytically the out-of-plane terms with a
quadratic interaction between failure modes (criteria denoted “Hashin 3D”), the three-
dimensional criteria such described by Hashin in 1980 [19] (criteria denoted “Hashin 3D
19807), Chang & Chang criteria [20] (criteria denoted “Chang & Chang 1987”) and finally
the Puck transverse criteria [21] coupled with the three-dimensional Hashin criteria [19]
(criteria denoted “Hashin-Puck”) on the prediction of the intralaminar damage behaviour of
thick filament wound glass/epoxy tubular structures under low-velocity impact. The ply
failure model comparing the effect of different failure criteria is performed by developing a
user-defined material subroutine (VUMAT) implemented in Abaqus/ Explicit. The
intralaminar damage model includes damage onset based on quadratic failure criteria where
each criterion is associated to a specific failure mode, linear damage evolution law, and
element deletion from the solid mesh when the element is fully damaged. Initially, the
dynamic response of the E-glass epoxy cylindrical structure is carried out considering only the
intralaminar damage model where four failure criteria have been compared under different
impact energies. Once the effect of intralaminar failure criteria is compared, the interlaminar
damage is included in the model by employing the bilinear cohesive model (CZM) well
described by Alfano et al. [22] and available in Abaqus/Explicit. The combination of the
intralaminar damage model with the delamination model is based on an uncoupled
methodology. By comparison with the experimental force-time curves, interface properties

used in the cohesive model have been estimated numerically using a reverse methodology and
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a baseline FEA model. The modelling approach has proven to be capable of reproducing
experimental results with acceptable accuracy. The damage modelling outcomes are therefore
intended to be applied in the design loop and development of the MJM tidal turbine prototype
where thick filament wound glass/epoxy cylinders are subjected to low-velocity stones

impact.
2. Constitutive Model

2.1. Intralaminar Damage Model

In the orthotropic case and without taking into account the damage occurrence, the behaviour
law of orthotropic composite laminates is described by its initial matrix of rigidity (C;;)

written as follow:

(0'11] [Cll ClZ 613 0 0 0 —l (811]

0-22 CIZ CZZ C23 0 O O | 822

033 Ciz Cp3 C33 O 0 0 €33 0
012 | 0 0 0 Gz 0 0])2e

Lasz 0 0 0 0 Gz O | 2873

o) | o 0 o o0 O 631J k2€31J

The elastic stiffness terms (C;;) are defined as:

C11 = E11(1 = va3v3)l (1.2)

Caz = E3(1 —vy3v3)T (1.3)

C33 = E33(1 = vy2vp1)T (1.4)

Ci2 = E11(va1 +v31v23)T (1.5)

Ca3 = Epp (V32 +vipv3)T (1.6)

C13 = E11(v31 +v21v32)T (L.7)

['=1/(1 = vi2Va1 — Va3V3p — V31V13 — 2V21V32V13) (1.8)

Once the damage initiation criterion is satisfied, the response of the material which describes

the stiffness degradation is defined by the following relation:

(0_11\ dC11 dC12 dC13 0 0 0 ] ( 811
I 0-22 I dClZ dCZZ C23 0 0 0 822
933 _|dC;3 dCp3 dCzz 0 0 0 £33 )
013 0 0 0 dGy3 0 0 2513
0323 0 0 0 0 dGss 0 2523
012 0 0 0 0 0 dGyy t2“—‘12

The damaged stiffness terms (dC;;) are written as [23]:



dCll = (1 - df)Cll (21)

dCy = (1 —df)(1 — dp) (2 (2.2)
dC33 = (1 —df)(1 — dp)C33 (2.3)
dCi; = (1 —df)(1 — dpy)Cey 2.4)
dCy = (1 —df)(1 — dp)Cy3 (2.5)
dCi3 =1 —df)(1 —dp)Ci3 (2.6)
dGi; = (1= df)(1 = Sprdimr) (1 = Smcdme) Giz 2.7)
dGyz = (1 —de)(1 = Spurdimr) (1 = Spcdme) Gos (2.3)
dGz1 = (1 —de)(1 = Spurdimr) (1 = Spcdme) G3q (2.9

d¢ and d,,are the global fibre and matrix damage variables respectively and defined as:

de =1—(1—dfr)(1—dfe) 3)
dpm =1—(1—dmr)(1—dmc) “4)

The superscripts T and C in the damage variables (dfr, dc, dimr €t dpyc) denote the tension
and compression modes respectively. The factors s,,7 and s,,¢ in the definition of the shear

terms dG;; are introduced to control the reduction of shear stiffness caused by matrix tensile

and compressive failure respectively as requested in [24].

