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This research investigates the damage tolerance with compression after impact (CAI) testing procedure of five
sets of specimens, that were manufactured using the card-sliding technique with non-crimp fabrics (NCFs) and
adopting a Single-Double (SD) stacking sequence. Before undergoing CAI tests, initial damage was generated in
the specimens with low-velocity impacts. Two sets of specimens are flat with a constant cross-section and they
are manufactured with + 45° and + 30° NCFs, respectively. Two sets feature a tapered cross-section and the
same NCFs as the flat ones, and the fifth set consists of tapered specimens with the same fiber orientation
as one of the tapered sets but feature NCFs with different areal density. The CAI tests were performed
according to the ASTM standard, using an infra-red camera and a digital image correlation system to record the
thermal transient and the displacement of the specimens. Finite Element Analyses are validated and compared
with the experimental results. The failure modes are discussed focusing on the various damage mechanisms,
highlighting the effect of the tapered cross-section, the different NCFs, and the stacking sequence. This research
provided insights on NCFs composite damage tolerance after low-velocity impact damage, highlighting the
effect of adopting the novel SD stacking sequence and card-sliding method to taper the laminate. The analysis
underscores the possibility to develop composites mitigating delamination risks and promoting intra-laminar
damage.

1. Introduction of the abrupt reduction in strength observed during CAI testing, result-
ing in unstable propagation of delamination and leading to the ultimate

The extensive use of composite materials across various sectors has collapse of the CAI specimen [4]. Wang et al. found that delamination

highlighted the necessity of examining the damage tolerance of com-
posite structures. Throughout the lifecycle of composite structures, im-
pacts are not only possible but expected, potentially leading to damage
that is difficult to detect and could compromise structural safety and
reliability. Impact damage is the most critical type of damage among
the ones that are not visually detectable, hence why they are often
addressed as barely visible impact damage (BVID). Compression-after-
impact is often used as a standard test to investigate the effect of BVIDs,
in particular, damage tolerance measures the ability of a composite
structure to bear a certain load without failing, after withstanding a
specific damage extent [1-3].

Given the complexity of damage in composites subjected to
Compression-After-Impact (CAI) testing, the mechanisms influencing
the maximum CAI strength have gained significant attention in recent
years. Sublaminate buckling is widely recognized as the primary cause
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initially propagates on the sides of the 0° layers, especially if located
near the impact surface; also, they reported a little direct relationship
between local buckling and delamination propagation as they occur
in different regions and different loading stages, while underscoring
the importance of geometrical imperfections [5]. Similarly, Yin and
Iannucci highlighted the contribution of out-of-plane transverse de-
formation of sublaminates in promoting fiber compressive failure due
to bending stress, which corresponds to the maximum CAI strength,
followed by delamination propagation and sublaminate buckling [6].
In the scientific literature and most industry applications, compos-
ite structures are manufactured using a balanced symmetric stacking
sequence of carbon fiber plies at 0°, 90°, and + 45° angles, known as
the quasi-isotropic stacking sequence (quad). However, recent research,
supported by Prof. S. W. Tsai, has introduced an innovative layup
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technique involving the repetition of four plies [+®/ + ¥] or two
plies [+®] sub-laminates, named Double-Double (DD) or Single-Double
(SD) stacking sequences, respectively [7,8]. This method simplifies the
manufacturing process while allowing continuous selection of the repet-
itive unit’s angle based on specific stiffness and strength requirements.
Plies can be removed by eliminating one repetitive unit, avoiding
negative impacts on in-plane stiffness or abrupt thickness changes.
Converting the Quad composite stacking sequence to DD has shown
potential for weight reduction without compromising strength, as it
homogenizes inter-laminar stresses and minimizes angle differences
between adjacent plies [9-12]. Kappel applied findings on buckling
in DD laminates to the ‘horse-shoe’ use case, a standard in laminate
optimization, demonstrating a 7.8% weight reduction in the DD panel
compared to previous optimal solutions, highlighting DD’s simplicity
and efficiency [13,14]. Vescovini et al. tested single stringer specimens
under compression until collapse, comparing constant section skins
and hats with tapered sections. Tapered specimens showed higher
maximum loads before the collapse, with FEM simulations indicating
that tapering delays skin-stringer separation by promoting a larger
damaged area before collapse [15]. Recent work by Kappel et al.
compared the performance of quasi-isotropic and DD laminates follow-
ing compression-after-impact testing, noting similar delaminated areas
and residual strength but different delamination patterns [16]. In this
work, the authors also addressed the effect of cross-section tapering,
by performing impact on both tapered and flat surfaces and then CAIL
they reported remarkable characteristics of the delamination pattern
among the different specimen groups, concluding that further investi-
gation is warranted to define the optimal location of ply-drops. Another
work by Abdulhamid et al. presented CAI tests on tapered specimens
with traditional quad stacking sequence subjected to CAI [17]. They
reported complex failure mechanisms and intricate delamination and
fiber failure patterns, as well as similar damage tolerance of tapered
and flat laminates.

In recent years, non-crimp fabrics (NCFs) have emerged as a promis-
ing alternative to traditional unidirectional (UD) prepreg tapes and
crimp textiles. NCFs, made of stitched UD thin plies, offer a simpli-
fied manufacturing process for DD composite design, with each fabric
serving as half of the repetitive unit. While yarns in NCFs slightly re-
duce in-plane elastic and strength properties, particularly in thin plies,
they still perform comparably to UD prepreg laminates. NCFs cater
to the growing demand for enhanced damage resistance, out-of-plane
properties, and cost-effectiveness [18-20].

