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A B S T R A C T

Although many composite structures are inconsistently curved, such as the leading edges of aircraft wings, the
variety of research in impact engineering is almost limited to the impact performance of plates or cylindrically
curved specimens. It is not known whether the findings obtained from standardized tests can be transferred
to curved structures or which adaptions are required. Therefore, a deeper understanding of the deformation
and damage behavior of inconsistently curved structures is essential to transfer the observed impact behavior
of flat specimens to general curved structures and therefore to utilize the full lightweight potential of a
load-specific design. An accurate description of the procedure as well as the results of the experimental
and numerical study of the low-velocity impact behavior of differently single-curved elliptic specimens is
presented. To close the research gap of the impact behavior of geometries with curvatures between the plates
and simplified leading edges, novel specimens geometries have been derived from established impact test
standards. Glassfiber-reinforced specimens are subjected to an instrumented impact test at constant impact
energy. This is numerically investigated by a stacked-layer model, which used cohesive zone modeling to enable
the simulation of matrix cracking, fiber fracture and delamination. The resulting projected damage areas, as
well as the force and deflection histories, were evaluated and section cuts were examined to discuss the damage
morphology, formation and propagation process. Significant effects on maximum deflection, compliance and
dynamic behavior on the size and morphology of damage were found.
1. Introduction

In structures made of composites, such as aircraft wings, a potential
collision with solids or other low-energy impact scenarios must be
expected during regular operation. Such impact damages occur on a
moving aircraft during takeoff and landing, primarily on parts that
face in the movement direction, such as wing leading edges, the lead-
ing edges of the engines or pitch elevators and side rudders. Due to
aerodynamic reasons, these structures have an approximated elliptical
cross-section and are supported with stiffening elements to achieve a
load-compatible design. The increasing use of fiber-reinforced compos-
ites for weight reduction has increased the importance of predicting
the severity of impacts. The damage mechanisms of composites are
complex due to the inhomogeneous stacking of several anisotropic
layers, and resulting damages inside the structure are often not or
hardly visible from the outside. Under certain circumstances, these
impact scenarios can cause a Barely Visible Impact Damage (BVID). It
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must be ensured that their effects do not cause any progressing damage
until they are detected in regular maintenance.

BVIDs can reduce the laminates load-carrying capabilities drasti-
cally by delamination formation, matrix cracking, and in severe cases,
fiber failure inside the structure [1,2]. Designers of composite struc-
tures require an improved understanding of how laminates respond to
impact loads which do not cause visible damage to make use of the
materials full lightweight design potential. Different modes of damage
may occur during an impact event at varying locations within the struc-
ture, whereby the damage modes are interacting. The final morphology
of the damage is dependent on several structure-inherent parameters
like the geometric shape of the structure, the predominant boundary
conditions, the laminate lay-up, the resulting thickness and the material
of the single-layers. Out of plane impact scenarios are characterized
by the impactor material, the impactor mass and the impactor veloc-
ity [3,4]. An example for a typical damage propagation mechanism
is the initiation and interaction of delaminations with matrix cracks.
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In the contact area of the impactor, cone-shaped damage is initiated
by intralaminar matrix cracks or by bending stresses on the opposite
laminate side that subsequently propagate [1,4–6].

1.1. Significance and scope

The impact behavior of fiber-reinforced composite panels and their
residual load bearing capacity has already been researched intensively.
The low-velocity impact behavior of curved composite structures was
investigated primarily on different cylindrical curved specimen [7–12]
and airplane panels [2,13–15]. Literature concerning the low-velocity
impact behavior of inconsistently curved composite structures, like in
this work, only addresses numeric evaluation of bird-strike events by
means of smoothed particle hydrodynamic bird models [16,17]. It is
generally accepted that delamination threshold loads (DTL), evaluated
from sudden load drops found in force-time histories of out-of-plane
impact loads of plate-shaped specimens are indicators for the laminate’s
capability to resist impact damage. This might be useful in a damage-
tolerant design concept of actual composite structures [18]. Up to this
day there is still no uniform and established method for transferring
the damage tolerance of flat plates to curved structures.

