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Abstract
This thesis investigates the effects of damage characteristics on residual compressive
strength (RCS) of 4-mm thick preconditioned carbon/epoxy quasi-isotropic panels
through the study of their compressive behaviour. Results of 2-mm thick preconditioned
panels mostly from a previous study are also analysed. The preconditions of varying
sizes include impact damage, quasi-static damage, single and multiple artificial
delaminations of circular and elliptical shapes embedded at different through-the-
thickness (TTT) locations, hemispherical-shaped domes of different curvature and depth
and open holes. The mechanisms of impact damage and the characteristics of energy
absorption were dependent on panel thickness and incident kinetic energy (IKE). A
damage threshold for compressive strength (CS) reduction was found at 455-mm? and
1257 mm? for 2- and 4-mm thick panels, respectively. Panels affected by the presence
of internal delaminations followed a sequence of prebuckling, local and global buckling
{mode I) and postbuckling (mode II) in both the longitudinal and transverse directions.
Their compressive failure was related to mode I to II transition. Possibility of
delamination propagation was examined using response characteristics on the basis of
the sequences. Evidence of delamination propagation was found only in panels with
large damages and was not sensitive to RCS. For low and intermediate IKEs the effect
of impact damage could be simulated with a single delamination (2-mm thick panels})
and 3 delaminations of medium size (4-mm thick panels). For high IKEs, the additional
effect of local curvature change was significant. The combined effect of delamination
number, size and curvature change determines the RCSs. It was demonstrated that the
present method of embedding artificial delaminations proves to be very useful for
studying RCS of impact-damaged panels via the establishment of response
characteristics and their links to the effects of the preconditions on them. This thesis
also presents two analytical models, one for deflection of transversely loaded panels and
the other one for the prediction of compressive strength retention factor (CSRF) based
on the correlation between the ratio of maximum transverse force to initial threshold

force and the CSRF, observed experimentally in thick panels.

Keywords: composite panels, impact damage, delamination, topology change, open
hole, buckling, compression-after-impact, damage tolerance, compression-after-impact

prediction.
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1 Introduction

Composite laminates are widely used in the aerospace industry and other sectors. They
have an outstanding specific modulus, specific strength and the capability of being
tailored for a specific application, offering substantial advantages over traditional
metallic materials. Composite structures could encounter impact loads during
component manufacture, normal operation or maintenance. Such impact loads could
occur at relative low velocities, in the events of tool dropping on the structure or runway
debris during take-off or landing. They could also occur at high impact velocities when
hailstones hit the structures during flight. The situation could become critical when
invisible internal damage further propagates during subsequent loadings. Impact
damage is generally manifested in the form of matrix cracking, fibre fracture and
delamination. The presence of damage can degrade the structural response of the
components, in terms of strength and stiffness. In particular the in-plane compression
strength is susceptible to impact damage. An important requirement in the design of
composite structures is the ability to tolerate impact damage, thus the damage tolerance
assessment is a key process in design and applications of composite structures.
Therefore, a thorough understanding of the compressive behaviour of impact-damaged

composite structures is essential.

In the past two decades, a significant amount of work has been done on impact damage
and the determination of residual compressive strength (RCS) of composite structures.
The present chapter reviews relevant work in recent years, focusing on studies done
from the 90’s onwards. Early studies are reviewed in [1-3]. A summary of the literature
reviewed in this chapter is presented in Tables 1.1.1 to 1.1.3. At the end of this chapter
the main aims and objectives of the project are listed, taking in account the research

issues identified along the literature review.
1.1 Overview of in-plane compression-after-impact research
The determination of RCS involves two phases, the phase for damage introduction and

the phase for in-plane compression. RCS results are highly dependent upon factors such

as specimen geometry, lay-up, indenter geometry, indenter weight, impact force,



incident kinetic energy (IKE) and boundary conditions for a given composite material
with a constant fibre volume fraction. Thus, they are specific to the geometric and
physical conditions involved. Numerous combinations of impactor mass and velocity
can be obtained for the same level of IKE. If the resin system is strain-rate sensitive
then the damage mechanisms induced by impact are dependent on impact velocity. This
study is restricted to low velocity impact only, with low impact energy level so that
composite panels will not endure perforation, instead suffer mainly from internal

delamination with moderate surface damage at the upper end of impact energy range.

The in-plane compressive strength of composite panels is particularly dependent on the
particular aspect ratio [4-6]. Thus most research on RCS, including this one, is based on
panels as the compressive properties derived from small coupons do not represent the
behaviour of the larger panels. The RCS of preconditioned panels has been intensively
studied in recent years. Preconditions include impact damage, damage induced by
quasi-static transverse loading, artificial delaminations and open holes. However, there
is no unified international standard for the determination of RCS. Instead, there are a
few major methods, which have been developed as the result of research by various
organizations, as shown in [7, 8]. Five major testing methods have been reported in
literature and they are NASA, Boeing-SACMA (Suppliers of Advance Composites
Materials Association), QMW (Queen Mary and Westfield College) [8], CRAG
(Composites Research Advisory Group) and IC/LU (Imperial College and
Loughborough University). A substantial amount of studies have used the specimen
configuration of Boeing/SACMA method. As shown in Table 1.1.4, in this method the
same panel size is used for both impact and in-plane compressive phase with a specific
level of impact energy. On the contrary the IC/LU method uses a larger impact testing
area so that a slightly wider range of IKE could be delivered.

The advantage of NASA and Boeing/SACMA methods is that the rectangular specimen
geometry represents a more realistic scenario for practical structures. Nevertheless, in
the impact phase, impact at the centre of the specimen is an event that the panel tends to
deform concentrically. If the rectangular panels are used as in the NASA and
Boeing/SACMA methods, then deformation reflection from different straight

boundaries may affect the impact event differently, particularly if induced damage areas



are relatively large. This could be avoided by keeping the damage far away from

boundaries and/or by choosing a circular testing area, as in the QMW, CRAG and

IC/L.U methods.

Table 1.1.4 Compression-after-impact testing methods

Boeing/

QMW

Parameter | Unit NASA SACMA college CRAG IC/LU
Specimen Square Rectangle | Rectangle Circle Circle
geometry
Specimen 254x177.8x | 150x100x 500-
J sizer | ™| 635 4656 | 80P2 | 140531 100x10-25
& -
g Impact test 127x127 | 127x762 | Dia 40 | Dia 100 | Dt 100-
g area 500
g Bou-n.daryb C C at four C C C
—| conditions points
Impactor | 45 4.6-6.8 3.96 As As
mass required required
Impact As As As As
I 28 . ) ) )
energy required required required required
350x250x
Specimen 254x127x | 150x100x 10-25 or
size® | ™| 635 1656 | 8PP | 1SS 50, 100x
% 1-6.4
5 Epoxy
ol
=) . b End End End End tabs, potted
£l Loading . . . shear
@ loading, C | loading, C | loading, C . ends, end
5 loading, C .
= loading, C
E| Side edges® SS SS SS SS SS
O To cause
Loading rate | " 1.27 0.5 0.3 failure 1
min within
30-90 s

* The specimen size is given by length, width and thickness (LxWxt) for rectangular
specimens and diameter and thickness (Diaxt) for circular specimens
® C and SS stand for clamped and simple supported boundary conditions, respectively

1.2 Damage characteristics

Damage tolerance assessment requires a detailed description of a state of damage in

terms of damage mechanisms, damage size and through-the-thickness (TTT)

distribution of size. Damage mechanisms induced by low velocity impact can be

divided in two categories, material damages and associated localised geometric change.




Material damages include internal delaminations, matrix cracks and fibres fracture.
Local change of geometry around the impact site is due to the impact-induced
indentation. The determination of damage size is usually given by delamination area,
either the projected area or the cumulative contribution of individual delaminations

distributed in the TTT direction of the laminate.

The damage generation process is determined by the interaction between the impactor
and the target laminates. On the one hand, laminates with low flexural rigidity develop
large bending strains when they are loaded transversely, causing tension failure on the
back-face and compression failure on the front. Additionally large deflections could
induce membrane stresses [9]. The damage starts locally around the impactor,
continuing in the TTT direction as a ‘shear cone’ that contains matrix cracks and
delaminations in a 3-D spiral pattern [10]. On the other hand, the transverse response of
stiffer laminates has much higher transverse forces, giving rise to high internal shear
stresses [11, 12]. Thus, the damage is dominated by the interlaminar shear stress (ILSS)
[13]. A large delamination tends to appear near the mid-plane in addition to a
significantly smaller shear cone, as shown in Figure 3.2.4(c). The shear cone develops

locally starting on the upper surface and stopping at the ILSS-induced delamination.