This study aims to investigate the damage tolerance and damage
mechanisms with CAI tests of Single-Double coupons manufactured
with NCFs. NCFs with different orientations are used as repetitive
units in both flat and tapered specimens. Given the simplified tapering
process with this new stacking sequence, tapered coupons with fabrics
of varying areal weights were produced to evaluate their effect on
damage patterns. The effect of the SD stacking on the failure mode is
discussed, and the analysis exploits results from an infra-red camera
and digital image correlation. Numerical simulations were conducted,
and specific features in failure mechanisms and damage patterns were
analyzed. Section 2 presents the materials used and the specimen prepa-
ration procedures, including details of the low-velocity experimental
campaign presented in a previous work [21]. In Sections 3 and 4 the
experimental setup and procedure, as well as the numerical models
used for finite element analyses are described, respectively. The results
and discussion are presented in Section 5, and the conclusions are
drawn in Section 6.

2. Single-double specimens manufacturing and low-velocity im-
pact testing

Prior to carrying out the CAI testing procedure that this work
focuses on, the specimens were manufactured, and low-velocity impact
tests were performed. The results from that testing campaign have
been presented in the work of Vescovini et al. and summarized in this
Section [21].
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2.1. Single-double specimens

The study utilized Chomarat’s carbon NCF C-PLY™ T700. The dry
fabrics have an areal weight of 100 gsm or 600 gsm per bi-angle layer,
with each single ply approximately half the weight per square meter.
Three fabric types were used:

» NCF with +45° and —45° orientations and an areal weight of
100gsm (referred to as BX45-100) [22];

» NCF with +30° and —30° orientations and an areal weight of
100gsm (referred to as BX30-100) [23];

» NCF with +45° and —45° orientations and an areal weight of
600gsm (referred to as BX45-600) [24].

The fabrics were infused with epoxy resin using a vacuum infusion
process and consolidated in an oven. The manufacturing was conducted
out-of-autoclave (OoA), utilizing a low-viscosity epoxy resin/hardener
matrix system (ProSet INF 114/212) [25]. Thirty specimens were pre-
pared at the University of Southern California, divided into five sets of
six specimens each. The sets included two control groups with constant
thickness (Flat30 and Flat45 specimens) and three sets of tapered spec-
imens (Taper30, Taper45, and Taper45-600 specimens). The tapered
specimens with 100 gsm fabrics comprised 10 layers, each with 5 plies,
with a taper interval offset. The 600 gsm specimens had two layers,
also with 5 plies each. The taper width was 10.2 mm, with a taper
ratio of 5:1 for all specimens. Flat specimens were designed to match
the weight of the tapered ones by calculating the total surface area
of all plies used in a tapered specimen and dividing it by the surface
area of each ply of the control specimen. The manufacturing process
for these tapered specimens leveraged the card-sliding technique [26],
which offsets the layers according to the specified tapering strategy.
The specimens utilized a non-symmetric balanced stacking sequence,
allowing the tapering of the cross-section without abrupt thickness
changes.

Fig. 1 illustrates the stacking sequence of the specimens, with
black bars representing a NCF and arrows indicating the repetition
of the sequence. The control specimens stacking sequence for Flat45
and Flat30 was defined as [+ 455,] and [+ 3051, respectively. For the
tapered specimens, the stacking sequence for Taper45 and Taper30 can
be defined as [+ 45,] and [+ 30,], respectively, where n ranged from 10
to 50; for Taper45-600 specimens, n ranged from 2 to 10.

Table 1 presents the average measurements of the specimens. Con-
trol specimens have a single average thickness value for both sets, while
tapered specimen thickness variations are accounted for with average,
minimum, and maximum values. The average density of the specimens
was 1.45 g/mm?, calculated for specimens with constant thickness. Fig.
2 shows the cross-section of flat and tapered specimens made from 100
gsm and 600 gsm fabrics.

2.2. Low-velocity impact testing

Low-velocity impacts were carried out on the Single-Double spec-
imens using the StepLab DW1000 drop-tower, conforming to ASTM
D7136 standards [27], with a 16 mm diameter hemispherical impactor.
Impacts were centrally located on the specimens. The impact energies
tested were 15.22 + 0.04 J, 22.30 + 0.09 J, 32.89 £ 0.16 J, and
39.86 + 0.05 J, using an impactor mass of 5570.7 g. Two impacts
were conducted at 15 J, 22 J, and 33 J, effectively simulating heavier
tool drop [3]. However, tapered specimens were only impacted once
at 15 J and once at 40 J, as visual inspection revealed relatively small
damage at 33 J. Tapered specimens were impacted on the thickest
part of the cross-section, with the flat side on the machine fixture.
During the impact tests, passive infrared (IR) thermography was used
to assess impact damage, with the thermal transient of the specimen’s
rear surface recorded by a FLIR X6900sc IR camera at 915.9 Hz. After
impact, one specimen from each set tested at 33 J was sectioned along
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Table 1
Specimens physical properties [21].
Flat45 Flat30 Taper45 Taper30 Taper45-600
Weight [g] 7392 + 015 7547 + 007 7559 + 224 7841 + 573 7358 + 295
Avg. Length [mm] 1517 + 0.1 1518 + 0.1 1518 + 03 150.5 + 2.5 1513 + 05
Avg. Width [mm] 101.0 = 0.1 101.1 + 0.0 1002 + 0.6 101.1 + 25 1003 + 0.8
Avg. Thickness [mm] 333 + 0.02 339 + 0.01 3.22 327 2.97
Min. Thickness [mm] - - 137 + 0.09 1.22 + 0.31 LIl + 0.12
Max. Thickness [mm] - - 568 + 0.17 574 + 042 523 + 0.09
* X 6 Table 2
Summary of the impact results [21].
Maximum Maximum Norm. Abs.
Specimens Force Displacement Energy
@) [kN] [mm] u/n
15J 445 + 0.04 535 = 0.04 0.74 + 0.01
Flat45 227 486 + 0.17 699 + 0.16 0.80 + 0.08
Ax5 331 494 + 007 10.16 + 0.00 095 + 0.00
15J 475 + 0.10 549 + 0.03 0.70 + 0.01
Flat30 22J 5.13 = 0.01 7.08 + 0.24 0.80 + 0.09
331J 525 + 0.38 10.66 + 0.66 095 + 0.01
15J 6.53 3.89 0.66
TaperdS 227 720 + 040 478 + 0.18 0.68 + 0.03
(b) P 331J 7.88 + 0.07 6.13 + 0.15 0.74 + 0.01
40 J 7.96 6.75 0.79
15J 4.60 4.91 0.82
10.2 mm Taner30 22J 671 + 005 492 + 0.04 0.70 + 0.01
P 331J 723 + 1.10 692 + 0.86 0.74 + 0.07
40 J 8.75 6.84 0.69
15J 4.47 4.96 0.86
227 575 £ 0.71 5.80 + 047 0.78 + 0.02
T ’ + + +
© aper45-600 337 647 + 047 749 + 057 079 + 0.02
40 J 5.64 9.80 0.88
Fig. 1. Stacking sequence schematic representation of (a) the flat specimens, (b)
the tapered specimens, and (c) the tapered specimens manufactured with 600 gsm
fabrics [21]. Table 3
Average impact stiffness [kN/mm] [21].
Flat45 Flat30
3mm. (a)
, 122 + 0.03 1.04 + 0.03
Taperds Taper30 Taperd5 600
— (b) 227 + 0.12 220 + 0.16 2.08 + 0.12
©) with red dashed lines on the back side, and no fiber failure is observed