2.2. Failure Criteria

Failure criteria of the unidirectional composite are commonly expressed as stress polynomial
function linked to a damage mode and were essentially developed for two-dimensional cases
in orthotropic materials. Paris [25] presented a review of existing failure criteria developed for
fibrous composite materials. However, none of these existing criteria consider the third
direction through the thickness. In total, four three-dimensional failure criteria have been
implemented separately by developing a user-defined material subroutine (VUMAT) linked to

Abaqus software.

In the polynomial function of criteria, o;; are the components of the stress tensor, X7 and X
denote tensile and compressive strength in the longitudinal direction, Y; and Y, denote tensile
and compressive strength in the transverse direction, S;; denote the shear strength in the three

different planes.



2.2.1. Hashin and Rotem 2D criteria (1973) extended to the 3D case

The two-dimensional Hashin and Rotem failure criteria [18] is extended to the three-
dimensional case (denoted “Hashin 3D”) by adding the out-of-plane stress components and

keeping a quadratic interaction between the failure modes.

* Fibre tension and compression:
2 2 2
= (%1 912 913
Fye = (XT) + a(slz) +'B(513) ®)

The coefficients a and 8 regulate the contribution of the shear stress g;, and o435 respectively
to the fibre tensile mode and were set to equal one.
2
Fre=(32) (®)

Xc

*  Matrix tension and compression:

e = (2222)" 4 (22)" 4 (22)] )
P = (222224 (22)' 4 (22 ®

2.2.2. Chang and Chang criteria

Chang and Chang criteria [20] (denoted “Chang & Chang 1987”) have been used by Meo et

al. [26] to simulate the low-velocity impact on aircraft sandwich panel.

* Fibre tension and compression:

Fo= (2) +(22) 4 (22) ©
Fre = (22) +(22) + (22) (10

* Matrix tension and compression:

o = (F22)’ 4 (22" 4 (22)" 4 (22’ an
P = (22272)° () - 1] () (22) o (22" 4 (22) 12

The coefficient 7 regulates the contribution of the shear stress ;3 to the matrix compression

mode and was set to equal one.



2.2.3. Hashin 3D (1980)

In 1980 Hashin [19] proposed three-dimensional failure criteria for unidirectional fibre
composites under cyclic stress (denoted “Hashin 3D (1980)). The proposed criteria present
quadratic stress polynomial function expressed in terms of the transversely isotropic

invariants of the cyclic stress.

* Fibre tension and compression:

o= () + (32) + (22) a3)
Fre = (22 (14)

*  Matrix tension and compression:

2 2 2 2
— 022+033) 023°—022033 (&) (E)
Fnt ( Yr + S23° + S12 + S13 )
2 2 2 2 2
_ 1 Y, _ (022+033) 023 —0322033 (2) (%)
Fine = Yc <(2523) 1) (0-22 + 0-33) + 4S,3” + S;3° + S12 + S13 (16)

2.2.4. Hashin 3D (1980) coupled to Puck criteria

Compared to Hashin and Chang failure criteria, the theory proposed by Puck [21] considers a
fracture plane oriented by a shear angle 0 due to transverse compression failure mode. This
angle is approximatively 53° for unidirectional composite [27]. The criteria denoted “Hashin-
Puck” is similar to “Hashin 3D (1980)” criteria for the fibre tension, fibre compression, and
matrix tension modes except for the matrix transverse compression mode where the Puck

theory is considered.

*  Matrix compression (“Hashin-Puck” criteria):

Fne = (o1 )2+< of )2 (17)
me T \sf+ugop Siz+ui'on
Where:
o' = —0,,c050sin6 + 033c050sinb + 20,3(2cos6% — 1) (17.1)
ol = 0,,c050? + 0335in0% + 20,3c050sinb (17.2)
o' = 01,c0s6 + 0435inb (17.3)
A _ E 1-sing _ _ °

Sty == (—Cos(p )& @ =26 - 90 (17.4)
Up =tan @ (17.5)
ue _ o

o 17.
585 Siz (17.6)



In the above equations, n is the normal direction, ¢ and [ are the tangential directions of the
transverse plane fracture. Sa5 is the transverse shear strength in the transverse fracture plane
determined by the transverse compressive strength Yc and the material friction angle ¢. uf

and u are friction coefficients based on the Mohr failure theory [28].

2.3. Damage Evolution

The evolution of the damage can be defined through a linear, exponential, or other softening
law. In this study, a bilinear model is considered and the strain rate effect is neglected. When
the damage initiation criterion is satisfied, the damage variable (d;) linked to each failure
mode (i) is given by equation (18) [29]. This damage variable varies from 0 corresponding to

undamaged material and reaches 1 when the material is fully damaged.