The conical pattern of TTT damage distribution has been studied using cross sectioning
[1, 14-17] and thermal deply [10, 18] for relatively flexible targets. In [18] a 32-ply
quasi-isotropic (QI), CFRP laminate plate was impacted at 25.2 J. The delamination
areas were smallest near the upper surface (2 cm? per interface) and were the maximum
near the bottom surface (10 cm?). Intra-ply matrix cracks were generated near the
impact centre, running parallel to the ply orientations and propagated until they reached
interfaces between plies with different orientation and then continued as delamination.
Similarly it was observed [10, 11, 18-20] that delamination initiated and grew only
between adjacent plies of different orientations and its shape depends on the relative
angle between those plies [21] as shown in Figure 1.2.1. It was clear that the projected

area of delaminations tended to a circular shape.

The relationship between surface topology change and delamination area has not shown

conclusive results. While some studies showed that there was no correlation between



the two by using thin CFRP [22, 23] and thick QI CFRP [23, 24], other studies showed
that indent depths correlated to the degree of internal damage in 16-ply QI CFRP panels
[25] and GFRP woven roving plates [26].

1.3 Factors affecting damage characteristics
1.3.1 Laminate thickness

The effect of laminate thickness on damage initiation and propagation depends on the
flexural stiffness of laminates. As mentioned earlier, the damage induced in relatively
flexible panels was dominated by tensile stress and characterised by the presence of a
shear cone. On the contrary, damage induced in relatively stiff panels was dominated by
ILSS and characterised by a large delamination near the mid-plane. Thicker and stiffer
QI CFRP panels had significant larger delamination areas than thinner and flexible
panels [9]. At an IKE of 0.5 J/ply the delamination area of 32- and 16-ply panels were
15% and 49% of the correspondent 48-ply panels with the in-plane dimensions and
impact conditions remaining constant. Similarly [11] increasing the thickness from 2 to
4 mm (16 to 32 plies) of 127x75 mm CFRP QI panels resulted in a delamination area
nearly 3.5 times higher, at the similar IKE of 0.4 J/ply. When the total cumulative area
was used instead of the projected delamination area [27] similar results were obtained.
An increase in panel thickness from 9 to 21 plies resulted in a delamination area 7.5
times larger for an IKE of 2.1 J/ply and using a lay-up of [03/904/03],. However, an
inverse relationship between delamination rate and thickness was observed in [11] when
the variation of thickness was not large enough to produce a significant change in the
panel stiffness (i.e. damage governing mechanism). In this case, increasing the
thickness from 1 to 2 mm of 127x75 mm CFRP QI panels was reflected in a decrease of

20% of projected delamination area, at 0.38 J/ply.

The effect of panel thickness on the peak load was studied in [28, 29], rectangular
laminate plates made of GFRP were impacted at various IKE levels, ranging from 6.64
to 360 J using a 12.5-mm diameter hemispherical impactor. In that study, three sizes of
square panels were used, 125, 84 and 12-mm and two thickness values, 6.69 (51-ply)
and 2.24 (18-ply). The peak loads were related linearly to low levels of IKEs, varying



from 0 to 16.2 kN (0 to 106 J) and 0 to 4.2 kN (0 to 30 J), for thick and thin panels
respectively. However after the fibre breakage onset, the peak load remained relatively
constant for a wide range of IKE, 16.2 to 19 kN (190 to 390 J) and 4.2 kN (35 to 360 J)
for thick and thick panels respectively. Despite the bending stiffness of the thick panel
being nearly 9 times higher than the thin panel, the maximum peak load was just over
4.5 times higher, suggesting that there were additional factors apart from bending in the

panel impact response.

1.3.2 In-plane dimensions

The panel in-plane dimensions affect the damage generation in two ways. On the one
hand, together with the thickness they determine the flexural response of the panel and
consequently the governing damage mechanism. On the other hand, they are one of the
factors in the determination of the contact pressure, alongside with the indenter size and
shape. The influence of in-plane dimensions in the determination of the damage
dominant process was observed for CFRP QI panels [11]. When the in-plane
dimensions were increased with a constant thickness, there was a drop in delamination
area that indicated the influence of panel dimensions on the panel stiffness and the
governing damage mechanisms. The delamination area of 1-mm thick panels was
reduced by 53% at an IKE of 3 J by changing the in-plane dimensions from 127x75 to
200200 mm, keeping constant the impact conditions. For 4-mm thick panels the
reduction was 61% at around an IKE of 20 J. In [30] 2-mm thick cross-ply (CP) GFRP
woven plates of 102- and 337-mm diameter were impacted. Sizes of delamination were
relatively close and for the large plate the area was only 11% less than that of the small
plate at an IKE of 7.2 J. This result suggested that both plates had similar dominant

damage mechanisms.

The effect of in-plane dimensions on the panel response measured through the
transverse peak force depends on the relative size of the impactor to the panel. On the
one hand for a relatively small contact area between the impactor and the panel, the
effect of in-plane dimensions is negligible. In [31], 32-ply QI CFRP plates of 50.8 and
76.2 mm diameter were quasi-statically loaded with a hemispherical indenter of 6.35

mm diameter. There was a linear trend between the width of delamination and the



maximum applied load and both panel thickness had a proportionality constant of 24.1
mm/kN. Similarly, 102 and 337 mm diameter [30], and 127x75 and 200x200 mm
panels [11] were transversely loaded with a 12.7-mm diameter hemispherical-ended
indenter. A change of in-plane panel dimensions (keeping the same thickness) did not
affect the relationship between transverse peak force and the delamination area. On the
other hand, for relatively large impactors the effect of varying the panel size may
become significant, In [32] 40 and 120-mm diameter CFRP (woven) circular plates of 2
mm thickness were quasi-statically loaded to a complete failure with indenters of
different size (8 and 20 mm diameter) and shape (hemispherical and flat-ended). The
average reduction of peak load due to increasing the in-plane dimensions (from 40 to

120 mm) was 23% and 33%, respectively for the 8-mm and 20-mm indenters.

1.3.3 Impactor size and shape

The respective effects of indenter size and shape on the damage generation are closely
linked with the effects of in-plane dimensions. The relative size of the indenter with
respect to the panel dimensions determines maximum panel deflection and stress
distribution. Additionally, the interaction of the impactor and the laminate determines
the distribution of contact stress and the distribution of ILSS inside the laminates,
thereby dictating the delamination onset and propagation. The effect of the impactor
shape and size on the delamination rate was studied in [33], with 100x150 mm panels of
woven CFRP impacted at IKE levels ranging from 5.5 to 10.6 J. Two sizes of
hemispherical indenter were used, 21 and 6.3 mm. The absorbed energy varied from 70
to 79% of the total IKE, for the large indenter, whereas the variation was from 87 to
94% for the small indenter. Similarly the area of delamination increased 2.3 times by

shifting from large to small impactor diameter, at an IKE of 10.6 J.

The effect of impactor size and shape on the critical load for delamination onset was
shown in [32]. Hemispherical and flat indenters of 8 to 20 mm diameter were used to
apply quasi-static transverse load to 9-ply woven CFRP panels. A change in indenter
size from 8 to 20-mm diameter (hemispherical) increased the threshold force for
delamination onset by 25%. Moreover, a change in shape from hemispherical to flat

changed the panel response so that the threshold value and the maximum force were



practically coincident in the flat indenter case. In [34] similar results were reported for
25.4-mm diameter QI CFRP laminate plates, quasi-statically loaded. Varying the size of
a flat indenter from 3.8 to 18-mm was reflected in a threshold range from 10 to 24 kN.
Additionally, the threshold force for delamination onset was determined as 13,9 and 5

kN for flat, hemispherical and conical indenter shapes, respectively.

The impactor shape and size effect on the transverse peak force was shown in [32].
Changing the indenter nose shape from flat to hemispherical resulted in 47% and 73%
decrease in the peak load recorded, for small (8-mm diameter) and large (20-mm
diameter) indenters respectively. These results agreed with a previous study [34] in
which 6.15-mm thick CFRP laminate circular plates were subjected to quasi-static
loading until failure. The peak loads were 23, 15 and 9 kN, for flat, hemispherical and
conical indenter nose shapes respectively. The nominal diameter for all the indenters

was 7.6 mm.

1.3.4 Composite lay-up

The effect of lay-up on damage depends on the relative angle between adjacent plies
and the number of plies of the same orientation. On the one hand, increasing the relative
angle between plies [10] from [(-455/902/452/02)2]s to [(-452/902/02/452),] decreased the
total cumulative area by 22.5% at an IKE of 16 J. Similarly in [35, 36] two QI lay-ups
were impacted at various IKE levels. At the maximum IKE level, the delamination
width values were 60 and 49 mm for [45(90/-45)3(0/45),/0]s and [45(0/-
45)3(90/45)2/90]s respectively. On the other hand, increasing the number of equally-
orientated adjacent plies was shown to reduce the cumulative area of delamination,
since it only appears between adjacent plies of different orientations. The effect of ply
groups on delamination rate was studied in [10, 27, 35, 36]. In [27] two Jay-ups were
used for 21-ply GFRP laminate panels, (0;/90+/07) and (03/905/03)s. The correspondent
cumulative delamination area of the former was around 85% of the latter, at an IKE of
27 J. However ply grouping facilitates early matrix cracking, since the cracks develop
within fibres with the same orientation [10], leading to an increase in the projected area
of delamination. This effect is shown in [35, 36] using CFRP laminate panels with two

different lay-ups, subjected to impact loading. The two lay-ups were (453/903/-451/03)s



and (45/90/-45/0)3s. At the maximum IKE level of 40.7 J the projected delamination

diameters were 81 and 28 mm respectively.