Fig. 2. Cross-section cut of (a) the Flat45 specimen, (b) the Taper45 specimen and (c)
the Taper45-600 specimen [21].

the plane parallel to the short edge using an automatic diamond saw,
hence the number of specimens that was subjected to the compression
after impact procedure was 25.

The results of the low-velocity impacts are summarized in Table 2
and in Table 3 the average stiffness is reported for each specimen type.

In Fig. 3 few impact damage pictures are reported from the low-
velocity testing campaign, highlighting the damage in the specimens
with red dashed lines. These pictures were taken with an optical
camera and then resized to maintain the proportions of the specimen
and magnify the extent of damage. In Fig. 3(a) cracks induced by
compressive and tensile stresses on the impact and back sides are
visible, respectively, aligned with the fiber directions of the NCFs, while
for the tapered specimen in Fig. 3(b), there are larger cracks on the
impact side than on the back side. For the Taper45-600 specimen in Fig.
3(c), the residual indentation is visible on the impact side, but cracks
oriented along the fiber directions are barely noted; on the other hand,
matrix cracks are instead reported along the ply drops and highlighted

at the impact location (highlighted with transparent white circles for
reference).

In Fig. 4 the IR camera pictures are reported from the low-velocity
testing campaign, underscoring the damage in the specimens. In partic-
ular, in Fig. 4(a) and 4(b) after 2.2 ms, i.e., approximately at the impact
force peak, an abrupt temperature increase indicated the fiber failure
then coalescing after 895.3 m. In Fig. 4(c) different damage mecha-
nisms are highlighted by the IR camera: delamination and matrix crack-
ing are the main mechanisms for the Taper45-600 due to the different
fabrics employed for these specimens. The heavier and thicker layers
affect laminate homogenization and result in bigger resin pockets in the
laminate outer surface, rendering the laminate prone to delamination.
The interested reader is referred to the work discussing these results for
further insights on the low-velocity experimental campaign [21].

3. Experimental setup

The Single-Double specimens underwent CAI testing on MTS Al-
liance RF/150 testing machine. The testing procedure was based on the
ASTM D7137 standard [28]. The standard testing fixture was used ac-
cording to the standard specifications, the bottom end was fixed while
the top applied the compression load. The load cell in the crosshead
acquired load data at 20 Hz. Once the specimen was placed in the
testing fixture, two load cycles were carried reaching 250 and 450 N
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Back side

Impact side

(a)

(b)

(©)

Fig. 3. Impact and back sides views of (a) the Flat30, (b) the Taper45 and (c) the
Taper45-600 specimens tested at 33 J [21].

and unloading to 150 N; finally, the test was run until specimen failure
with a crosshead displacement rate of 1.25 mm/min, as suggested by
the standard.

To measure the crosshead displacement accounting for possible
machine compliance, a deflectometer was installed with the deflecting
tip positioned on the CAI fixture top plate. To assess the damage during
the CAI test, passive infrared (IR) thermography was adopted. The
specimen rear surface thermal transient is recorded with the IR camera
FLIR X6900sc, having an Indium Antimonide (InSb) detector and a
Noise Equivalent Temperature Difference (NETD) smaller than 20 mK.
The acquisition frequency is 2 Hz with a 640 x 512 frame resolution.
The data acquired by the IR camera are post-processed with a Python
script. The image is normalized as AT = T, — T,; where T represents
thermal matrices, i represents the i frame of the recording, and 0
refers to the frame recorded before the test start. The Aramis Gom DIC
system captured the displacement of the impact side of the specimen,
with the same acquisition frequency as the IR camera. The experimental
setup is depicted in Fig. 5.

After the tests, pictures of the failed specimens were taken with
a commercial optical camera. Then a few specimens were cut with
an automatic diamond saw blade in positions where cracks resulted
from the compressive load, and were far from the pre-existing impact
damage, along the plane parallel to the longer edge. Pictures of the cut
face are taken with a Zeiss SteREO Discovery V12 stereomicroscope, to
observe the microscopic features of the cracks.

4. Finite element analysis

The finite element analyses (FEA) employed the Abaqus 2023
“Quasi-Static” Dynamic Implicit solver with automatic time stepping
[29]. To perform the CAI analyses, the FEM model was previously built
and low-velocity impact simulations were carried out; the results of
these simulations are presented in the previous work [21]. Then after
the LVI analysis was completed, the same model was used and the
results in terms of damage variables were imported from the preceding

Composites Part C: Open Access 17 (2025) 100597

Table 4
Engineering properties, ply strength, fracture toughness, and interlaminar strength and
properties of the carbon composite material [19,32,33].