8/ (8ieq — 82
z,eq( ‘;‘1 ‘;)eq) 8Peq < Bieq < 5{eq (18
5i,eq (5‘ — & )

ieq ieq

di =
The variables 5{"eq,5i,eq, 5{ eq Tepresent the initial displacement, equivalent displacement and

failure displacement respectively. When the point material is fully damaged (d; = 1) the
failure displacement variable is computed from the following equation:
2G;
8eg = =5+ Oeq (19)

Gi,eq

Where G;j is the fracture energy of each failure mode which controls the shaded area of the

softening curve shown in Fig. 2.

A
Elastic response
gl
ieq |+«
0
7]
w
b
e
1)
=]
c
Q
©
s G
=
o
w
0 f
6i,eq 6i,eq

Equivalent displacement

Fig. 2: Intralaminar bilinear law showing the stiffness degradation
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The initial equivalent stress (al ) and the initial equivalent displacement ) eq) at which the

considered damage initiation criterion (F;) is satisfied are calculated as:

leq =0; eq/\/_ (20)
8Leq = Sieq/\JFi (21)

Oieq and J; 0, are equivalent stress and equivalent displacement respectively for each failure

mode and are computed as presented in reference [30] (see Table 1).

Table 1: Equivalent displacement and equivalent stress as computed in the linear softening law

Failure mode Equivalent displacement (5; .4) Equivalent stress (0 c4)

Fibre tension

Loy (£11)% + (£12)? + (£31)2 Leloy1&1y + 012812 + 0318311/ 61
(011 20)
Fibre compression < (833).E33>2 L [E <_ (&33)- E33>] 5

L. |\ 1 —————— c [E11| €11 — / 2,eq
(011 <0) Eiq
Matrix tension

Lo/ (22)2 + (£12)% + (£23)? Lc[(022822 + 012812 + 023823)]/ 83,4

(022 + 033 =0)

Matrix compression 2
&33).E (€33). E33
L, <—522 - <33>—33> + (g12)? Le [Ezz <_522 T Eo ) + 012512] /84.eq
(022 + 033 <0) E; 22

The symbol (g35) employed in the fibre and matrix compression softening modes is the

Mcauley bracket operator:

£33 + |e33]

22
5 (22)

(e33) =

To reduce the strain localization problem, the concept of characteristic length (L.) initially
proposed by Bazant et al. [31] is applied. The introduction of L. controls the damage process
with a proper description of strain softening. The theory is well explained by Bazant et al.
[32] and Pijaudier-Cabot et al. [33]. In the current softening model, we assume that L. of
material point is associated to the element size and equal the cubic root of the solid element
volume. However, L. led to minimize the mesh dependency of the numerical model but does

not entirely eradicate the strain-softening problem.

11



3. Low-velocity Impact of E-Glass/Epoxy Composite Cylinder

3.1. Materials, Geometry and Experimental Procedure

The experimental test on E-glass/epoxy composite cylinders was performed by Gning et al.
[34] [35] to study the dynamic response of cylindrical structures of [£55]10 stacking sequence.
The impacted samples were manufactured using the filament winding process. E-glass fibres
were impregnated with a low viscosity epoxy resin. The resin is an LY556 pre-polymer,
HY905 hardener and DY061 accelerator from Vantico supplier. The cylinders were cured at
125°C for 7 hours. The measured fibre volume fraction and the porosity were determined as
62% and 6% respectively [34]. The cylinders have an internal diameter of S55mm and a wall

thickness of 6.5mm. The adopted notations and coordinates are shown in Fig. 3.

(a) E-glass/epoxy sample (b) Cylinder coordinates system

Fig. 3: Sample and geometry

The drop weight impact test was performed by Gning et al. [34] [35] on samples of 110 mm
length. The samples, placed in a semi-cylindrical cradle, were impacted using a drop weight
device with a hemispherical steel impactor of 50 mm nose diameter. The impactor has a
density of 7800 kg/m3, an elasticity modulus of 210 GPa and a Poisson's ratio of 0.3. The
impactor was equipped with a piezoelectric accelerometer (Endevco 22556-1) fixed in the tip
near the contact point approximately 10 mm from the point of contact with the target. The
impact has a normal incidence and occurs at the mid-length of the cylinder. An anti-rebound
device was used to allow only a single impact during the experimental test. The impact energy
was varied by increasing the drop height to allow the impactor to reach a velocity up to 8 m/s

corresponding to the maximum impact energy of 50 J. Fig. 4 shows the test setup employed in

12



the experimental investigation. Materials properties including elastic and strength constants

are taken from [17] and listed in Table 2.