For the effects of matrix toughness and fibre architecture on impact damage, the

interested reader should refer to [16, 34, 37-39] for the former and to [40] for the latter.

1.3.5 Impactor mass, impact velocity and IKE

The projected and total delamination areas are related to the main parameters of the
transverse loading response, in terms of IKE and load. As a general trend, increasing the
IKE level leads to an increase in delamination area. However the linearity of this trend
depends on the governing damage mechanism. For low IKEs, delamination is the main
mechanism and fibre breakage is the dominant one at higher IKEs. Consequently two
constant slopes of IKE-delamination areas may be identified as summarised in Table
1.1.1 {10, 11, 27, 30, 33, 37, 39, 41-43] and were used to identify the change of damage
mechanisms from delamination to fibre breakage. The delamination areas were also
related to peak load, analogous to IKE level [9, 11, 22, 30, 31, 38, 42, 44]. However, the
second linear range with a reduced slope as observed with IKE, was not observed [11,

30, 42].

The tmpactor mass effect on the damage generation was studied in [45]. CFRP laminate
panels of 48 plies were impacted at various energy levels. Four impactor masses of
1.13, 2.27, 4.54, and 9.08 kg were used and each one delivered an IKE range from 13.6
to 33.9 J. The study concluded that for panels impacted at the same IKE level, the
damage area increased as the mass of the impactor decreased. However there is

insufficient information to either support or contradict these findings.

Low-velocity impact and quasi-static transverse loading induce similar type of damage
as proved by numerous studies [16, 20, 24, 38, 41, 46]. This similarity is valid provided
that the resin is not strain-rate sensitive. An analysis of the impact response of
composite panels was presented in [47] with a two-degree-of-freedom spring-mass
model. It was concluded that the low-velocity impact can be considered as a quasi-static

response provided that the duration of the impact event is many times longer than the



time for generated stress waves to travel to outer boundary of the plate and return. This
is indeed the case of large-mass low velocity impact, where the contact stiffness is

several orders of magnitude larger than the structural stiffness.
1.3.6 Boundary conditions and panel shape

The effect of the type of boundary condition (i.e. clamped or simply supported) on
damage is related to the panel flexural stiffness and the governing damage mechanism,
The additional stiffness introduced by clamping the panel boundary could be large
enough to result in a change from damage dominated by tensile stress to ILSS, although
this effect depends on the panel dimensions. In [11], 1- and 2-mm thick panels of two
different in-plane dimensions were impacted. In the case of 200x200 mm parnels, the
projected areas were 56% (at 2.5 J for 1-mm thick panels) and 150% higher (at 4.2 J, 2-
mm thick panels) in clamped panels than in simply supported panels. On the contrary,
127x75-mm panels (1, 2 and 4-mm thick) and 200x200-mm panels (4-mm thick) did

not show any significant difference between clamped and simply supported conditions.

The rigidity of the support also affects the damage extent. In [48], two sets of CFRP
laminate panels were impacted at 27.1 J. For the first set, the panels were simply
supported using a fixture made of wood and aluminium, providing a relatively flexible
substrate. The other set used a fixture made of steel, much more rigid. The damage area
values were 516 and 710 mm?® respectively, suggesting that the absorbed energy of a
panel supported on a relatively flexible fixture is lower than the one supported on a

rigid fixture,

A change in the boundary conditions affects the transverse force only for relatively
large impactor sizes. In [11], a 12.7-mm diameter impactor was used. The
proportionality between peak force and delamination area was the same for both
clamped and simply supported panels. For panels loaded quasi-statically [32], the
results between clamped and simply supported conditions offered no significant
difference when a 8-mm diameter indenter was used. However, as the diameter of the
indenter increased to 20 mm, the peak load values of the clamped plates were higher

than the simply supported.
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The effect of panel shape (circular or rectangular) on damage is related to the effect of
the relative size of the impactor respect to the panel. Two studies used both circular [38]
and rectangular [44] panels. In both, the panels were impacted by a hemispherical-
ended impactor of 12.7 mm diameter, and they were made of the same composite
system (AS4/3501-6) with a similar lay-up (48 plies, QI). The relationship between
transverse peak force and delamination diameter had similar proportionality constants,
13.9mm/kN and 12.5 mm/kN, for circular (102 mm diameter) and rectangular
(76.2x76.2 mm) plates, respectively. The threshold value for the damage initiation was
higher for the rectangular (12 kN) than for the circular (7 kN) shape, probably as a
consequence of the larger relative size of the impactor with respect to the in-plane

dimension in the rectangular case.

1.4 Factors affecting damage tolerance

Damage tolerance assessment of preconditioned panels is based on the understanding of
the relationship between the damage state and the reduction of compressive strength
(CS) in terms of delamination size, IKE and transverse peak load. A relative measure of
the reduction in CS is provided by the compressive strength retention factor (CSRF)
that compares the intact and the post-impact compressive properties. The effect of the
damage presence on the in-plane compressive behaviour is reflected on the reduction of
critical values of compressive stresses, such as local delamination buckling, global
buckling and delamination propagation stress. This section reviews the effect of the
damage state and testing parameters on the compressive behaviour and on RCS. The
parameters examined include composite system, specimen dimensions, impact testing
conditions and environment effect. The damage state characteristics examined include
delamination size, number, shape and orientation, and TTT location, apart from local
change of geometry. A summary of the main studies reviewed in this section is

presented in Tables 1.1.2 to 1.1.3.
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1.4.1 Material effect

Toughened composite systems fail at higher compressive loads because the initial
delamination areas for the given IKE were smaller as a consequence of the higher
resistance to delamination propagation exhibited by toughened matrix during impact
loading [37, 39, 43, 49-52]. This was evidenced by the direct relationship found
between the increase in CSRF and Gye [53-55]. The RCS properties were also

improved via enhancing the toughness fibre/resin interface [49, 54].

Different fibre architectures can also improve the delamination resistance and damage
tolerance of the material. A woven fibre architecture was found to have better RCS
properties than UD-based system, as a consequence of the restriction of delamination
initiation and growth between fibres with different orientation [56, 57] for the similar
IKE levels. For a given architecture such as knitted textiles [58], increasing the total

loop density improved interlaminar fracture toughness, thereby improving CSREF.

Innovative TTT reinforcements have been used recently to tackle the inherent weakness
of a laminate material towards ILSS, with a varying degree of success. The main
concepts were reviewed in [59] and it included knitting [58, 60], braiding and special
woven configurations [61, 62], Z-pins [63-65], stitching [66-69], interleaving [70, 71]
and hybrid composites [72].

1.4.2 Lay-up effect

The effect of lay-up on the RCS is dictated by its effects on the impact and compressive
phases of CAI testing. On the one hand, one of the lay-up effects on the impact phase is
seen when plies of equal orientation are grouped together matrix cracks develop easier,
delamination tends to be larger and as a consequence the RCS is lower [35, 50]. In
terms of damage tolerant design, it was shown that placing 45° fibres in the surface ply
increased delamination energy initiation [73]. Consequently the trend for design should
be in favour of a panel with damage tolerant skin, which means small proportion of 0°
plies (loading direction), and stiffer stringers with mainly 0° plies inside the composite

[74]. On the other hand, fibre orientation affects mainly the compressive stage of CAl
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testing as shown in [17]. Three QI lay-ups with different proportions of fibres aligned in
the load direction were tested in CAIL Laminates with very low percentage (<25%) of
plies in the loading direction had similar failure loads but higher failure strain than
laminates with higher (>25%) percentage. Similar results were reported in [75]. Panels
with 17% and 67% of fibres in the loading direction had a reduction of 58% and 68% in

the residual failure strain respectively, for the larger size of delamination studied.
1.4.3 Overall panel dimensions effect

Panel thickness has a marked effect on the damage generation and impact response, as it
was discussed earlier in Section 1.3.1, It also affects the compressive panel behaviour,

in particular the determination of the buckling load.