This work considers the research gap of the impact behavior of
differently elliptically curved composite structures on the basis of tests,
whereby the geometry is varied from flat half-ellipses to strongly
elliptically curved specimens. The investigation is addressed in an
experimental-numerical approach to evaluate the influence of the ge-
ometry on the transient impact behavior and damage formation.

1.2. Impact of curved composites

Ambur and Starnes [7] studied the response and failure charac-
teristics of cylindrical curved, quasi-isotropic laminates made from
graphite-epoxy. They subjected curved 16-ply-thick and 8-ply-thick
[+45∕0∕−45∕90]𝑛𝑠 laminates to low-velocity impact of about 2 J by a
1.13 kg drop-weight impactor with a hemispherical tip of 12.7 cm
diameter. The specimens had the outer dimensions of 22.86 cm by
12.7 cm and a height determined by the radii 38.1 cm, 76.2 cm and
152.4 cm. It is concluded that for cylindrical curved specimens sub-
jected to a constant level of impact energy, the contact force depends
on the laminate thickness and the curvature radius. As the radius of
curvature increases, the maximum contact force decreases (lowest and
medium-high geometry) and then increases (medium-high sample to
highest geometry).

Kim et al. [9] performed a three-dimensional numerical analysis
of CFRP plates and curved shells to study the dynamic behavior,
the effects of different lay-ups and the impact-induced damage. The
geometrical model with the length and width of 8 cm and radii 5 cm,
10 cm, 100 cm and ∞ cm (a plate) with the lay-ups [04∕904]𝑠, [904]𝑠
nd [+454∕−454]𝑠 is simply supported on all edges. One eight-noded
rick element through thickness is used to represent a group of four
eighboring plies with the same fiber orientation. To model failure,
atrix cracking is predicted by Hashin’s [19] failure criterion and a

emi-empirical ellipsoidal delamination-criterion assuming delamina-
ion initiation by matrix cracking. It has been observed that increased
ontact forces are caused by a higher curvature of a cylindrical com-
osite shell and that the delaminated areas of the cylindrical shells are
arger than those of plates at the same impact speed.

Krishnamurty et al. [8] predicted the impact response and damage in
arge laminated composite cylindrical shells by finite element methods.

The FE-Code takes matrix cracking, fiber breaking and delamination
s well as a reduction of the stiffness of the failed lamina into account
s suggested by Choi and Chang [5,20,21]. The effects of impactor mass
nd velocity and geometric non-linearity is included. Effects of simply
upported or clamped boundary conditions were found to be important
o the impact response of curved laminates. Simply supported edges
nduced higher impactor deflections and consistently more flexible
2

esponses whereas clamped boundaries induced stiffness. An increased
urvature (the reciprocal of the tangential radius of the arc section)
esulted in lower deflections and contact times, while the maximum
ontact forces increased only slightly. It is suspected that dynamic
eformation waves generated by the impact, which are reflected by
oundaries, alter the course of contact force after maximum contact
orce.

Kumar et al. [10] studied the effect of impactor parameters and lam-
nate lay-up on the impact response and impact damages in cylindrical
urved laminates with the 3D finite element software ANSYS/LS-DYNA.
rthotropic and quasi-isotropic laminates were considered. Again the
roposed damage-criteria for matrix cracking and delamination ac-
ording to Choi & Chang [22,23] were used to account for direction
ependent stiffness reduction of the failed elements. It was shown
hat a degradation of the stiffness corresponds with an increasing shell
eflection, a reduction of the maximum contact force and the increased
xtent of matrix cracks and delamination whereas the greatest extent
f the delamination area corresponds with the fiber direction of the
mpact-averted side. The increased curvature induced an increased
aximum impact force and a reduction of the amplitude caused by
atural oscillations for which a curvature stiffening effect is found to
e accountable. A damage mechanism induced by the matrix cracks
n the bottom-most ply, due to bending stress, and subsequent Mode
inter-laminar tensile fracture was identified from damage criterion

valuation.
Short et al. [12] presented an experimental study of the compression

fter impact strength of flat and curved glass fiber reinforced plastic
GFRP) [0∕±45∕0]𝑠 laminated panels. The specimen were subjected to
nstrumented 6 J low velocity impact tests clamped within a square
0 mm window. A set of laminates was solely used for impact dam-
ge inspection by thermal de-ply, cross-sectioning and micrography,
eglecting CAI testing. The projected impact damage area determined
y light transmittance method for a curved laminate was found to be
reater than that for flat ones whereas the individual delamination
hapes found by thermal de-ply are comparable. The cross-sections
how a pine-tree damage pattern whereas no drastic effects of different
urvatures were found.