Table 2: Material property

Property Value
Density, p (kg/m?) 1960
Longitudinal stiffness, E{; (MPa) 49500
Transverse stiffness, E;, (MPa) 15900
Out-of-plane stiffness, E33 (MPa) 15900
Poisson’s ratio, v;, 0.26
Poisson’s ratio, v;3 0.26
Poisson’s ratio, v,3 0.34
Shear moduli, G;, (MPa) 5600
Shear moduli, G;3 (MPa) 5600
Shear moduli, G,3 (MPa) 5000
Longitudinal tensile strength, X; (MPa) 1470
Longitudinal compressive strength, X, (MPa) 888
Transverse tensile strength, Y; (MPa) 66
Transverse compressive strength, Y, (MPa) 99
Out-of-plane tensile strength, Z; (MPa) 66
Out-of-plane tensile strength, Z. (MPa) 99
Shear strength, S;, = S13 = S,3 (MPa) 66

13



Guide rail
height = 4m

Impacteur:

- Masse = 1,61 kg

- Radius = 25 mm

- Piezoelectric accelerometer

2 photoelectric cells |

Acquisition bay
Nicolet, 1 MHz, 16 channels

Tube sample:

2 strain gauges on inner surface of
the tube under the point of impact
- 1 axial

- 1 circumferential

Fig. 4: Impact test setup
Following the main highlights of the experimental investigation:

* The results obtained in the impact tests are the contact force and the impactor displacement
as functions of the contact time. The impact load as a function of time is proportional to the
recorded acceleration signal by the impactor mass. The impactor tip displacement as a
function of time is computed by double integration of the recorded acceleration signal.

* Four different impact energies are considered: 1.992 J, 5.202 J, 10.082 J and 44.760 J.
Three samples for each energy level are tested. Given that the impactor mass is kept
constant at 1.6 kg, the different energies level lead to analyse the effect of velocity on the
dynamic response.

* Two techniques were used to quantify the damage level that occurred in the impacted
samples. The first technique employed the ultrasonic C-scan to inspect the damage
characterisation. The samples were placed on a rotating table into a water tank and a fixed
reflector was placed in the centre of the samples. A stepper motor enables projected images
of attenuation through the wall thickness to be captured. The second technique involved
sectioning, polishing and microscopy tasks. Axial and longitudinal sections were realized

and a fluorescent penetrant was applied to improve damage visualization. The impacted

14



samples were then examined and photographed under ultraviolet light. Further details of

the experimental procedure are specified in [34] [35].

3.2. Finite Element Modelling

The explicit finite element software Abaqus/Explicit is used for impact simulation. Only a
quarter model of the cylinder (Fig. 5) is modelled with attention to the symmetry of boundary
conditions to reduce the FEA computing time. The full and quarter models were compared
and a similar response was obtained [17]. The cradle which is the region of the supporting
cylinder is modelled by constraining all the degrees of freedom. The impactor is defined by
constraining all the degrees of freedom except for the displacement in the vertical axis to

represent the experimental test conditions.

Rigid impactor with initial velocity: Symmetry-X

(a) 1.55m/s, (b) 2.55 m/s, (c) 3.55m/s and

Rigid base _j«

Fig. 5: Finite element quarter model for the impact analysis of the E-glass/epoxy cylinder

Symmetry-Z

Total 20 plies are meshed using 8 nodes linear reduced integration solid elements (C3D8R)
assigned with linear interpolation and mechanical properties listed in Fig. 4 shows the test
setup employed in the experimental investigation. Materials properties including elastic and

strength constants are taken from and listed in Table 2.

Table 2. A uniform smooth mesh with a single element through the thickness direction in each
ply is adopted. Both the cradle and the hemispherical impactor of great stiffness compared to
the cylinder are modelled as rigid bodies using R3D4 elements. Modelling cradle and
impactor as deformable bodies require shell or solid elements that induce higher computation

time. The impact velocity is imposed as an initial condition to the impactor’s reference point.

15



The interaction between the impactor/cylinder and the cylinder/cradle is defined using a
surface-to-surface contact algorithm based on the dynamic penalty method to avoid

penetration of individual nodes of the cylinder into the rigid surfaces.

To predict the intralaminar damage of glass/epoxy cylinder under impact load, the progressive
damage model is implemented as a user-defined material subroutine (VUMAT) linked with
the Abaqus/Explicit. The intralaminar damage model is performed employing the different
failure criteria presented in section 2. The factors s,,r and s,,c in equations 2.7, 2.8 and 2.9
are set to be equal 0.9 and 0.5 respectively [11]. Solid elements deletion from the cylinder
mesh is activated. Once the element is completely damaged which means in the numerical
model that the damage variable of the fibre in the tension mode reaches one, the element is

deleted from the mesh to improve the computation efficiency.