Property Value Property Value Property Value
E, [GPa] 110 X; [MPa] 2300 Gy, [N/mm] 0.28
E, [GPa] 7.4 X [MPa] 1500 Gy [N/mm] 0.69
via [1 0.3 Y, [MPa] 66 o,, [MPa] 43
G,, [GPa] 4.2 Y¢ [MPa] 93 o,, [MPa] 66
nll 1.5

impact analyses as an “initial state” of the simulation. The geometry
was updated from the previous simulation, i.e., no residual stress or
acceleration (as well as velocity and displacement) are imported from
the previous analysis.

The specimens were modeled using 8-node quadrilateral continuum
shells (SC8R), featuring a 1 mm characteristic size in a 30 X 30 mm
region around the impact area, transitioning to a 2 mm size in the
constrained part of the specimen. For the flat specimen, six layers of
continuum shell elements were used through the thickness, while the
tapered specimen had one layer for the thinnest section and five layers
for the thickest, dropping one layer of elements with each ply drop.
Between each layer of elements, a zero-thickness three-dimensional co-
hesive element (COH3D8) layer was modeled. The composite stacking
sequence was defined using the Abaqus “Composite Layup” tool, with
each unidirectional (UD) ply within the non-crimp fabric (NCF) speci-
fied in the layup and assigned three integration points. This approach
generated unique stacking sequences for each finite element layer
based on its position within the models. The model uses the Abaqus
Hashin failure criteria [30], to monitor intralaminar damage within
the composites, applying a linear softening law for progressive damage
simulation. The interlaminar behavior follows the cohesive zone model,
with damage initiation governed by the Abaqus quadratic nominal
stress criterion and damage evolution governed by the Benzeggagh-
Kenane fracture criterion, which allows cohesive element properties to
degrade linearly after damage initiation [31].

Simply supported boundary conditions are applied to both sides of
the specimen in correspondence with the CAI fixture slide-plates. At
the specimen ends, one edge is fixed, while the other is limited in all
degrees of freedom except the one the end shortening is applied. Fig.
6 illustrates the finite element model of the flat specimen, highlighting
the boundary conditions.

Material properties are sourced from existing literature and reported
in Table 4 for the composite material.

After carrying out the low-velocity impact experimental tests [21],
a discrepancy was noted between the stiffness of the specimens and
that of the numerical simulation; it was then decided to resort to the
analytical model proposed by Olsson [34,35], and exploit that series of
tests to calibrate the stiffness of the specimens tested. The analytical
model was based on a simplified two-mass structural dynamic model,
and computes forces using the following equation:

-1
F=<klb+kis> Wy + k) €]

In Eq. (1), w, represents the specimen’s vertical displacement, and
k; are the contributors the specimens stiffness; in particular: ky, k,
and k,, denote bending, shear, and membrane stiffness, respectively.
An iterative approach was employed to minimize the squared error
(2 (Xexp —Xan)2 /n) between the experimental and analytical curves
over the elastic displacement range.

The optimized parameter was the longitudinal modulus since it is
the main responsible for the specimen stiffness; once the modulus was
obtained from this approach, the longitudinal tensile and compression
strength were scaled accordingly. The longitudinal toughness param-
eters required by the Abaqus built-in material model, are reduced to
approximate an instantaneous failure for the fiber modes. The same
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AT [°C] AT [°C]
25 53 . . X . . 0.9

1.2

(©)

Fig. 4. IR camera pictures of (a) the Flat30, (b) the Taper45 and (c) the Taper45-600 specimens tested at 33 J obtained approximately 2.2 ms (left) and 895.3 ms (right) after

the impact start [21].

e [}

e

el

Fixture

Fig. 5. CAI test set-up.

uji=w;=0
° uZ:O
Ux=uz=wj=0, uy=uy

Fig. 6. FEM model (the same boundary condition is applied on both specimen
surfaces).

Table 5
Summary of the CAI results.
Maximum Displacement
Specimens Force at max. force
[kN] [mm]

15J 4544 + 1.62 397 + 030
Flat45 227 3744 + 2.19 3.83 + 031

33J 32.03 2.25

15J 5552 + 5.15 093 + 0.01
Flat30 227 5343 + 0.26 0.89 + 0.01

33J 49.66 0.87

15J 34.73 3.70

227 355 + 0.67 399 + 0.21
Taper45 337 30.20 186

40 J 26.54 1.95

15J 24.23 1.11
Taper30 22] 3528 + 087 189 + 0.08

15J 25.09 1.33

22 J 2352 + 4.24 1.17 = 0.51
Taperd5-600 337J 23.03 132

40 J 13.64 0.92

material properties used for the low-velocity impact simulations were
considered for the compression-after-impact simulations described in
this Section. The calibration was performed on the flat specimens con-
stituted by BX45-100 fabrics, and resulted in an average longitudinal
modulus of 81.9 GPa. Following this optimization, longitudinal tensile
and compression strengths were adjusted proportionally based on the
newly estimated fiber volume content to 1711 MPa and 1116 MPa,
respectively, according to the mixture rule. Adjustments to longitudinal
toughness parameters in Abaqus material model approximate instanta-
neous failure for the fiber modes, assuming 17.9 N/mm and 7.6 N/mm
for the longitudinal tensile and compressive fracture toughness. These
hypotheses are deemed acceptable, considering that the primary objec-
tive of this study is to investigate the behavior and the failure mode of
specimens manufactured with the single-double stacking sequence.

5. Results and discussion
5.1. Experimental force—displacement curves

The experimental load-displacement curves for the CAI tests on the
flat and tapered specimens are presented in Fig. 7 [36]. In Table 5
the experimental results are summarized and in Table 6 the average
stiffness is reported for each specimen type. It is pointed out that for
the Taper30 set, two specimens that were previously impacted at 33
J and 40 J failed near the edge of the specimens, and it was decided
not to show these as the failure mode is deemed not acceptable by the
standard.