The effect of an increment in thickness on the CAI performance was found to be
detrimental in terms of CSRF. As discussed earlier, damage inflicted onto stiff
laminates is more extensive than damage in flexible laminates, thus a thin laminate has
a relatively better CAI performance than a thick one. In [52], IKE/ply levels of 1.6 and
1.42 J/ply were applied to 26- and 96-ply laminates respectively. Despite the similarity
in IKE level, the CSRF was 0.75 and 0.42 respectively. In [76] 40 and 24-ply CFRP
panels were impacted within a range of 2 to 3 J/mm and 1.6 to 3.3 J/mm respectively.
For thick panels the reduction of CS was between 38% and 46%. The CS reduction of
thin panels was significantly lower, between 4% and 27%. Additionally it was observed
that the correlation between residual compressive strength and strain was good for the
majority of the specimens. Similarly in [77] the CS was reduced by 41% when a thin
panel (32-ply, 4 mm thick) was impacted at 2.4 J/mm, but by 64% for the 48-ply or 6-

mm thick panel.

However when comparing relatively stiff panels, even thicker panels seem to provide
better residual strength retention due most likely to the fact that buckling occurrence is
not a concern and damage is governed by ILSS. In [78], thick panels had a better CAI
performance than thin panels, especially when the transverse peak load was used as the
impact parameter. GRFP woven panels of two different thicknesses, 10 and 25 mm,
were tested in CAL The peak loads were between 45 and 92 kN (400 to 1670 J) for thin
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panels and 67 and 120 kN (350 to 2600 I) for thick panels. The reduction of CS was
between 49% and 72% for the thin panels and between 45 and 60% for the thicker
panels, indicating a better CAI performance. Similar results were reported in [79] for 14

and 19 mm thick GFRP woven fabric panels.

In-plane dimensions expressed as the aspect ratio, AR, have two major effects on the
CS of intact panels. Firstly, AR and thickness are geometrical parameters involved in
the buckling load determination. Secondly, an effect unique to composite materials has
been observed as a direct consequence of the AR: the amount of unconstrained fibres
(unloaded edges) vs. constrained fibres (by the loading platen) during compressive
loading. In [4, 5] the compressive strength was found to be inversely proportional to the
AR. However AR was found not to be a source of any stiffness trend. Instead, the
specimen height played an important roll in the stiffness determination. Taller panels
had a stiffer response compared with shorter ones. These trends were followed

irrespective of the laminate lay-up.

The effect of AR on the CAI strength has not been thoroughly studied and more
research needs to be done. In [80] the AR effect was studied in composite panels
subjected to impact loading during compression. No significant difference was found
between tHe compressive failure strain ratio for panels with AR of 1, 1.5 and 2, after
being impacted at similar IKE level. The IKE range was between 0 and 5 J. However
the panel was held with the unloaded edges fully clamped, which might have provided

support to unconstrained fibres.
1.4.4 Material damage effect

Material impact damage mechanisms consist mainly of fibre breakage, matrix cracks
and internal delaminations. Among them, internal delaminations have the strongest
influence on the CS reduction. The main parameters of describing internal
delaminations are size, number, shape, orientation and TTT distribution. Due to its
complexity, the individual study of each parameter is virtually impossible with impact-

induced damage. However many authors (see Table 1.1.3) have simulated impact-
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induced delaminations with artificial delaminations, embedded during manufacturing

process, thus each individual effects can be represented.

Delamination size effect

Increasing the delamination size is reflected in a reduction of RCS, as many studies
have shown [1, 2]. This section reviews the effect of delamination size not only on the

RCS, but also on delamination buckling, propagation and failure.

The minimum size of delamination that causes a reduction of RCS depends on factors
like panel thickness, delamination number and TTT depth. Below the threshold size of
delamination, the compressive behaviour and failure of a delaminated panel is similar to
an intact one. In [81] this value was between 12.7 and 25.4 mm diameter, for a single
circular delamination in a 8-ply CFRP woven panel. In [82] this value was between 6
and 9 mm major axis, for a single elliptical delamination (AR 1.72) in a 8-ply CFRP
UD Jaminate. For multiple delaminations, the threshold size is also present, in [83] 4
identical circular delaminations were embedded within one half section of a 32-ply
CFRP panel, the other half section was left untouched. The smallest delamination, 12.7
mm, did not show delamination propagation, suggesting that the threshold size was
between 12.7 and 19.1 mm. The effect of the resin toughness on the threshold size of
delamination is shown in [84]. Five circular delaminations of the same size were evenly
embedded in the TTT direction in a 12-ply CFRP woven panel. Two composite systems
were used based on the T400 carbon fibre. The system with conventional resin had a
threshold size between 10 and 20 mm diameter. On the other hand the toughened resin

system had the threshold size between 20 and 30 mm diameter.

Delamination buckling and the propagation stresses are also affected by the size of
delamination. In [85, 86] a single circular delamination was embedded at the 4/5
interface of a 24-ply CFRP composite. Two panels with different delamination size
were tested in compression, 12.7 and 25.4 mm diameter. The delamination-buckling
load was 352 kN and 220 kN respectively. In [81] single circular delaminations of 12.7,
254 and 38.1 mm diameter were embedded at the 2/3 interface of an 8-ply CFRP

woven panel. Based on strain gauge readings (in back-to-back configuration) the
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buckling and propagation stresses were determined. In the case of the panel with 38.1
mm diameter delamination, it was observed that the thin sublaminate buckled first at a
load of approximately 30 kN (101 MPa). This was followed by the buckling of the
remaining six-ply sublaminate at approximately 64 kN (201 MPa). Subsequently strain
reversal was detected at the outer strain gauges, indicating propagation of delamination
at 243 MPa. Analogously for 25.4 mm size, the delamination buckling of the thin and
thick sublaminates was at 211 MPa and 250 MPa, respectively. The delamination
propagation stress was at 268 MPa.

The reduction of RCS and the compressive failure mechanisms are affected by the
delamination size. In [81] the failure mechanisms of the panel with the smallest
delamination (12.7 mm) differed from the larger ones (25.4 mm and 38.1 mm). For the
former, failure was similar to the intact panel in overall specimen crippling without any
delamination propagation. For the latter, failure was triggered by delamination
propagation. As a consequence, the reduction of RCS was 0%, 33% and 34% for 12.7,
25.4 and 38.1 mm diameter respectively. The RCS values in [83] ranged from 323 to
204 MPa for the four sizes studied, from 12.7 to 41.3 mm diameter, Additionally it was
noted that buckling was not necessarily synonymous with failure and initial out-of-

plane imperfections triggered ILSS and delamination growth before buckling.

The size effect of multiple delaminations on the buckling and propagation stresses has
also been studied using delaminations of constant size distributed through the thickness.
In [83] four delaminations of equal size were embedded, with diameters of 12.7, 19.1,
25.4 and 41.3 mm. Three replicates of each size were tested. Using shadow Moire, the
propagation loads were determined as 250, 223 and 194 MPa for 19.1, 25.4 and 41.3
mm diameter respectively. The smallest delamination of 12.7 mm did not show
delamination propagation. In [84] the out-of-plane displacements of panels with 5
delaminations were measured during compressive loading. It was observed that with an
increase of the size, buckling mode shifts from global type to a mixed type,
characterised by transverse delamination opening. The buckling load reduction becomes
significant when the diameter of delamination exceeds certain value depending on

specimen and composite system, in particular resin type.
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The delamination buckling of panels with multiple delaminations of varying sizes in the
thickness direction is determined by the largest delamination. In [87, 88] GFRP woven
panels had 7 delaminations located at regular intervals in the thickness direction. The
diameter of the delamination increased from the top surface to the bottom. The
compressive behaviour was monitored using LVDT at both sides of the panel. Buckling
started locally at the side of the largest delamination. Subsequently the global laminate
tended to deform into the same direction. Therefore the size of the largest delamination
determined the local buckling load. However the global in-plane stiffness was not
affected until the deflection of the side with the largest delamination was significant
[87]. Similarly delamination buckling was not directly related to the compressive failure
of impacted panels. In [77, 89] buckling appeared well before the final failure load is
reached. The buckle of the sublaminate had no effect on the variation of the strain-stress
relationship, which was linear as measured at a point outside the damaged area. This
means that the buckled sublaminate is such a small portion of the whole laminate that a
change in the stiffness of this portion does not affect the overall behaviour of the

laminate.,

Number effect

The number of delamination has a direct effect on the CS reduction, an increase in the
total cumulative area results in a reduction in CS of panels with embedded
delaminations. In [90] this effect was investigated with 25.4 mm diameter circular
delaminations evenly embedded in a 16-ply CFRP panel. The RCS of panels with 1, 3,
5, and 7 delaminations were 306, 181, 168 and 168 MPa respectively. Another
distribution was tested, with all the delaminations shifted towards one side of the panel
in an asymmetrical arrangement, for 1, 3 and 5 delaminations the RCS was 358, 229
and 194 MPa respectively. Nevertheless, the effect of delamination number is not linear
and increasing a large cumulative area with an additional delamination may have a
small marginal effect on the RCS. In this case, the size of the delaminations or even

their depths, rather than their number, is more important in the degradation of RCS.