3.3. Mesh Sensitivity Study

The dynamic response in terms of velocity-time and displacement-time curves of the
impactor, force-time and central displacement-time curves is compared for four mesh sizes of
the cylinder while the mesh size of the rigid base is remained constant 15 mm. Fig. 6 shows
four mesh models including 5.0 mm x 5.0 mm, 2.0 mm x 2.0 mm, 1.0 mm x 1.0 mm and 0.5
mm X 0.5 mm which corresponds to coarse, middle, refined and extra refined mesh

respectively.

(a) Coarse mesh (b) Middle mesh (c) Refined mesh (d) Extra refined mesh
(5.0mm x 5.0mm) (2.0mm x 2.0mm) (1.0mm x 1.0mm) (0.5mm x 0.5mm)

Fig. 6: Finite element model for the impact analysis of the composite cylinder with four mesh sizes

Fig. 7 shows the comparison of the dynamic response at 1.992 J impact energy of the four
meshes. The coarse mesh presents numerical oscillations in the force-time curve and leads to

a significant difference in the dynamic response in comparison with the other mesh sizes. On

16



the other hand, the middle mesh presents less discrepancy but the force-time curve still
presents oscillations. The coarse mesh and middle mesh are therefore set aside. The refined
mesh and extra refined mesh present equivalent levels and peak to peak magnitudes of the

impact force.

Fig. 8 compares more specifically the impact force-time curves of the middle mesh (2.0 mm x
2.0 mm), the refined mesh (1.0 mm x 1.0 mm) and the extra refined mesh (0.5 mm x 0.5 mm)
with the experimental curve denoted “experimental Result” at a non-damaging impact energy
(1.992 J). Both mesh sizes present a similar level of stress and lead to consistent shape and
magnitudes with the experimental curve. This correlation provides credibility to the FEA
model as a whole. However, to ensure the accuracy of the FEA model and reduce the
computation time it is not recommended to reduce the mesh size below 1.0 mm x 1.0 mm

(refined mesh).
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Fig. 7: Mesh effect on the dynamic response for non-damaging impact at 1.992 J, V=1.55 m/s
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Fig. 8: Numerical and experimental impact force for non-damaging impact at 1.992 J, V=1.55 m/s

3.4. Intralaminar Damage Results

Simulations are carried out applying four failure criteria denoted “Hashin Extend”, “Chang
& Chang (1987)”, “Hashin-Puck” and “Hashin 3D (1980)” which were implemented into a
VUMAT subroutine linked to Abaqus/Explicit software. The bilinear model includes damage
onset based on quadratic stress criteria, linear damage evolution law and element deletion
from the mesh once the element is fully damaged. The intralaminar model and related
equations are detailed in section 2. Three impact velocities of 2.55 m/s, 3.55 m/s and 7.48 m/s
which correspond respectively to 5.202 J, 10.082 J and 44.760 J are used in the FEA model.
Numerical results using FEA are compared with the impact test results published in [34] [35]
in terms of force-time and displacement-time curves. At this stage interface delamination is
not yet activated in the FEA model as the first objective is to assess the effect of the

intralaminar failure criteria on the dynamic response.

Fig. 9 shows the force-time and displacement-time curves using four failure criteria at three
impact energy levels. FEA filtering technique is used for the three impact energies to reduce
oscillation in the force-time curves. In this FEA, numerical oscillation increases with impact
energy due to the dynamic response of the damaged plies of the cylinder. By comparing with
experimental results, numerical results denoted “Hashin Extend” and “Chang & Chang
(1987)” show lower precision than those denoted “Hashin-Puck” and “Hashin 3D (1980)”
where the force-time curves are smooth and present a well-predicted shape. “Hashin Extend”