Ehrlich [24] investigated quasi-isotropic plates and shallow curved
FRP specimens regarding their impact and damage behavior with both
oncave and convex curvatures. It turned out that convexly curved test
pecimens induce significantly greater damage than flat and concave
pecimens showing less damage than flat specimens. Even a slight
urvature is sufficient to achieve a shell-like stress state. Introduced
ransversal loads are not only beared by lateral forces and moments but
lso by membrane forces. The membrane stresses caused by the shell
nfluence the proportion of transversal shear stresses and therefore the
elamination area.

. Experimental setup and numerical model

By simplifying the generalized wing cross-section to a symmetrical
emi-ellipse, the influence of the curvature on the impact behavior can
e determined by laboratory-scale experimental studies. Ellipses are
enerally defined as a special case of a conical cut section with axis-
arallel symmetry axes. With the center point (𝑦, 𝑧) = (0, 0) of the ellipse
n the origin of the considered coordinate system, the center-point
quation of an ellipse is
2𝑦2 + 𝑎2𝑧2 = 𝑎2𝑏2, (1)

here the symmetry axes 𝑦 and z coincide with the semi-axes a and b.
he width of the elliptic section between the clamps is chosen to be 2𝑏 =
00mm based on the plate dimensions of the standards DIN 6038 [25]
nd ASTM D7137 [26]. The dimension of the second half-axis is varied
etween 𝑎 = 25mm and 𝑎 = 100mm in steps of 25 mm.

The specimens are designated on the basis of the dimensions of the
ength 𝑎 of the varied semi-axis of the elliptical shape, whereas the
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Fig. 1. Exemplary representation of specimen geometry E100, the circumferential
direction 𝑢 and the schematic clamping device.

Table 1
Specimen labeling and geometry parameters.

Label 𝑎 𝑏 𝑢 𝜅
– in mm in mm in mm in mm−1

E25 25 50 121 0.01
E50 50 50 157 0.02
E75 75 50 198 0.03
E100 100 50 242 0.04

length 𝑏 of the second semi-axis is constant. The maximum lateral width
and length of the specimens is 150 mm, derived from above-mentioned
standards. The lateral flat sections of two EN6038:2015.2016 specimen
edges in Fig. 1 are added to clamp the specimen. The curvature 𝜅 refers
to the inverse circle of curvature 𝑅 of the main apex

𝜅 = 1
𝑅

= 𝑏
𝑎2

(2)

nd the circumferential length 𝑢 is considered regarding the convex
urface, starting at the apex, as indicated in Fig. 1.

Table 1 summarizes the investigated geometric parameter combina-
ions.

.1. Experimental procedure

All specimen used in this work were made of Sigrapreg G U300-
/NF-E320/35% unidirectional GFRP prepreg by the company SGL Car-
on [27] with the fiber direction 0◦ along the circumference and 90◦ in
arallel with global 𝑥-direction. The quasi-isotropic [+45∕0∕−45∕90]4𝑠
aminate, with [+45] on the outsides, is stacked in convex aluminum
olds which are vacuum bagged and cured by the supplier’s recom-
ended autoclave process. After curing, the edges of the specimens
ere trimmed with a diamond saw to fit the lateral dimensions as stated
bove.