The effect of the total cumulative delamination area on the RCS must consider the

distribution of delamination size in the thickness direction. In [88] the out-of-plane
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measurement of two panels was compared. One of the panels had 8 identical
delamination of 30 mm diameter. The other panel had 7 delaminations evenly
distributed, increasing from 22.5 mm on the front surface to 37.5 mm towards the back
surface. Despite having similar cumulative delamination areas, the buckling and failure
loads were much higher in the case of identical delaminations, 78% and 48% of the
intact buckling and failure load respectively, compared with 55% and 33% of the panel
with conical distribution. Contrastingly in [90], the total cumulative area provided a
reliable measurement of the damage extent independently from the size distribution in
the thickness direction. The RCS of two panels with similar cumulative area of
delamination but different size distribution was compared. One of the panels had 3
circular delaminations evenly distributed, with a constant diameter of 25.4 mm. The
other panel had 7 delaminations evenly spaced in a conical distribution increasing from
6.35 to 25.4 mm diameter. The RCSs were 181 and 184 MPa, respectively.

In contrast, the buckling load was not affected by increasing the number of
delaminations as shown in [85, 86]. Circular delaminations of 25.4 mm were embedded
in 24-ply CFRP laminate panels. Panels with 1, 2 or 3 delaminations were tested in

compression; their corresponding buckling loads were 220, 211 and 227 kN,

Shape and orientation effects

Delamination tends to propagate in the transverse direction [81, 87, 91-94].
Delamination shapes such as ellipse or rectangle have a major axis that can be
orientated along the transverse axis in the width direction of the panel. This creates a
region with high concentration of ILSS, therefore it is intuitively expected that such
panels will tend to fail at lower stress levels as a consequence of the delamination
propagation. On the contrary, circular shapes are neutral in this respect. However it was
found that only the buckling load is affected by delamination shape and orientation and

that the reduction in RCS is independent of these variables [82, 85, 86, 95].
The local buckling load of a sublaminate depends on the delamination shape and

orientation. In [85, 86] two shapes were compared using 24-ply CFRP laminate panels

with elliptical delamination of 25.4/12.7 mm (major/minor axis), 12.7 and 25.4 mm
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diameter circular delamination, all embedded at the 4/5 interface. The ellipse was
oriented in the width direction. The buckling load was 462, 352 and 220 kN,
respectively. The trend of the results may be justified by the fact that narrow and long
sublaminates aligned with the load direction tend to buckle easier than flat and short
sublaminates. The effect of orientation in the buckling load was studied in [91] using
elliptical delaminations of 38/20 mm of major/minor axis oriented at £45°, in the width
or in the loading directions. The delamination buckling stresses were 209, 215, 203 and
189 MPa, respectively, confirming the previous relationship between sublaminate AR
and buckling load. However the RCS values were 269, 295, 285 and 278 MPa
respectively, without any apparent relationship. Thus, the orientation of delamination
did not have any effect on the RCS of these panels, probably due to the complex shapes
in which the sublaminates grow and propagate, that do not keep any relationship with
the original delamination shape. In [95] 24-ply CFRP laminate panels had an elliptical
delamination of 45/20 mm major/minor axis oriented in the width or in the load
directions and embedded at the 3/4 interface. The buckling loads were 19 and 10 kN,
respectively, showing a marked effect due to the orientation. Nevertheless, the
propagation load was in both cases 53 kN. In [82] a single elliptical delamination of
15.3/8.9 mm major/minor axis was embedded at the midsection of 8-ply CFRP UD
laminate panels, oriented to 90° (width), 60°, 30° and 0° (loading) directions. The
reduction in the local buckling load was 13%, 10%, 11% and 8%, respectively, showing
a slightly decrease in the buckling load as the angle of the major axis with the loading

axis increases,
Through-the-thickness (TTT) location effect

Embedding delaminations at different TTT depths intends to study the effect of
eccentricity and unbalanced sublaminates on the RCS. As a general rule, the distribution
of impact damage in the thickness direction is asymmetrical. When such damage
interacts with in-plane compressive loading, the eccentricity is combined with the
bending-stretching and bending-twisting couplings of the unbalanced sublaminates,
producing non-linear behaviours that can trigger local and global buckling,
delamination propagation and failure. In [85, 86] the load of delamination buckling was

substantially increased from 462 kN to more than 500 kN by shifting an elliptical

19



delamination from the 4/5 to the 8/9 interface in a 24-ply CFRP laminate panel.
Similarly, in [92] and [93] the buckling and propagation loads were determined in 35-
ply CFRP laminate panels with single circular delamination embedded at the 3/4, 5/6 or
7/8 interface. The local load for delamination buckling was affected by the depth of the
60-mm delamination, with values of 9.5, 41 and 70 kN for the 3/4, 5/6 or 7/8 interface
cases respectively. However the global buckling load remained at a similar level, 104,
107 and 103 kN respectively. For 55-mm diameter delamination the local buckling was
at 17.2, 59.3 and 97.2 kN whereas the global buckling was determined at 106.4, 104 and
111 kN for the 3/4, 5/6 or 7/8 interface cases respectively. Contrastingly for the 8-ply
CFRP UD laminates used in [82], it was found that the buckling strengths decreased

slightly as the delamination was located farther to the centre of the laminates.

The depth of delamination in the thickness direction influences not only delamination
buckling load but also out-of-plane displacements. In [96] stereo imaging was used to
measure out-of-plane displacements. Single circular delaminations of 64 mm diameter
were embedded in 24-ply CFRP laminate panels. Varying the depth of delamination
from the 4/5 to the 5/6 interface resulted in a decrease from 1.25 to 1.05 mm in the out-
of-plane measurement at the point of delamination growth. The correspondent
propagation loads were 54 and 56 kN, respectively. Decreasing the depth of a given
delamination reduces its effect on the RCS because the thicker sublaminate governs the
global behaviour. In [90] single and multiple (3 and 5) circular delaminations of 25.4
mm diameter were embedded in a symmetric and asymmetric TTT distributions. By
shifting from the symmetric to the asymmetric distribution the RCS varied from 306 to
358 MPa (single delamination), 181 to 229 MPa (3 delaminations) and 168 to 194 MPa
(5 delaminations). Rectangular delaminations were studied in [97, 98]. The tests on 8-
ply GFRP laminate panels showed that the failure load decreases with the TTT position
of the delamination. The reductions in the failure load were 16%, 29% and 31% for
single rectangular delaminations (25 mm square) embedded at the 1/2, 3/4 and 4/5

interfaces respectively.
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1.4.5 Local curvature change

The effect of local change of curvature induced by the impactor nose on the RCS has
not been widely investigated. In [26] the permanent indentation related linearly with the
crack length. In turn the crack length related linearly to the CSRF, thereby linking the
reduction of CS and the permanent indentation value. However other findings [22] have
shown that the dent depth cannot be used as a damage measurement. In [99] the effect
on the compressive behaviour of the local change of geometry around the impact
damage area was described and later incorporated to an analytical model. Previous
experimental investigations had indicated that the impact produced a dent on the
impacted surface and a bulge on the non-impacted surface. The entire damage region
tended to buckle locally in compression in the direction of the geometrical imperfection.
As a result, the fibres located within the damage region bended seriously under
compressive loading. The contour of the dent was approximately circular before loading
but it changed gradually to a transverse ellipse. As the load increased, the dent depth

increased and the major axis of the ellipse expanded transversely.

1.4.6 Environmental effects

Humidity and temperature could have the detrimental effects on the CAI performance.
The effect of high temperature (up to 150 C) during testing on the RCS of thermoplastic
and thermoset resin based composite systems was investigated in [100, 101]. In the case
of the thermoset system, panels impacted at high temperatures performed similarly in
the CAI test (compression at room temperature) than panels impacted at room
temperature. Compression at high temperature resulted in a further reduction of the
RCS for both intact and damaged panels. Nevertheless the CSRF was higher for
compression at high temperature than at room temperature, using as a reference intact
panels compressed under similar conditions. In the case of the thermoplastic system
there was no significant effect on the CSRF of the testing temperature at impact or
during compression. The results shown for the thermoplastic system had a large scatter
that could have masked any minor effect of the temperature on the CSRF. The
temperature effect on the CAI strength was also investigated in {25]. CFRP laminates
impacted at IKE levels up to 50 J were subjected to temperatures of 300°F, 350°F and
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400°F for up to 17500 hours. The decrease in CAI strength was roughly 10% after 500
hr, remaining constant from 5000 to 17000 hr. Specimens impacted before heating
showed a slightly greater degradation than specimens heated before impact, although
the differences were within the data scatter. Degradation in CAI strength was

independent of temperature for the temperatures studied.