and “Chang & Chang” criteria considerably overestimate both the maximum displacement of
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the impactor and the rebound process until the complete separation between the impactor and
the cylinder but “Hashin 3D (1980)” and “Hashin-Puck” lead to closer results. A relatively
acceptable agreement of the force-time curve is obtained between experimental results and
numerical results denoted “Hashin 3D (1980)” and “Hashin-Puck” criteria at 5.202 J and
10.082 J impact energies. At 44.760 J impact energy, the force-time curve of both “Hashin
3D (1980)” and “Hashin-Puck” criteria shows lower accuracy compared to experimental
results and significantly more numerical oscillation appears which indicates the occurrence of
severe damage. Both the predicted contact time and the impactor displacement are longer at
44.760 J impact energy compared with the experimental curves because the cylinder develops
more damage. By comparison with experimental results, the first damage load obtained by
FEA is relatively well captured at 5.202 J and 10.082 J impact energies except for the
“Hashin Extend” criteria where the FEA model presents inaccurate magnitudes. Extending
two-dimensional quadratic failure criteria to the three-dimensional case through the addition
of the out-of-plane stress components as carried out in the “Hashin Extend” FEA model
would not necessarily provide 3D failure criteria even with quadratic stress interaction
between failure modes. This statement leads to excluding the criteria denoted “Hashin
Extend* from the FEA comparison. At 5.202 J impact energy the values of the first damage
load by “Hashin 3D (1980)”, “Hashin-Puck”, “Chang & Chang (1987)” criteria and
experiments are about 3.047 kN, 2.874 kN, 2.693 kN and 3.896 kN respectively, and at
10.082 J impact energy about 4.311 kN, 3.769 kN, 3.718 kN and 5.387 kN respectively. The
figures show that the predicted first load damage is lower than the experimental values.
Beyond the first damage time, the predicted impact force is strongly affected by the failure
criteria used in the FEA. By comparison with experimental data [34] [35], “Chang & Chang
(1987)” criteria lead to larger errors. Putting aside “Chang & Chang (1987)” criteria,
“Hashin 3D (1980)” criteria lead to higher precision and well description of the force-time
curve than “Hashin-Puck” criteria in which the transverse compression mode is based on the
Puck failure theory. However, Puck theory [36] is considered as an improvement of the
Hashin theory [19] as more detailed considerations of the 3D failure mechanism are figured
out and particularly the fracture angle due to the transverse compression load. The possible
reason is that the fracture plane angle as oriented in the “Hashin-Puck” FEA model might not
be suitable for the shear failure of filament-wounded cylindrical structures. Basically, the
fracture angle was determined for uniaxial transverse compressive load case rather than
impact. Hence, an accurate determination of the fracture plane angle in the case of wounded

cylinders under impact loads would be an interesting investigation.
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Fig. 10 shows the matrix tension damage and matrix compression damage of the cylinder
using “Hashin 3D (1980)” failure criteria at the complete separation between the impactor
and the cylinder. Two damage variables called SDV3 and SDV4 in the VUMAT code are
defined for matrix tension damage and matrix compression damage respectively. The damage
of the matrix in both tension and compression becomes more severe with the increase in
impact energy. Matrix tension is found to be the dominant damage mode compared with
matrix compression damage in the range of impact energies. The predicted matrix damage is
well concentrated around the impact region and presents a pyramidal shape. Nevertheless, a
little evidence of fibre breakage is obtained in the area in contact with the impactor. The
predicted pyramidal damage is consistent in terms of damage shape with the experimental
observation of Gning et al. [34] [35]. The test results showed that beyond 4J impact energy,
transverse intra-layer cracks and delamination appear and extend more significantly with the
increase of impact energy. The transverse cracks and delamination propagate through the
cylinder thickness in a pyramidal shape of damage volume (Fig. 11). This phenomenon is
similar to what is reported in the case of impact on flat panels [37]. Gning et al. [34] [35] have
shown that the damage extends further along the tube axis than around the circumference. As
a whole result, the progressive damage model implemented into the VUMAT subroutine
using “Hashin 3D (1980)” failure criteria is considered as a relatively good compromise
between the model accuracy and the computing time in the range of 5 J and 10 J but on
another hand, the damage model still requires the consideration of the effect of delamination.
Therefore the purpose of the section 3.4 is to include the delamination effect in the numerical

modelling.
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(a) Axial dimensions (b) Circumferential dimensions

Fig. 11: Schematic diagram showing measured dimensions in impacted damage area

3.4. Interlaminar damage combination

The experimental observation of Gning et al. [34] [35] pointed out also the occurrence of
delamination between plies promoted through the thickness intralaminar matrix cracks.
However, the intralaminar damage model implemented into the VUMAT subroutine using
“Hashin 3D (1980)” criteria requires improvement and it is necessary to consider the
influence of interface delamination on the predicted progressive damage. The combination of
the interlaminar damage model with the intralaminar damage model leads to enhance the
predicted progressive damage but a higher computation time and modelling complexity are

required.

Interlaminar delamination is now combined with the “Hashin 3D (1980)” FEA model through
interface interaction based on the cohesive zone theory. This approach leads to combine the
ply failure described in the intralaminar constitutive model with the cohesive zone model
(CZM) and the interaction between both damage models as well. A cohesive contact is
applied to the surface nodes between all layers of the cylinder. A total of 19 interfaces were
modelled as a cohesive contact and the bilinear traction-separation law available in
Abaqus/Explicit was employed. The initial response of the cohesive contact is assumed to be
linear and the damage is initiated once the stress failure function is satisfied. Camanho et al.
[38] show poor results when the maximum stress criterion is used and suggest the quadratic

failure stress function as:

2 2 2
ORORTORS &
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Where o,,, o5 and g; denote the traction stress vector in the normal (n) and shear directions ¢
and s respectively. N, § and T are the interlaminar normal and two shear strengths

respectively.