For impact testing, each specimen was fixed with a specifically
esigned device on the base of the drop tower so that a lateral clamping
ithout pretension in the plane was assured, as shown schematically

n Fig. 1. After the impact test the outline of a damage area was
arked on a translucent foil using a strong 14.4 W LED of the company
resser underneath the semi-transparent specimen. The actual area is
hen quantified by the help of the light microscope Keyence VHX-5000
nd the software VHX Ver. 1.3.2.4. This procedure allows the adequate
etermination of the projected damage areas despite the varying cur-
ature along the circumference. After impact small specimen were cut
ut by a diamond saw for the determination of the fiber volume content
3

ccording DIN EN ISO 1172 [28]. e
The position of the delaminations through-thickness as well as the
ropagation in the circumferential direction is of particular interest to
nvestigate the effects of the geometry. The section cuts are created in
he plane of curvature through the centrally located impact point.

.2. Instrumented impact testing

The impact is generated by a rail guided, otherwise free-falling,
ass with a frontally mounted hemispherical indentor of 𝐷 = 16 mm
iameter to provide defined and consistent impact conditions according
o DIN EN 6038-1 [25] and ASTM D7136 [26]. The total mass of the
rop-weight is 864 g. The adjustment of the measured kinetic impact
nergy, i.e drop-weight and target impact velocity, is controlled by the
istance between drop height and specimen vertex. Due to the high
ccelerations and the dynamic process a piezoelectric force transducer
s instrumented.

A load cell PCB 208C05 is bolted in between the carriage of the
rop-weight and the indentor. The frequency resolution is theoretically
imited by interferences of natural resonances and the AD-Converter.
he load cell contains current-to-voltage transformation electronics,
hich are supplied by a signal conditioner. A NI 9223 AD-Converter
ith 16 Bit and 1 MHz resolution is used to convert the analog force-
roportional signal.

The course of the impactor velocity, the displacement and the
nergy transmitted to the specimen is calculated according to ASTM
7136 [26]. The absorbed energy 𝐸𝑎(𝑡) is calculated by the measured

ransient contact force 𝐹 (𝑡) using numerical methods to integrate the
ignal. With the initial impact velocity 𝑣𝑖, the drop mass 𝑚 and the
ravitational acceleration 𝑔, the velocity 𝑣(𝑡) of the impactor is

(𝑡) = 𝑣𝑖 + 𝑔𝑡 − 1
𝑚 ∫

𝑡

0
𝐹 (𝑡) 𝑑𝑡 (3)

and the deflection-time history 𝛿(𝑡) is

𝛿(𝑡) = 𝛿𝑖 + 𝑣𝑖𝑡 +
𝑔𝑡2

2
− 1

𝑚 ∫

𝑡

0

(

∫

𝑡

0
𝐹 (𝑡) 𝑑𝑡

)

𝑑𝑡. (4)

With the course of the velocity 𝑣(𝑡) and deflection 𝛿(𝑡) during
he impact process, the energy 𝐸𝑎(𝑡) transferred to the specimen is
onsidered by the kinetic and potential energy components

𝑎(𝑡) =
𝑚
(

𝑣2𝑖 − 𝑣(𝑡)2
)

2
+ 𝑚𝑔 𝛿(𝑡). (5)

The part of kinetic energy transferred to damage formation is 𝐸𝑎(𝑡𝑖)
whereas 𝑡𝑖 is the time step the impactor lost contact and the force drops
to zero 𝐹 (𝑡𝑖) = 0. It is assumed that the impactor is always in contact

ith the vertex of the specimen.

.3. Numerical model

A first numerical model of the experimental impact test was set up
n Ls-Dyna to further investigate the impact behavior of the elliptically
haped specimen. The transient contact force, the displacement and the
atio of maximum extent of damage is compared to the actual impact
est results. Furthermore, the effect of damage formation to the force
ime curves is investigated by neglecting failure in a second numerical
tudy.

.3.1. Global/local mesh strategy
To reduce the number of elements and therefore for computa-

ional time reduction a solid/shell modeling technique, like shown
y Sun and Hallett [2], was applied by separating the geometry in
wo distinguished meshing regions [2,13]. A central impact region
ith solid-elements is used to represent the individual plies including
cohesive-zone model of the bonded plies. The surrounding linear-

lastic region consists of shell elements used to introduce the boundary
onditions. These regions are coupled by a transition part of solid

lements, see Fig. 2(a).