The effect of moisture absorption was studied in [102]. Some of the specimens tested in
CAI were saturated at 70 C and 95% humidity before impact. The results revealed that
only in the case of very brittle matrix materials did a slight increase in RCS occur due to
moisture. The reason for this was attributed to the plasticizing effect of water leading to
a higher fracture toughness. The combined effect of humidity and temperature on the
RCS combined was explored in [103]. Woven-carbon/epoxy panels were subjected to
CAI with three different hygrothermal cycles. This cycles controlled the temperature
{(range over —30C to 100C) and humidity (range over 40 to 99.5%) over a certain period
of time. The hygrothermal effect applied before or after impact testing was reflected on

matrix cracking that affected the CAI performance similarly.
1.5 Main aims and objectives of this project

The present project intends to study experimentally the reduction of RCS of
carbon/epoxy panels that contain various preconditions at room temperature. A three
bounding approach is taken to simulate low-velocity impact damage using well-defined
damages of different sizes. The first one uses open holes as a representation of complete
material damage and has been one of the damage tolerance criteria in the aerospace
indu.stry. The second one of more recent time uses artificial delamination embedded in
different configurations, to simulate as many elements of impact damage characteristics
as possible. The third one is a new type of precondition that uses hemispherical-shaped
domes to represent the local curvature change induced by impact. Eventually in this
way, realistic damage can be approximated through a controlled refinement. The
particular advantage is that this approach provides a quantified state of damage, which
is deemed to be closer to low-, intermediate and high-energy impact damage. The main
objective of this project is to develop the introduction of preconditions, (artificial

embedment and hemispherical domes) from experimental techniques into a systematic
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method to simulate impact damage, establish response characteristics in compression
and use such characteristics to evaluate the contribution of preconditions to the

reduction of CSRF.

Some of the reviewed studies lacked consistency in the presentation of compression-test
results. Often neither buckling response nor failure mechanism of the intact panels was
reported. In particular, the longitudinal global buckling or bending of the damaged
panels was regarded as being synonymous with delamination propagation without
comparison with the intact panels. Moreover, the examination of the possibility of
delamination propagation was carried out using either the longitudinal strain responses
or out-of-plane displacements. In this thesis, the compressive and buckling behaviours
of 2- and 4-mm thick carbon/epoxy preconditioned and intact panels of 150 mm by 100
mm were characterised through compression-after-impact (CAI) tests in terms of
surface strains with emphasis being placed on transverse SGs. Study of CAI and
damage tolerance on T700/LTM45-EL carbon/epoxy system has not been previously
reported.

The parameters selected for studying with artificial delaminations are size (10-, 20-, 40-
and 60-mm transverse width), number (single and multiple x3), shape (circular and
elliptical), orientation (loading and width directions), TTT location (mid-plane and
quarter location) and TTT distribution (symmetrical and asymmetrical). Similarly, the
main parameters of local change of geometry (hemispherical-shaped domes) are dome-
depth and dome curvature. For open holes, size is the main parameter studied. Impact
damage is generated via drop-weight by using a purpose-built impact rig and a
hemispherical-ended impactor. During the test force-history and incident and rebound
velocities are recorded. Quasi-static transverse loading tests for damage generation are
carried out using a universal testing machine. In this case the surface strains and force-
displacement response are monitored during the tests, The introduction of preconditions
is presented in Chapter 2, impact and quasi-static damage generation are presented in
Chapter 3 and compressive response and failure results are presented and discussed in
Chapters 4 and 5.
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Previous studies have shown the effect of flexural rigidity and indenter-nose shape on
damage generation and propagation. This project intends to investigate these .
relationships by studying the force-displacement response, surface strains, damage
mechanisms and projected delamination area of 2- and 4-mm thick panels quasi-
statically loaded with either hemispherical- or flat-ended indenters. To add more
understanding to the experimental observations, an analytical model is developed to
predict the intact panel response under similar conditions of load. The effect of flexural
rigidity on the energy absorption characteristics is also investigated, using the force

histories and damage characterisation of impacted panels.

Finally, this project intends the development of a model to predict CSRF. The model
should be characterised by its simplicity and by including the main geometrical,
material and impact loading parameters. The different strategies of previous models to

tackle the problem of predicting CSRF are reviewed in Chapter 6.
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Figure 1.2.1 Schematic diagram showing three-dimensional damage structure in a
quasi-isotropic laminate (taken from [10])
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TABLE 1.1.1 Literature review for damage induced by transverse Joading

Ref. Author  [Panal impact paraimeters and response Danage Notes
LxW,mm  Thick. tum System Layup Boundary  Impactor IKE,J IKE/ply, 1iply AE,J Velocity  Critical loads, kN Methed Size, mm Dent, mm
fibre/resin cond. mass/size L] mechnsm
CFRPud {AP12ply*| 2edgesC | 1.5312.7dia H 1:0wss - * AP: 15, 45, 60,90
QI16ply | ZedgesC | 1.53/12.7diaH I
O.14d/ply] T: DTG/ | AP 12 ply | 2edgesC | 1.53/12.7dia H Qs
X8553-50 | AP12ply RF 1.53/12.7dia H Qs
252x89 023
[20] | Lagace AP12ply | 2edgesC | 153127 diaH - I M0.55.093, 148 X-ray More
2 AP 12 ply 1.53/12.7 dis H 1
B:AS4 | AP12ply | 2edgesC | 1L5312.7diaH Qs M 0.55,0.93, 148 X-ray Less
0.1347ply| 35016 | AP12ply 1.53712.7da H Qs
AP 12 ply 1.5312.7 dis H Qs
CP20ply { 2edges C | 1.5325.4diaH Qs
AP 12 ply RF 153127 dis H Qs
CP 20 ply RF 1.53/25.4 dian H Qs
CFRP ud
[38] Sun 102 dia B: AS4/ 1 MO-14TPIS C scan* 0-57 dia * Damage: spiral staircase pattern MC+D
(ref 13 127 dia 3501-6 Qs MQ-14:T7 MC,D
TJacksen 7 Q148 ply [+ 46327 Ak H - - - - Similar results QS and |
92y 102 dia T: MV I M0-1%T 105, P 20 0-40 dia * Good style for revision
127 die 85517 Qs M0-19: T 10.5
[44] | Srinivasan CFRPuwd dia, mm
(ref'9 76.2x76.2 343 B: AS4 | QI24ply o) 274127 dis H - - - I MO-10,T 3.8 C scan 0-85 -
Jackson) 631 35016 | QU4gply M0-20; T 12 D 0-85
308 dia CFRP ud 635diaH Qs MO-84;T32 Csean dia, mm Similar results QS and I
131 Kwon 76.2 dia 4,54 B:ASY | QI32ply S8 6.35diaH - - - Qs D 0-67
(ref 8 -
Jackson 102 din 3501-6 25.4 dia H Q5 MO-51;Ta3 0-40
92¢y | 50.3dia 25.4 dia H 1* * litpact with pendulum
Layup * 6.64 013 1.06 * Layup thin 2 ply group, thick 3 ply group
6.69 CP 51 ply 856 168 38
176.3 346 5.46 P16
Square * + Panel dimenisions nao ¢fect on damage
128) Lin 125x125 GFRP ud 0106 0-2.08 100% M0-162 C scan
of 84x84 6.69 3M glass/ | CP 51 ply c 11.9/12.5din H 106190 2.08-3.73 100% - M16.2-19 High light - - Absorbed encrgy from force history
129] Raja 12x12 epoxy 1%0-39%0 1.73-7.65 0% P intensity [CAT afterwards
98 LSC
0-20 0-1.67 100% M0-42 D, MC, FB
224 CP 13 ply 30-35 1.67-1.94 100% - M4.242 P
35-360 1.94.20 0% P
*R3 *R54 *R401 * comparing thick. ratio with IKE-foree rarics
15ply* CP 0.39 .98 M3.34 * Ply thickness 0,25 mm
21 ply CP .84 0.98 M 44|
[159] Liu 15ply | CFRPud AP* 0.81-0.89 1 0.97-0.98 M 3.33-3.50 * Layup AP 90, 30, 45, 60
Dang 100x75 AS4/ C 125diaH - - - - - Angle did not affeet impact respohse
93 9ply 35016 Cp 1.04 0.99 M 17§
9 ply CP 1.5% MT295
Pply cP 25.8-24.8 1 3.40-449 M37332T29
Cum. Area
21 ply* 0,/90,/0; 1529 071138 20-39 em2 * Ply thickness 0.25 mm
[27) Hong 9ply | GFRPud | 0,00,/ 14-26 1.56-2.89 6-15cm2 Lamination, thickness, angle effects
Liu 152x152 3M plass/ C 1254diaF - 2040 100 - Cross se¢ - No difference in lamination for same thick,
89 21 ply epaxy 0,90,/0, 25 length * 2746 1.29-2.19 eachSmm { 4375 cm2 * Impact: gas pun
9 ply 090,40, 14-27 1.56-3.00 615 cm2 Total delam increases as thick increases