Once the delamination initiation reaches 1 (equation (24) = 1), the delamination propagation
is modelled as a degradation of the interface stiffness following a linear softening law, Fig.
12. Similar to the intralaminar damage model, a scalar damage variable (d) is defined to

represent the delamination propagation under mixed-mode loading [38].
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Fig. 12: Mixed Mode softening law behaviour

The damage variable (d) varies from 0 when the interface delamination is initiated to 1 at the

complete delamination of the interface. &,,, 63, (SYJ;and SMax represent the mixed-mode
displacement, the mixed-mode onset displacement, the mixed-mode final displacement at the
complete interface decohesion and the mixed-mode maximum displacement respectively. &Y,
82, 82 represent the single-mode onset displacement. f is the mixity mode ratio. K,,, K, and
K; are the interfacial penalty stiffness. G, Gf; and Gy}, are the critical interlaminar fracture
toughness in Mode I, II and III respectively. The Benzeggagh-Kenane criterion (B-K
criterion) based on fracture energy is used to predict the delamination propagation under

mixed-mode loading. The critical energy release rate (G.) is given as:

G + Gm)n
Gr

Gr =G+ Gy + Gy

6o = Gf + (G — Giu) ( o6

G is the total energy release rate and » is a material parameter obtained from the mixed-mode
bending test [38]. The mathematical formulation of the CZM and related parameters of the

irreversible mixed-mode softening law are well described in the NASA report [39].

The properties required in the interlaminar model are listed in Table 3. The interfacial penalty
stiffness is set to be high values (k=10E8) as recommended by Camanho et al. [38]. n =1 is
adopted in the FEA model. Gning et al. [34] [35] did not carry out standardized tests such as
DCB (double cantilever beam), ENF (end notched flexure) and MMB (mixed mode bending)

to obtain the critical fracture toughness. The interface properties are taken from Menna et al.
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[40] for a similar E-glass epoxy unidirectional composite. The “Hashin 3D (1980)” failure
criteria implemented into the Vumat subroutine is now combined with the interface model

based on the cohesive theory through an uncoupled approach.

Table 3: Properties used in the cohesive model [40]

Power factor
K,=K;=K, N T A G Giic = Gppe

of the B-K
(N/mm?) (MPa) (MPa) (MPa) (N/mm) (N/mm) o

criterion
10E8 35 65 65 0.345 0.6 1

Fig. 13 shows the force-time and displacement-time curves using intralaminar and
interlaminar model combination denoted “Vumat-CZM” compared with the experimental data
denoted “Experimental” at two impact energies level of 5.202 J and 10.082 J which
correspond respectively to 2.55 m/s and 3.55 m/s impact velocities. The combination of the
intralaminar damage model with the interface model required smaller stable time increments
and a larger amount of increments to complete the simulation time (roughly 2.5 ms). This is
mainly due to the considerable number of composite plies combined with cohesive interfaces.
The filtering technique used earlier in the intralaminar model was maintained but the whole
shape of the impact force presents more oscillations. This behaviour can be caused by the
matrix cracks combined with interface delamination. It is clear from Fig. 13 that the predicted
dynamic response in terms of impact force and impactor displacement for both impact
energies is improved when delamination is considered in the FEA model but heavy simulation

and higher computing time are required.
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Fig. 13: Numerical and experimental force-time and displacement-time comparison using intralaminar

and interlaminar damage combination for different impact energies

The values of the first damage load by “Vumat-CZM*“ and experimental results
“Experimental” at 5.202 J impact energy are about 4.718 kN and 3.896 kN respectively, and
at 10.082 J impact energy about 6.680 kN and 5.387 kN respectively. The figures show that
the predicted first load damage is higher than the experimental value when the delamination
model is included in the simulation but reasonable magnitudes are obtained. Fig. 13 shows
overestimation of load peaks even if the delamination model is combined with the
intralaminar model. This result can be related to the fracture energies which may present
incertitude and can affect the dynamic response. It should be mentioned that in the present

cohesive model the interface properties were taken from a similar E-glass-epoxy material. If
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the measured properties are used to feed the cohesive model the accuracy of the predicted
dynamic response is intended to be improved. Nevertheless, the FEA model based on
intralaminar and interlaminar damage combination by employing an uncoupled approach has

demonstrated its usefulness for the prediction of the dynamic response.