Regarding the stiffness of the two flat specimens, the specimens with
fibers oriented along the + 30° are stiffer, as expected; while for the
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10 --- Taper45-4 10 — Taper30-1
Taperd5-5 — Taper30-3
5 Taperd5-2 5 --- Taper30-4
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g 20 Taper45-600-1
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o o T - Taper45-600-4
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5 Taper45-600-2
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(e)

Fig. 7. Load vs. displacement curves of (a) the Flat45, (b) the Flat30, (c) the Taper45, (d) the Taper30 and (e) the Taper45-600 specimens.

Table 6

Average CAI stiffness [kN/mm].

Flat45 Flat30

2970 + 2.74 69.37 + 2.74

Taper45 Taper30 Taper45-600
2437 + 292 28.62 + 1.47 2729 + 244

tapered specimens, the difference between the stiffness of the + 30°
and the + 45° specimens is significantly smaller, probably due to the
tapered cross-section, and the stiffness varies more within the same
group due to the variability in the cross-section thickness (Table 1).
The Flat45 and Flat30 sets of flat specimens have different behaviors.

In particular, for the former the force increases linearly up to 25
kN, except for the Flat45-2 specimen which reaches approximately
35 kN, then the specimen buckles globally resulting in the stiffness
reduction until failure is reached; the Flat30 specimens instead show
linear force—displacement behavior until maximum force is reached.
This aspect also affects the displacement at maximum force, in fact, the
Flat45 specimens reach a significantly larger maximum displacement.
A similar pattern is reported for the Tapered specimens, the Taper45
stiffness reduces at 20 kN, earlier than the Taper30 set, reaching
maximum force at larger displacement. This will be further addressed
in Section 5.5 where the results from the DIC camera will be discussed.
Due to the significantly different damage pattern of the Taper45-600
specimens, reported in Section 2.2, the CAI results of these specimens
differ from those specimens manufactured with fibers aligned along
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the same direction but have fabrics with different areal densities. The
Taper45-600 specimens have comparable stiffness to the Taper45 set
but fail at significantly lower displacement and force.

Overall the maximum force decreases as the impact energy in-
creases, and few exceptions are reported, such as for the Taper30 set
where the specimens impacted at 22 J fail at a larger maximum force
than those impacted at 15 J. Also, for the Flat30 and Taper45-600
specimens tested at 15 J and 22 J, respectively, the maximum force
(and the displacement at maximum force) are quite scattered, with
the lower bound failing at lower maximum force than the specimens
impacted at higher impact energy.

5.2. Macroscopic observation

The views of the back sides of the Flat45-5 and Flat30-5 specimens
are reported in Fig. 8(a) and 8(b), respectively. These two pictures are
representative of the failure mode of the specimens belonging to these
sets. Despite the different displacements at maximum force, the failure
mode of these specimens is very similar. In both pictures, the square
with white dashed lines indicates the area where the impact damage
was visible before starting the CAI test. In the pictures, the surface
cracks, that is visible on both surfaces of the specimens, propagated
along the fiber direction starting from the impact crack tips, leading to
the specimen failure [37].

In Fig. 9(a) and 9(b) the impact and back side views of the Taper45-
5 specimen are shown. As a result of the low-velocity impact, the
tapered specimens had larger damage extension on the impact side than
on the back side, which is highlighted with white and black dashed
lines in the pictures. After the CAI test, fracture originating from the
damaged area propagate as visible from Fig. 9(a) and indicated by red
arrows; in this case, as well as in other tapered specimens, they do not
follow a straight path but tend to “zig-zag” along the fiber directions.
On the back side of the specimen in Fig. 9(b), the fracture is barely
visible and it is highlighted with red-dashed line, underscoring the
different appearance of the damage in the two surfaces, unlike with
flat specimens. In Fig. 9(c) the damage observed for the Taper30-5
specimen is presented, and the red arrows indicate the fracture that
propagated from the area previously damaged by the LVI; the crack
propagates along a fiber direction and changes direction close to the
edge of the specimens, more similarly to the flat specimens shown in
Fig. 8.

In Fig. 10 the impact and back side views of the Taper45-600-5
specimen are shown. The damage in the impact side in Fig. 10(a) is
similar to that of the specimen Taper45-5 shown in Fig. 9(a); where
large impact damage is marked by black dashed lines and the fracture
resulting by the CAI test are indicated by red arrows. However, the
damage in the back side in Fig. 10(b) is very different from that of
the Taper45-5 specimen, underscoring the effect of the fabric with
different areal density on the damage mechanism and failure. This set
of specimens experienced severe delamination located at the ply drop
as a result of the low-velocity impact due to bigger resin pockets and
poorer homogenization in the composite, as presented in Fig. 4(c); the
delaminated composite layers buckled locally in the back side of the
specimen without leading visible crack on the back side.