Ref. Author  Panel Imipact parameters and response Damage Notes
LxW, mm  Thick. mm $ystem Layup Roundary  Empactor IKE, | IKEnply, Jiply AE, 1 Velocity  Critical loads, kKN Methed Size, mm Derd, tnm
fibre/resin cond. mass/size s mechnsm
CFRP w projected
IM7-6Kr em?
445 | Tactix 123 13 1.08 6 24 M7.5T.9 Cscan 46
[39) | Mahfuz 12776 Q112 layer S8 544/ 16 dia H 29 242 26 36 M65T4.0 Low IKE 6 - CAI afterwards
98 422 Epon $62 13 1.08 59 24 M75Td42 D, MC 23
29 242 27 kX M52, TLS(D High IKE 16
4.45 L10 13 L% 55 24 M3:T39 FB,D,MC 43
29 2.42 29 kX1 M82:TL2 7.2
GFRP w
[114)] Zhou 10 E glass/ M45,T19
[127)] 96, 98* 100 dia 25 polvester - [ 20dis F - - - Qs M102: T 60 C scan* - Phote  |* Concentric anular shape of delam
+ Concept of Pmax/Pihresh = CSRF
14 S glasss M99, T25
19 phenolie M 123; T35
Jimm
25 25 1
100 dia 10 270 27 I TI&I46M 60 0-78.5.78.5
18] Davies 550 55 1 * Eq. Ultimate threshokd force delam growth
96+ GFRPw | 30% more - Qs -30% * projected * QS fercs -30% of impact foree thin panels
127 Zhou Eglass/ | intheQdir C 8-75/20 dia F - C scan em2 - QS foree -22% of impact foroe thick panels
98 polyester 320 12.8 !
500 dia 25 1650 &6 I T6L114M 145 200-1500- CAI afterwards
2600 104 I 1950
dia, mm
102 dia 2 CFRPw | CP1Oply variable */ 04-55-109 | 0.04-0.55-1.09 M{.5-222.2 035 0-30dia |* Impactor mass 1.15, 1.59, 2.04 fairly pood
(30] | Robinsen 8368 535din H - agreement
92 C - C scan Dent vi delam damage good correlation
102 dia 2 GFRP w 115/635diaH| 057.2-86 0.04-0.690.72 015 M 0.45-1.6 Visual 0-18-17 | 0-14.5 dia |Good revision style
337 dia 2 18368 CP 12 ply 170/6.35diaH | 1.5-84-114 0.13-0.7-095 0-10.9 M 0.45-1.8 0-20-18 014 dia
mm2
125175 1 QIBply C,58 0.7-2-3 0.09-0.25-0.38 TOH,MOT-115P1.15 35-120-300
12575 2 QL16 ply C,88 1.6-6.8-9 0.1-0.43-0.56 TIEMLT-24,P24 125-262-450
[L1]| Davies 125x75 4 CFRPud | QI32ply C. 58 4-20 0.13-0.63 T55.M535-74 Csean 350-1300 Thicker the panel, the targer the delam for the
[421| 95,00 HTA/ 0.4-25kg! X ray same force
200x200 1 6376 Ql8ply C 127dia H 09-3 0.11-0.38 TOTMO7-L15PL1S| Optical 25140
S8 102530 0.13-0.31-0.38 equal to C migtose. 0-90-175 Fracture and stress based predictions
200x200 2 Ql 16 ply C 4,2-7.0-9.0 0.26-044-0.56 TITML7-24;,P24 125-260-425
S8 42-82 0.26-0.51 - - equal 16 C 50-210 - Circular delam shape
200x200 4 QI3zply C 14-35 0.44-1.09 TS5 M55-74 350950
5S 14-32 0.44-1 equalto C 400-750 Butterfly delamn shape
CFRP ud total mm2 Fibie breakage, mm2
4.7 B: MG 35-25 0.15-1.04 1.5-15 I 0- -
937 25-34 104142 15-25 - 25000 0-50
34-50 1.42-2.08 25 25000-30000 50-80
4.65 T: T300H 17.5-22 0.73-0.92 4-85 I - Q0-1200 -
3900-2 22-60 0.92-2.50 8.5-46 1200-5000 0-130
(41] | Delfosse { 76.2x127 47 B:IMé6 | Gl24ply 55 6.14 kg/ 34 L42 I M2 C scan: - - Gi, Gii determined from slope ki/mm2 total
97 Boeing 237 2544da H proj* delamination arca
Cross sec:
4,65 T: TBOOH ks 1.42 1 TI;M13 total area ¥ * Ratio = total arca / projected area
£3900-2 44 1.92 30 I TILMI13 Deplying: B:3.2-4 for 9-46J; T: 3.4.4.4 for 18-58 )
Noles * Qs TI11.5;M 125 FB - *QS equivalent energy to 467
9 0.38 2 1 M5 AE and damage mech are functions of the IKE
30 1.25 16 I MI125% therefore Pimax constant
58 242 43 1 M125 |!t Includes diagram energy distribution




Ref. Author  |Panel Impact parameters and respouse IDamuge Notss
LxW, mm Thick. mm System Layup Boundary  lmpactor IKE,! IKE/ply, Jiply AE,J Velocity  Critical loads, kN Method Size, mm Dent, mm
fibre/rasin cond mass/size mfs mechnsmn
- 6.675 LQS T7.6;M 133 QS=I Tdia® % photograph, 100-150¢-6 m in dopth
CFRPud Jmm dent made of radial and central cracks
AS4 19.1 dia Qs T125 Impact is force controlled
[16] | Lesser Boeing - epoxy: QA 55 15.9 dia Qs T9 Cscan EA = hysteresis Joad displacement curve
94 76.2x127 32-40ply - Ymm kN/m D, MC «m2
B: A - 6l 1 TI1277; M 2452 284 CAI afterwards
BT:B - 4.32 I T 1518; M 2854 20
TB:C - 3 I TI1214; M 2732 15.5
T:D - 2.03 1 T 1583 M 2662 148
mm * Depthy  |* Efliptical proj area, size (a+b)2
0.804 AP* Gply 0.8 013 110 MOS§ 5 0.04 * AP ([+45/-45n0n)s
0.804 CFRPud Gply 32 0.53 120 M 1.0 15 0.04  |There is not a retatianship between dert depth
{22} Wardle 1.608 ASd/ 12 ply - 1.60 kg 72 0.60 - 13;Q8 M20 X ray Fr) 017 and delaminatioh cxicnt or thick
97 102x102 1.608 3501-6 12 ply 128 107 140 M24 285 0.13 Dent depth measured LVDT mounted ona
2412 18ply ) 12.8 0.20 140 M24 285 Q.11 digital milling machine
Flat* 2412 18 pty 12.3 0.7t 14.0 M24 29 0.085  I* Also eylindrical shetls
QlI*, 32 ply Total em2 + Layups DP1 [{-45/90,45,0,3,1s
10.9 034 60 Thermal 40 DF2 {{-45,/90,/0,/45,),1s
DPl 12.8 0.40 6.9 deply 55
16.0 0.50 107 MC, D 80 MC open near impact site = permaniant
189 0.59 13.1 Micrograph 5 deformation
114x76 CFRP ud mode I D tnitiated by MC
110} Hull Boeing - T300¢ 88 - - - more than - + Effect of superposing individual delam
93 914C 10.6 033 62 mode [ 47
DP2 126 0.39 74 54 Disir ttt hat shape: neat impact small,
159 0.50 10.9 62 back side big
188 0.59 132 72 No delamn between adjacent plies same orient.
Include fig 16-17
05 CP* 4 ply T0.25 P10 T6.06:P0.25 mm2
Beam 1.0 8 ply §8 TO0.65 P30 T0.03; P0.38 0-260-220+ *IKED-3-9]
25x150 20 16 ply 3PB TL1LL P70 T0.07.P0.44
4.0 32 ply TO5 P26 T0.03: F0.81 0-540* *IKE0-27J
3.0 64 ply TOS T0.01
4,8,16 ply laminates had lower susfact damage
Beam 1.0 AP* 8 ply 55 T10 ToO.13 32, 64 ply laminates had upper sutface damage
25x150 2.0 CFRPud 16 ply 3PB T 165 T0.10 C scan *CP [{+-45)n]s
112]] Camwell 4.0 XA-5t 32ply 0.68 kg To45 To.01 - I - X ray - AP [(-Cof+-43)n]s
89 BSL914C 6diaH Cross sec
05 CP4 ply T025.P0.8 T0.06, P02 Includas energy distribution diagram
120 dia 1.0 Sply C TO046, P30 T0.06, P 033
20 16 ply T13% P80 T0.08; P 0.50
Beam 25x
25-80-150 20 AP 16 ply S8 T0.7-3.4-5.6 | T0.04-0.21-0.35
50-150 3B P6.5-103* P{.41-0.64 *Upper surface-lower surface datnage
area cm2 { ite locat
CFRP ud 317kg 2/wp No delam between adjacent pliss same orieat.
1181 Guan 126x76 76 T300¢ QI32ply C 12.7diaH 2518 o9 25 I M7.0 Deply 5/ mid sect.
Ji7] QY8911 4734
10 / bottom