4.4. Influence of interface properties

Interface properties used as inputs in the cohesive damage model are challenging to obtain
experimentally and errors made in the experimental measurement of interfacial strengths and
critical fracture toughness affect the delamination onset and propagation. Therefore the
influence of the variation of interface properties on the dynamic response is analyzed. A
reverse calculation that uses the interface properties taken from the literature [40] as a
baseline is employed to discuss the sensitivity of the cohesive model at 5.202 J and 10.082 J
impact energies. The influence of interface properties is carried out by varying interfacial
strengths as shown in Table 4 while the critical fractures toughness are maintained constant
such as described in the baseline model. The critical fractures toughness are then varied as
shown in Table 5 while the interfacial strengths are maintained constant such as described in
the baseline model. Interface properties including interfacial strengths and critical fractures
toughness are varied to be lower and higher from the baseline FEA model while keeping the

interfacial penalty stiffness and the parameter n constants.

Table 4: Variation of the interface strengths values (K,, = K = K; = 10E8)

N T=S Power factor of the B-K
(MPa) (MPa) criterion
Case A 30 55 1
Baseline 35 65 1
Case B 45 75 1

Table 5: Variation of critical fracture toughness values (K,, = K; = K; = 10E8)

Gy Giic = Gy Power factor of the B-K
(N/mm) (N/mm) criterion
Case C 0.145 0.2 1
Baseline 0.345 0.6 1
Case D 0.745 1 1
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Fig. 14 and Fig. 15 show the comparison between the experimental and the numerical
predictions of the force-time curve using a variation of the interface strengths and the critical
fracture toughness values respectively. It can be observed that the numerical impact force
curve is affected by the interface properties used in the cohesive model. Also, the impact time
becomes longer when the interface properties decreased. However, the global shape of the
predicted force-time curve remains consistent but shifted top or bottom in comparison with
the baseline curve. This is explained by the fact that the damage onset and propagation are
stimulated when the interface properties are lower than the baseline model. By comparison
with the experimental curve, interface strengths in case A (N=30 MPa, S=T=55 MPa) and
critical fracture toughness in case C (Gf=0.145 N/mm, Gf;=Gf;;=0.2 N/mm) lead to higher

precision of the FEA model and therefore are expected to be the nearest to the real interface

properties.
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Fig. 14: Influence of the interlaminar strengths on the impact force curve
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Fig. 15: Influence of the critical fractures toughness on the impact force curve

5. Conclusion

The dynamic progressive damage behaviour of thick glass epoxy cylindrical structure
subjected to low-velocity impact was investigated in this paper. A progressive damage model
that combines the intralaminar damage with the interlaminar delamination was developed
according to the framework conditions of continuum damage mechanics. The intralaminar
damage models using four failure criteria based on quadratic stress interaction and solid
discretization of elements were implemented using VUMAT subroutines linked to Abaqus
Explicit. The delamination is simulated by the cohesive model available in Abaqus Explicit.

The comparison between numerical and experimental results at different impact energies
shows that the intralaminar damage model using ‘“Hashin 3D (1980)” criteria presents the
lowest errors while “Hashin Extend” criteria present the largest errors of the impact force and
impactor displacements. The main explication is that extending two-dimensional failure
criteria to the three-dimensional case by adding only the out-of-plane stress and strength
components as carried out in the “Hashin Extend” FEA model does not provide three-
dimensional failure criteria even with keeping a quadratic interaction between failure modes.

“Hashin 3D (1980)” failure criteria is considered as a relatively good compromise between
the model accuracy and the computing time but not entirely sufficient to describe the full

damage mechanism as it is essential to combine the intralaminar model with the delamination
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model for a better prediction of the dynamic response. The intralaminar and interlaminar
models combination is based on an uncoupled approach. The numerical results are of the
same order of magnitude as the experimental measurements but heavy simulation and higher
computing time are required. The interlaminar model is sensitive to interface properties used
to feed the cohesive law. Interface properties affect the delamination onset and propagation
when errors are made in the measurement of interfacial strengths and critical fracture
toughness. The reverse calculation allowed estimating numerically the effective interface
properties using experimental results and a baseline FEA model. The modelling approach has
proven to be capable of reproducing experimental results with acceptable accuracy. The
damage model developed in this paper presents a baseline for our future investigation in terms
of damage prediction and failure mechanism in filament wounded cylindrical structures under
impact loads. Finally, the modelling methodology is intended to be applied in the design loop
and development of the MJM tidal turbine concept where thick filament wound glass/epoxy

cylinders are used in the design investigation to carry dynamic loads.
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