5.3. Cross-section microscopic observation

To investigate further the damage and the fracture through the
thickness in the CAI specimens, three specimens were cut along a
plane parallel to the long edge far from the pre-existing impact dam-
age. Two cross-section cuts are shown for the Flat30-5 specimen in
Fig. 11, the pictures show fracture and cracks across the specimen
thickness that have started propagating from the specimen back side
(with large impact damage) and then grown to the specimen impact
side. It is interesting to notice that on the impact side, few composite
layers are not cracked but buckled as a result of the compressive
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@ ()

Fig. 8. Back sides views of (a) Flat30-5 and (b) Flat45-5 specimens.

load; these layers are likely to contribute to the compressive force
plateau reached after the maximum force and would have probably
failed too if the test had been run up to larger vertical displacement.
In addition, delamination had occurred in a plane offset from the
specimen middle plane, and in the left picture, it is shown that the
split between two adjacent layers caused the deviation of the fracture
spanning through the thickness. The delamination propagated for a few
millimeters along the y-direction. The cross-section cuts of Taper45 in
Fig. 12 show a fracture that does not span through the whole thickness
of the specimen. The same difference is found in the cross-section cut
of the Taper45-600 specimen in Fig. 13. The fracture starts on the
impact surface for these two specimens, then propagates through the
thickness similarly to the flat specimen, and finally stops, propagating
instead along a delamination plane. This difference in the fracture and
cracks through the thickness remarks also the difference in the damage
appearance described previously in Section 5.2, where the damage in
the tapered specimens differed between the impact and back surfaces.
It is worth noting that in the right cross-section of Fig. 13, diffused
delamination is observed through the thickness, highlighting poorer
laminate homogenization and a weaker interface between the laminae
compared to the laminate with thinner fabrics, which affect composite
properties and performance. The orientation of the fracture propagating
through the thickness was consistent among the specimens presented
and had approximately a 50° angle confirming the observations made
in the literature about the fracture plane orientation in composite
materials [38].

5.4. Passive thermography results

Passive thermography was used to monitor the thermal transient
during the CAI test. The IR camera was pointed at the back surface
of the specimens, hence the surface where the composite specimens
were damaged due to tensile stress and fiber breakage due to the
low-velocity impacts. Fig. 14 shows three pictures recorded by the IR
camera before, before, after and at the maximum force measured during
the test. In Fig. 14(a) it is visible that, as the specimen was reaching
the maximum force, the AT was the highest around the pre-existing
impact damage. Then at maximum force in Fig. 14(b) a sharper but
still low increase of the temperature along the direction of the fibers
highlighted the moment when the cracks were starting to propagate
towards the specimen edge, leading to failure. Finally in Fig. 14(c) the
large AT underscored the specimen failure, caused by the compression
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(®)

Fig. 9. (a) impact and (b) back sides views of Taper45-5 specimen and (c) impact side view of Taper30-4 specimen.

Fig. 12. Cross-section views of the Taper45-5 specimen.

()

Fig. 10. (a) impact and (b) back sides views of Taper45-600-5 specimen.

Fig. 13. Cross-section views of the Taper45-600-5 specimen.

Fig. 15 shows two pictures recorded by the IR camera after the
maximum force was reached for CAI test of the Flat45-5 specimen. As

previously discussed in Fig. 8, the two sets of flat specimens showed

Fig. 11. Cross-section views of the Flat30-5 specimen. similar failure modes, with cracks running diagonally along the fiber

orientation. Fig. 8(a) shows a sharp AT increase caused by the propa-

gating crack, then coalescing over a larger area, as well as starting to

shear load leading to the fracture along the direction of the fibers, as appear on the left-hand side of the specimen with the force decreasing
previously pointed out for Fig. 8(a). in Fig. 8(b).
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Fig. 14. IR camera pictures of the Flat30-4 specimen obtained approximately at (a) 50 kN (before max. force), (b) 53 kN (max. force), and (c) 45 kN (after maximum force).
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Fig. 15. IR camera pictures of the Flat45-5 specimen obtained approximately at (a)
25 kN and (b) 22 kN (after maximum force).

The thermal transient recorded during the CAI test of Taper45-
5 is reported in Fig. 16. In Fig. 16(a), i.e., shortly before the first
force drop, the damage coalesced around the pre-existing damaged
area and along the direction of propagation of the crack, characterized
by a small increase of AT. Then in Fig. 16(b) a crack propagates on
the right-hand side of the specimen (as previously noted in Fig. 9(a),
causing the drop of the compression force. Finally, in Fig. 16(c), as
the force continued dropping the crack reached the left-hand side of
the specimen and damage coalesced around the middle plane of the
specimen (transversely to the loading direction).

A similar failure mechanism is reported for the Taper30-4 spec-
imen, as shown in Fig. 17. Despite not showing a plateau in the
force-displacement curve, once the maximum force is reached damage
coalesces along the fiber direction as visible in Fig. 17(a), leading to
the fractures that were previously reported in Fig. 9(c). After the loss
of load-bearing capability due to the fractures, the force further drops
and the damage appears around the middle plane of the specimen, as
noticed by the increase of AT in Fig. 17(b), similarly to the Taper45-5
specimen.

The pictures from the thermal transient recorded during the CAI
test of the Taper45-600-5 are presented in Fig. 18. Shortly after the
maximum load is reached, damage starts from the impact location and

propagates along the fibers direction, leading to fracture and failure.
As this set of specimens experienced severe delamination at the ply
drops as the result of the low-velocity impact, the damaged area marked
by the increase of AT starts underneath the delaminated layers and
continues until the edge of the specimen, not affecting the outer layer
that faces the IR camera. After that a transverse crack (with respect to
the loading direction) appears on the other side of the specimen, in this
case offset from the specimen center. These two damage mechanisms
are visible also from the optical camera picture, as shown in Fig.
10, however, the IR camera allows to define which mechanism leads
first to the loss of load-bearing capability and at what stage of the
load-displacement curve the different mechanisms occur.

5.5. DIC results

The DIC contour pictures of the major strain component are shown
for the Flat30-5 and Taper45-5 in Fig. 19. The pictures are captured at
the maximum force, before the force drops and fracture appears in the
specimen, and they are representative of the strain contour measured
by the DIC at the maximum force for the specimens manufactured with
[+ 30] and [+ 45] fabrics, disregarding the different cross-section of the
specimens. This underscores that fractures generated along the fibers
direction are responsible for the loss of load-bearing capability of the
specimens; after which other damage features can appear, as discussed
in the previous Sections 5.2 and 5.4.