International Journal of Impact Engineering 180 (2023) 104663J. Gebhardt et al.
Fig. 2. (a) Isometric view of model E100 and detailed section of the implemented solid/shell modeling approach and (b) stacked side-view of all geometries used in the numerical
investigations.
With the knowledge of the extent of damage from the experiment,
the size of the region of interest was chosen to be 25 mm around the
impact point. A central square area of 50 mm length in circumferential
and 50 mm in global × direction was meshed with one element through
thickness per ply to ensure a constant element size. The elements
on the edges of the central region were connected to the transition
part through tied-surface-contact conditions. To connect 16 plies of
solid elements with a single shell, a transition part with 4 solid el-
ements through thickness was included. The connection between the
transition part and the shell was established by nodal rigid bodies to
constrain nodes on a line through thickness and to enforce rotational
and translational continuity, conforming with thin shell theory [2].

The nominal element size in the fine meshed solid region of interest
was (0.25 × 0.25 × 0.156) mm, only with small deviations through
thickness due to the curved geometry. All shell elements and the
elements of the transition zone had the dimensions (2 × 2) mm. The
latter were 0.625 mm thick. This meshing strategy resulted in 1.192
million nodes in the region of interest for every geometry, 2160 nodes
in the transition part and in between 3845 for geometry E25, to 8218
nodes for geometry E100, in the shell region.

2.3.2. Materials and parameters
The clamping of the test set-up was represented in the numerical

model by constraints of the undermost nodes of the specimen geometry,
see Fig. 2(b). The impactor is a rigid (Mat_2) hemisphere, initially in
contact with the topmost solid layer. To introduce the kinetic energy
of 7 J, the initial velocity 𝑣𝑖 = −4.034m/s and the mass of the impactor
is adjusted according to the actual impact test. To provide a proper
bending stiffness in the elastic regime, element formulation 1 and
Belytschko–Bindeman [29] assumed strain co-rotational stiffness form
hourglass control (type 6) with a coefficient of 1.0 is used for all solids.
Due to the fact that only one element over the thickness is used per
ply it is likely to observe hourglassing when the elastics constants
are degraded after failure occurs and further deflection is induced.
Therefore, the results were critically examined for plausibility and the
proportion of hourglass-energy per part was checked and found to be
negligible.

The local orthotropic material axes were defined by rotating the
material axis about the element normal by the angle of the ply. The
normals of the elements point in the direction of the concave side of the
elliptic geometry. Matrix crushing, fiber crushing, shear failure and the
delamination criterion in Mat_22 are suppressed by high strength values
of 1 GPa. Delamination is implemented by cohesive zone modeling. The
degradation scheme for the elastic moduli of the material model is 𝐸1 =
0 in case of fiber failure, which is calculated according to the Chang
4

Table 2
Material parameters and interface properties.

Material properties of Mat_22 Ud-GFRP

Longitudinal modulus 𝐸1 45.075 GPa
Transverse modulus 𝐸2 10.540 GPa
Through-thickness modulus 𝐸3 10.540 GPa
Poisson’s ratio 𝜈12 0.276
Poisson’s ratio 𝜈13 0.276
Poisson’s ratio 𝜈23 0.3
Mass density 𝜌 2000 kg m−3

Shear modulus 𝐺12 3.804 GPa
Shear modulus 𝐺23 3.76 GPa
Shear modulus 𝐺13 3.804 GPa
Bulk modulus of failed material 𝐾𝑓 2 GPa
Tensile strength in fiber direction 𝑋𝑇 1300 MPa
Transverse tensile strength 𝑌𝑇 80 MPa
Material properties of Mat_2 IMPactor

Young’s modulus 𝐸 210 GPa
Poisson’s ratio 𝜈 0.3
Mass density 𝜌 7890 kg m−3

Interface properties of tiebreak Interlaminar

Mode I failure stress limit 80 MPa
Mode II failure stress limit 150 MPa
Mode I energy release rate 1.139 N/mm
Mode II energy release rate 2.61 N/mm
Contact Stiffness CN 50 GPa

& Chang [22,23] failure condition, and 𝐸2 = 𝐺12 = 0 in case of tensile
matrix failure [30]. Therefore, Mat_22 accounts for fiber failure and
matrix cracking which is an approximate simplification of the three-
dimensional failure mechanics and sufficient to reveal dominant failure
modes anticipated in the low-velocity impact case of thin laminates.

Different types of zero-thickness discrete cohesive elements and
cohesive contacts are available in Ls-Dyna to represent initiation and
propagation of delamination [31,32]. The considered model is gov-
erned by a quadratic delamination-initiation criterion, a mode specific
bilinear traction separation law, based on release rates, and a strength-
based softening. Tiebreak contacts with the definition of contact sets
are used to ensure the correct evaluation of the through-thickness
stresses in terms of compression and tension.

To represent the boundary zones between individual single plies,
automatic one way surface based tiebreak contacts are included to
reveal possible delaminations. Tiebreak contact type 9, which is de-
rived from Mat_138, is used with a stiffness ratio of unity and the
material parameters in Table 2 without damping. A bilinear traction–
separation law governs the damage formation. The material parameters
were determined by numerical calibration using experimental results of
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Fig. 3. Experimentally determined projected delamination boundary of the geometry
(a) E25, (b) E50, (c) E75 and (d) E100.

double cantilever and end notched flexure tests as well as analytically
corrected beam theory calculations. Element formulation 2 is used
for all shell elements with the shear correction factor 5/6 [31], five
integration points and hourglass control type 4. The three-dimensional
position of the failed tied contact is evaluated in respect to the co-
ordinate system of the undeformed geometry whereas experimentally
determined delamination shapes were evaluated in a projection view
regarding the specimen’s surface.

3. Results and discussion

The high repeatability of the experiments allows that in this work
only one representative copy per geometry is displayed. The cured
specimens are nominally 2.75 mm thick and the average fiber volume
fraction is 61.8%.

3.1. Impact test analysis

In the following, the maximum damage area extent in the circum-
ference 𝑢 = 𝑢𝑚𝑎𝑥 − 𝑢𝑚𝑖𝑛 and in parallel to the apex 𝑥 = 𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛,
according to the coordinate system shown in Fig. 4, is highlighted.

Fig. 3 depicts projected maximum damage extents of one spec-
imen of every geometry investigated prior to cross sectioning. The
centrally located and more translucent, eventually undamaged, ring
was neglected in failure area determination. This observation is familiar
from plates damage morphology and is caused by compression of the
laminate by the impactor, which restrains crack opening [33] in an
downwards opening conical segment [6].

In general, the damage area 𝐴 decreases from Fig. 3(a) to (d)
whereas the specimen curvature increases. A slight difference in be-
tween the delamination area of specimens E25 and E50 does not
comply with this first observation. The increase of the damage area
from E25 (𝐴 = 978mm2) to E50 (𝐴 = 1079mm2) is followed by a
pronounced decreasing damage area of E75 (𝐴 = 760mm2) and E100
(𝐴 = 520mm2) which was also shown by Schlamp [34].

The deviations are mainly established by a decreasing trend of the
maximum extent of the damage area 𝑢 in circumferential direction with
increasing curvature whereas the extent 𝑥 increases slightly.

Fig. 4 depicts the positions of delaminations and matrix cracks of
representative specimen reproduced from cross-sections examined by
digital microscopy. For all examinations, it applies that the area directly
under the impact site shows less delaminated interfaces than the adja-
cent area. The through-thickness delamination density decreases from
there on, in the circumferential direction 𝑢.

The maximum circumferential damage extent is determined by
three leading delaminations, Fig. 4(a) and (b), or two leading delam-
inations, Fig. 4(c) and (d), leading delaminations and increases with
decreasing curvature. These leading cracks were always situated above
a [0]-ply, except for the topmost leading crack in Fig. 4(d), which was
situated underneath a [0]-ply. Apart from the mentioned outlier, this
damage morphology might be explained by bending stiffness variations
throughout the laminate thickness, that explains the formation of the
peanut-shape [35] delamination formation of composite plates. Because
the bending stiffness is primarily dependent on the fiber direction,
5