The DIC recordings were used to assess global buckling during
the CAI tests. Buckling should be generally avoided when performing
CAI tests, however, it is often facilitated by the residual indenta-
tion, the intra- and inter-laminar damage of the impacted specimen,
especially after impact at high energy. Fig. 20 reported the out-of-
plane displacement at the center for the specimens impacted at 33
J belonging to the five sets, as a function of the compressive load.
Regarding the two Flat specimens, these showed similar behavior and
reached a few millimeters of out-of-plane displacement at the maximum
compressive force; because of the lack of carbon fibers aligned along
the loading direction the bending stiffness was not enough to avoid this
phenomenon. From the two curves shown for the flat specimens, it can
be concluded that the Flat30 and Flat45 buckled approximately at 30
kN and 20 kN, respectively; however, it is hard to identify the exact
transition point. A significantly different behavior resulted from the
tapered specimens manufactured with 100 gsm fabrics: both Taper30
and Taper45 specimens showed small out-of-plane displacement within
1 mm until the maximum force, hence the stress can be reasonably
approximated to be in the specimen plane, then increased due to
specimens failure. For these two specimens, the thicker center of the
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Fig. 16. IR camera pictures of the Taper45-5 specimen obtained approximately (a) 27 kN, (b) 19 kN and (c) 15 kN (after max. force).
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Fig. 17. IR camera pictures of the Taper30-4 specimen obtained approximately (a) 33
kN and (b) 25 kN (after maximum force).

cross-section allowed to reduce the extent of the damage in the first
place, maintaining the flexural stiffness of the material, in addition, the
second moment of area of the specimen was higher too. Unlike the two
tapered specimens just discussed, the Taper45-600-5 specimen showed
a similar behavior to the flat specimens. From this, it can be concluded
that the extensive delamination experienced by this type of specimen
due to the low-velocity impact, compromised the flexural stiffness and
load-bearing capability, leading to larger out-of-plane displacement.
The Flat45 and Taper45 compression load vs vertical displace-
ment curves have similar behavior (Fig. 7(a) and 7(c)), with a large
non-linear part of the curve, despite showing significantly different
behavior in terms of out-of-plane displacement, i.e., one showing rel-
atively large displacement while the other shows negligible out-of-
plane displacement. The curve in Fig. 20 allows to exclude that the
source of non-linearity for the Taper45 specimen is the global buckling,
rather, the macroscopic non-linear shear behavior and fibers shearing
at high loads. The same conclusion cannot be drawn for the flat spec-
imen, while having fibers aligned along the same direction and being
susceptible to the same shear behavior, global buckling significantly
contributed to the structural behavior of that set of specimens.

AT[°C]
0.6

AT [°C]

1.0 1.5 -03 0.2 0.8 1.4

(a) (b)

Fig. 18. IR camera pictures of the Taper45-600-5 specimen obtained approximately
(a) 20 kN and (b) 13 kN (after maximum force).

(b)

Fig. 19. DIC contour pictures of the major strain component of (a) the Flat30-5 and
(b) the Taper45-5 specimens obtained at maximum force).
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Fig. 20. Out of plane displacement measured by DIC during CAI test of specimens
impacted at 33 J.

Table 7
Summary of FEM CAI analyses results and percentage error relative to experimental
results.

Maximum Displacement
Specimens Force at max. force
[kN] [mm]
15J 64.43 1.04
Flat30 FEM 22J 65.79 1.01
33J 62.74 1.03
15J 30.65 1.21
227 29.81 1.21
Taper45 FEM 33J 28.30 1.10
40 J 27.51 1.08
15J 13.83 11.15
|FEli:2?| IEOE/]\]’I 22J 10.31 12,52
> 337 9.26 15.49
15J 3.30 204.32
Taper45 FEM 227 1.97 230.12
|Error| [%] 33J 4.82 69.35
40 J 2.39 80.59
Table 8
Numerical impact stiffness and percentage error relative to experimental
results.
Specimens Flat30 Taper45
Stiffness [kN/mm] 65.64 5.69
|Error| [%] 29.07 16.15

5.6. Finite element model results

It is chosen to model the Flat30 and Taper45 specimens only.
The behavior of the Flat30 set aligns better with the indication from
the standard, since experimentally it shows almost a linear behavior
until the maximum force is reached. The latter instead was considered
because the full set is available experimentally. Also, it is not possible
to make a FEM comparison of the Taper45 and Taper45-600 specimens
because a full material characterization would be required to obtain
accurate results. The experimental force versus displacement curves are
compared with the FEA results in Figs. 21 and 22. Tables 7 and 8 report
the maximum force, displacement at maximum force, stiffness, and
percentage error. The percentage error is evaluated as the difference
between experimental and FEA results, normalized by the FEA value.

The FEM model of the Flat30 specimens replicates well the force—
displacement behavior of the experimental curves, as shown in Fig. 21.
The methodology adopted to calibrate the stiffness and strength of the
material is effective, replicating the initial stiffness of the specimens,
as well as the maximum compressive force and vertical displacement
at maximum force. The FEM analyses consistently overestimate these
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two values maximum by 15%; the overestimation is likely to be the
result of the ideal boundary condition of the FEM simulations, as well
as the neglecting of the residual deformation of the specimen. After
the maximum force is reached, the load drops similarly to what occurs
experimentally, however, due to the very low time increment of the
analyses after the maximum force and the many elements stiffness
degradation, the simulation is interrupted shortly after the maximum
load and the force plateau is never reported in the FEM analyses.

In Fig. 22, the maximum force of the tapered specimen resulted
from the FEM analyses is within 5% difference; confirming again the
validity of the material model adopted and the modeling strategy of
the tapered specimen. However, the displacement at maximum force
is significantly underestimated, after the previous discussion in Sec-
tion 5.5 the explanation of this mismatch is associated with the fact
that the FEM model does not account for material non-linearities before
the failure criteria are met. As a result of the ideal boundary condition
and geometry of these FEM models, other factors might contribute to
the global non-linear behavior of these tests, such as compliance of
the material at the specimen ends at high loads, and underestimated
out-of-plane displacement due to perfect initial geometry.