Fig. 4. Delamination and matrix cracks of specimen with geometries (a) E100, (b) E75,
(c) E50 and (d) E25.

a bending stiffness mismatch of a [±45∕0]-interface promotes mode
1 crack tip opening in 0◦-direction by local concave bending of the
bottom [0] ply and more flexible local bending of the top [±45] ply. The
inverse, crack restraining, effect takes place at the [0∕±45]-interfaces.
The higher the curvature of the specimen, the more centralized the
damage appears. At least in the cross-section plane, the topmost ply
does not exhibit any matrix cracks whereas the bottom most ply is
cracked at least once. This observation is also valid for general visual
inspection of the specimens. The compliance of all geometries is large
enough to prevent breakage due to contact-induced stresses between
the impactor and the first layer of the laminate whereas the large
deflection induce matrix cracking due to bending.

3.2. Impact simulation damage analysis

The modeling strategy with discrete cohesive zones and single-
layer modeling was chosen to map the dominant failure modes and
predominant damage mechanisms. The determined elements which
degraded due to matrix cracking of all four geometries are shown in
Fig. 5. The coloring corresponds to the 16 different individual layers.
Depending on the orientation of the ply and the transverse stress of the
elements, matrix fractures increasingly occurred at layers with a [±45]
orientation whilst almost every ply exhibited matrix failure.

The total number of failed elements was inversely related to the
projected delamination area. While the geometry E100 showed the
most interfiber failure, the proportion of the geometry E50 was the
lowest. This is an indication for a shift of energy transferred from
interlaminar damage to intralaminar damage with increasing curva-
ture. The propagation of damage in circumference was the widest in
the bottommost [−45] single layer of geometry E100. According to
the numerical results, damage starts with early matrix cracks on the
lower, impact opponent side plies. The number of elements failing due
to matrix fracture increases dramatically just before the contact force
approaching the DTL, resulting in a widespread failure across all layers.

3.3. Instrumented impact test data

Fig. 6 depicts the experimental and numerical results of the impact
tests. The numeric contact force Num. 𝐹 (𝑡) is extracted from database
rcforc by an implemented force transducer contact of the indenter
and the displacement Num. 𝛿 is sourced from database matsum. The
force measurement results Exp. 𝐹 (𝑡) of and the experiment are filtered
with SAE 8000 but the experimental deflection Exp. 𝛿(𝑡) is calculated
from unfiltered data according to Eq. (4). The numeric results are not
filtered.
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Fig. 5. Elements failed due to matrix cracking of the geometry (a) E25, (b) E50, (c) E75 and (d) E100.
Fig. 6. Comparison of transient experimental (Exp.), numerical with damage (Num.) and numerical linear-elastic (Elast.) force 𝐹 (𝑡) and displacement 𝛿(𝑡) results for the geometry
(a) E25, (b) E50, (c) E75 and (d) E100 at 7 J impact energy.
Besides the numeric results Num. 𝐹 (𝑡) incorporating damage, re-
sults from linear-hyperelastic calculations Elast. 𝐹 (𝑡) without failure
criteria are displayed to evaluate influence of damage formation, which
is not physical, but reflects the dynamic structural behavior.

The numerical models reflected the course of the transient contact
force 𝐹 (𝑡) and deflection 𝛿(𝑡) of the experiments with sufficient accu-
racy. In the initial phase of increasing contact force 0 < 𝑡 < 0, 5 ms,
it can be seen that the numerical models respond less stiffly than
the actual specimens. This more compliant behavior was especially
dominant in the further force curve after 𝑡 > 0.5ms whereat the
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lateral higher specimens E75 and E100 in Fig. 6(c) and (d) induced
vibrations with frequencies lower than indicated by the experiment.
Therefore, the evaluation of e.g., the impact duration must be treated
with some reservation, with respect to the specimens’ geometry. The
detachment of the impactor from the specimen vertex is distorted by
natural vibrations. This becomes even more effective with an increasing
length of the unwound circumference 𝑢.

The determination of a delamination threshold load by mere visual
inspection of the experimental force-time histories is not certain since
differences between force drops due to specimen vibration and force
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drops due to damage formation are not distinct and no method for
determining the DTL in this case is established. There are at least three
sources of oscillations of the force signal which might occur superposed.
These are the excited natural frequencies of the tested structure and
the impactor and the actual load drops due to a DTL, which all are
superimposed and blurred by the mass-inertia of the impactors cap in
between the load cell and the specimen.

The numeric model is used to find and understand delamination
formations. A result of the numerical model is the transient contact
force curve. The rather flat, mildly curved, test specimens E25 and E50,
see Fig. 6(a) and (b), show distinct force drops whereas the DTL is less
pronounced at higher curvatures E75 and E100, see Fig. 6(c) and (d).

Another observation is that although the most curved specimen
E100 shows the less pronounced DTL, multiple load drops are present
which correlate with delamination expansion, as observed in the nu-
merical models. One reason for this could be the natural frequencies,
which lead to time-dependent deformation. Due to the global bending
caused by the deformation in the excited normal mode, which does
not necessarily lead to an increased contact force, further interlaminar
stress is induced. This may result in further delamination initiation
and propagation in superposition with the local bending, caused by the
impactor.

In Addition, Fig. 6 shows the linear-elastic calculation results for the
theoretical contact force Elast. 𝐹 (𝑡) without damage. The initial linear-
elastic regime in between the initial contact and before the first DTL
is in accordance with the numerical results including damage. After
the corresponding time steps of the first DTL, Elast. 𝐹 (𝑡) rises quickly,
because the excited vibration of the structure results in a movement
of the vertex against the impactor movement direction. The modal
effective masses of the corresponding normal mode increase with the
lateral height of the geometry such that the natural frequency decreases
and the resulting amplitude of the contact force increases. This supports
the assumption of the role of normal mode deformation mentioned
above.

The course of the deflection Exp. 𝛿 and Num. 𝛿 shown in Fig. 6
agrees reasonably well. It can be seen that with increasing curvature
of the specimens the maximum deflection decreases as well as the
delamination area decreases by trend. Therefore, the effect of geometric
compliance, resulting in higher deflections, is in accordance with a
delamination area formation, which supports the assumption of bend-
ing dominated delamination propagation. Due to the chosen specimen
design, the most curved specimen E100 exhibits the highest elastic
potential.

4. Conclusion

In this research, the damage formation and dynamic impact behav-
ior of elliptic curved specimen was considered. The results indicate that
the targets’ ability to absorb energy in elastic deformations determines
the low-velocity impact-resistance with respect to projected delamina-
tion surface extents. The amplitude of oscillations increases with the
lateral height of the target. The numerical model indicates more than
one delamination propagation phase especially in case of lateral high
structures which is possibly induced by normal mode deformation.

A geometric stiffening effect of curvature with respect to a point
load is observed. The circumferential delamination extent is con-
strained by increasing curvature whereas the delamination extent in
the straight cross-section of the vertex rather increases with increas-
ing curvature. Damage localization and subsequent large deformation
supports the delamination propagation along the circumference. The
delamination supporting bending stresses decrease with increasing
curvature. After initiation of the crack in the low-curved specimens,
the crack progression takes place as larger deflection occurs and higher
bending stresses prevail.

Predicted interface failure is partially smaller than in the experi-
ment and is therefore not exactly representative for the experiment.
7

Nevertheless, a deeper understanding of the impact behavior of curved
composite structures has been achieved. Numerical calibration will
improve the predictive capability whereas realistic damage initiation
is crucial to predict delamination propagation and subsequently the
resulting damage morphology.

To design components and structures for impact resistance, geomet-
ric effects must be fully understood. For a low velocity impact load, the
size of the specimen or structure is a critical parameter for determining
the dynamic response. The elastic response of the target and the amount
of damage caused depends on the ability of the target to store energy
elastically. The height of the specimens could be adjusted, thus the
circumference between the clamping remains the same, whereby the
length of the imaginary unwound bending beam remains constant
despite variable curvature. This might reveal a more clear look into the
geometry’s influence because effects of the different natural oscillations
should decrease. When using samples, the evaluation of the dynamics
of complex structures should be considered.
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