Finally, the damage contour plots showing the damage variables
according to Hashin’s failure modes are presented in Figs. 23 and 24
for the two different types of models considered in this work. The plots
are taken shortly after the maximum force is reached and the force
begins to drop (approximately at 50 kN and 25 kN, respectively), to
portray better the damage that triggered the failure, as it was assessed
in the previous Section being caused by intra-laminar damage. The fiber
tension failure mode is not reported because it does not contribute
to the specimen failure. For brevity, the results are shown for the
CAI simulations performed after the low-velocity impact analyses at
33 J. Since the CAI analyses were carried out accounting for the
elements damage resulting from the low-velocity impact analyses that
were previously carried out, the contour plots showed in this Section
utilize a truncated colorbar at 3/4 of the total color range. The upper
bound of the colorbar is used to mark the damage originating from the
low-velocity impact.

The fiber compression failure mode barely contributes to the loss
of load-bearing capability according to the FEM models, only for the
flat specimen model the damaged area increases slightly on the impact
side, but it does not affect as relevantly as the other failure modes. This
further confirms what has been previously discussed in the previous
Sections, failure is triggered by matrix and shear failure along the
direction of the fibers, then can lead to other damage mechanisms
involving fibers failure, and transversal cracks.

Matrix-governed failure modes cause the failure in the FEM models.
Despite a similar type of failure, i.e., elements failed along the direc-
tions of the fibers, the loss of loading capability is the result of different
mechanisms. For the flat specimen, the matrix tension failure criterion
is met, leading to the stiffness loss of elements along the fiber direc-
tion; then, as the number of damaged elements increases, the damage
variable associated with matrix compression increases slightly near the
impact location. The damage predicted by the FEM model represents
well the mechanism observed experimentally: the crack propagated
from the pre-existing impact damage, leading to fracture along the
fiber direction. On the other hand, for the tapered specimens matrix
compression criterion causes the failure of the specimen, as highlighted
by the series of failed elements. In this case, once these elements have
failed due to this criterion, the damage variable associated with matrix
tension increases too, contributing to degrading the stiffness along the
same direction. Also in this case the fracture along the direction of the
fibers is predicted by the FEM models, however, the models do not
predict any fracture transversal to the loading direction, unlike what
resulted by the IR camera recording during the tests of the tapered
specimens. This difference in the contributing mechanisms is associ-
ated with the different global displacement behavior. Similarly to the
experimental tests, the flat specimen tends to have larger out-of-plane
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Fig. 21. Numerical and experimental load vs. displacement impact curves of the Flat30 specimens.
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Fig. 22. Numerical and experimental load vs. displacement impact curves of the Taper45 specimens.
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displacement, leading to tensile strain, hence matrix tensile damage;
while the tapered specimen does not buckle globally, leading to an
in-plane compression state of stress that causes matrix compression
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the CAI analyses the failure is triggered by
in-plane failure modes, that are accounted for by Hashin’s criteria,
the delamination does not affect the maximum force and does not
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propagate in the early stage of loss of load-bearing capability that is
discussed in this Section.

6. Conclusions

Five sets of SD specimens were tested according to the CAI standard
testing procedure in this study. The specimens were manufactured then
subjected to low velocity impact in a previous work. Two sets of flat
specimens were constituted by [+ 45°] and [+ 30°] NCFs, respectively,
then two sets of tapered specimens with the same NCFs and a fifth set
with [+ 45°] NCFs with a different areal density. The tapered speci-
mens were manufactured using the card-sliding technique, consisting
of offsetting groups of plies to achieve a tapered cross-section. The
experimental tests were carried out according to the ASTM testing
procedure and employed an IR camera to record the thermal transient
and a DIC system to capture the displacement on the back and impact
side of the specimen, respectively. In addition, numerical simulations
were performed and compared with the experimental observations to
investigate damage mechanisms.

The specimens manufactured with [+ 45°] NCFs showed significant
non-linear behavior because of global instability and non-linear mate-
rial behavior, while the specimens manufactured with [+ 30°] fabrics
presented a more linear behavior in the force-displacement curves,
as well as larger maximum force and lower maximum displacement,
especially comparing to the Flat coupons. The damage and failure
modes of the specimens were first discussed with optical camera and
cross-section cut pictures of the tested specimens, then the analysis was
further detailed by the results of the IR camera and the DIC system.
Flat specimens failure was characterized by fracture running along the
fiber orientation, originating from the area of the specimens damaged
by the impact and caused by the compression and shear state of stress
generated in the laminate. The Tapered specimens presented similar
failure modes and it was shown that the same failure mode causes the
loss of load bearing capability, however, other features appear in these
specimens, such crack propagating along the transverse direction with
respect to the loading direction. Thermographic and DIC analysis pro-
vided important insights, highlighting damage mechanisms and global
behavior of the specimen. Finite element modeling provided additional
insights into the experimental findings, effectively replicating damage
patterns, despite limited accuracy of the force-displacement behavior.

This research offers new insights into damage tolerance and failure
mechanism of SD composite, examining specimens made using the
innovative SD (or DD) stacking sequence and card-sliding tapering
technique. The three sets of tapered specimens investigated provided
valuable information on damage mechanisms, possibly contributing to
apply in the future these novel stacking sequence and tapering strategy,
to optimize composite structures weight and performance. Future stud-
ies will explore the damage tolerance of specimens manufactured with
DD stacking sequence too, as well as perform full characterization of
the NCFs to address the shortcomings of the material data available.
Another critical aspect to consider is the tapering strategy, which
can affect the resin pockets and the structural behavior in both low-
velocity impacts and CAIL These strategies to refine the card-sliding
process could potentially mitigate delamination risks and encourage
intra-laminar failure, ultimately improving the durability and damage
tolerance of composite materials.
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