Ref. Author  |Panel [mpact parameters and respotse Damage iNotes
LxW, mm  Thick. mm System Layup Boundary  Impactor IKE,J IKE/ply, Jply AE,J Veloeity  Critical loads, kKN Method Size, mm Dent, min
fibresresin cond, mass/size m's mechnsm
CFRPud | AP1-AP2* mm2 Depth  JAPL =[10/80/10)n - AP2=(40/50/10)n
AP 96 ply 140 .46 104 45 M 56.5 7839 0235 Nomnalised depth: 1
AP1 74 ply 140 1.89 124 45 M 413 5239 0.268 1.65
AP2 73 ply 140 1.92 135 4.5 M332 4234 0292 1.63
™M APl 48 ply 140 292 131 45 M 300 2852 1.353 1151
5260 BMI | AP2 49 ply 140 2.86 127 4.5 M302 8535 1.226 10.22
AP1 26 ply 72 pA 4 72 46 M 108 2561 2.356 37.02
AP2 27 ply 813 301 82 4.6 Mil4 2594 2705 4094
APL 9ply 1715 1.91 16.2 3 M3l 974 1.162 5276
(23] | Demuts 127x127 - AP2 9 ply [ 254diaH 153 170 154 28 M42 C scan 1542 1.441 65.44
92
ASdr AP 96 ply 140 146 - - - 13548 3.2 Denr depth measured with dial gauge
3501-6 74 ply 140 L.3% - - - 14832 0.826 [Damage area increases with thickness for
48 ply 149 292 - - - 12903 0.444  |similar IKE
1t % 96 ply 140 1.46 - - - 17097 0.813 [CAIl afierwards
CYCOM 74 ply 140 1.29 - - - 15161 0.508
3100 48 ply 140 2.92 - - - 14194 0.444
AP * 4 ply 14-P5-63 | 0.35-P1.25-1.58 |0.6-4.1-63 TIL&GML? *AF layup [0/60/-60]n
8 ply 4.1-P13-147 | 0.51-P 1.63-1.84 [3-12.1-14.7 1 T25M3
16 ply 10.8-P 38-39.2 | 0.68-P 2.38-2.45 6-38 T5 M58 EA increases with number of layers
CP4ply 5.1-13 128325 4.1-13 TLTM18 Force T and M with constant values (this is
8ply 521 0.63-2.63 321 1 T3LM39 wrong for M), justified with AE inerease with
16 ply 10-60 0.63-3.75 5-60 THEMG66 KE
1461 | Belingandi | 762 dia CFRPud c 20ikg . - -
03 AP 4 ply 10diaH M21 Factor of damage degree defined in terms of
3ply Qs M32 IKE, AE and RE
16 ply T4 ME1
CP 4 ply M24
& ply Qs M4l
L6 ply T68: MO.1
AP* gm /dia H mm2 * AP layup [(+72)nn]s n=1,2, 4
{160] Qian 50x50 Lo72 CFRPud 8 ply 2.86/6.35 0.85 0.1} 244 20 * Same relative area if velocity*2 is proport. o
%0 100100 214 AS4/ 16 ply Cc 2297127 3.8 024 183 - Cscan 130 - plate kength*-1
200%200 429 35016 32 ply 1837254 13.62 0.43 122 470 Impact with gas gun
CFRPud SSen 211 0.85 39 I M 129 516 CAIl afterwards
(48] Prandy T6x127 4.04 ™7/ QI32ply | wood+alum 62%g C scan mm2 - IKE 6.7 Iimm
91 Bocing X5260 $Son I16dia H 271 085 45 1 M 129 710 Wood is more flexible than Aluminum
aluminum * * Aluinihurm was used instead of steel
CFRPud Proj. area
ASd P P mm2 (CAI afterwards
T:2220-1 13.6-54.2-67.8 | 0.28.1.13-1.41 1032-3065-2194
T: 1806 27.1-81.3 0.56-1.09 1032-2452 AS6 fibres have 75% dia of AS4
B: 3502 54kg 13.6-67.3 0.28-1.41 1032-1935
[43] Griffin 127127 6.35 T:974 QI48 ply C 1¢diaH 27.1-54.2 0.56-1.13 - - - € scan 1097-2710 - Topolegy photograph
87
HSC/
T: 1806 13.6-81.3 0.28-1.69 1032-2900
ASE/
T: 2220-1 13.6-40.7 0.28-0.85 1032-3613




Ref. Author  [Panel Impact parametets and respobse Damage Notcs
LxW, min  Thick mum System Layup Boundary  Impacior IKE J TKE/ply, Iiply AE,1 Velocity  Critical loads, kN Method $ize, mm Demt, mm
fibre/resin cond. mass/size /s Jmechnsm
S8 BdiaH ML2
C 8diaH TI2MI1S
ss 20dia H M13
40 dia c 20diaH TLSEM2
$S 8dia F M22
c 2d F M3
[32] Zhou CFRPw | 2x2will SS 20diaF M35
9 2 T300/ 9 ply C 26diaF - - - Qs M?73 QS at § mm/min
LT™M45-EL
c SdiaH M12
120 din < 20diaH M 125
C 8diaF M22
C 20dia F M352
Square CFRP* QI H em2 depth*  [Crack jengih, mm
1524 1.02 Flex 8 ply c 24kg 12 09 LQs M L.73-1.93 X ray - 0.12-0.2 [10-90  depth and crack dara very scattered
55 24kg 10.5 1.31 I,Qs M 1.86-1.87 projected - 0-0.1 ]0-32  depth and crack data very scattered
304.8 204 Flex 16 ply c Z4kg 287 179 LQS M 6.8-7.6 area 6282 - * Ratio length square / thickness =
8s Zdkg 33 219 LQS M4858 4258 - Flexible: 150; Medium: 50; Stff: 25
101.6 204 Med 16 ply C.s§ 24kg 8.4-11.65 0.53-0.73 LQs M29-4.1 1.64.9 - QS at 0.02 and 0.42 mmvs
so.8 204 Stiff l6ply c 24 kg 7.8 0.49 L QS M29-33 386 Transverse load is the main parameter
124] Nettles 335 24kg 124 078 1L,Qs M 2.76-3.36 26-36
02 101.6 4.06 Suiff 32 ply C 24kg 16.7 0.52 H M75 8.8.11.2
Qs M75
58 Z4kg 233 0.73 LQs MB8.7-11 10-16
304.8 6.1 Med 48 ply C 133 kg 155.3 325 I M232-282 32-42 band * Dent depth upper surf/ crack length bottom
Qs M23.2-282 32-42 band
ss 13.3kg 155.8 325 LQs M234.296 26-32 band Crack length
1524 6.1 Stff 43 ply C 13.3%g 828 173 1 M22.1-235 30-60 0.3-1.5 3262
Qs M22.1-23.5 30-60 0.3-1.5 3262
§s 133 %z 828 173 1, QS M21-22.7 32.42 0.3-1.5 [30-63
CFRPud Jimm Duration mm2 *AP layup [+-18/90./+-18]s
[47) [ Bucinell | 76.2x127 MM/ 525.3kg 43 0-12.08 Tiow M (-2200 ms 03000 “Law velocity impact definition QS=1 if
91 Boeing 3.56 HBRF- [ 88 i59dia veloc.* 62-142 | Pcnpmior > (KK MMheurgee
554 43-160 12.08-44.94 M 2200 constant fimass) 3000 {Detinition of kbs based on 2 DOF model
it is not f{mass) constant b?m response f(P,t,mass,IKEK)
CFRPud
254 dia 3.3-83 | B:T00/ 76diaF Qs T5517,M 6182
Fi93
25.4 dia 6135 T:IM% 3.8-18diaF Qs T 10-24; M 10-52 Sealing teles for panel thickness, impactor
25517 size in terms of transverse force
254dia 6.15 T M7 16diaF Qs T 13; M21
[34] | Delfosse 85517 QI 58 H - - - THMI18 C scan - -
95 C* T5; M18 ‘Thermal * Conical impactor with half angle of 18.5
deply
76x127 6.15 T: M 76diaF Qs TinM23
£551-7 H T MIS
C T5M$
254 dia 6.15 T: M7/ 6.1d4kg ? 10-5 M 16.5
& 76x127 8551-7 76dia H




Ref. Author  |Panel [mipact parumeters and response Darmage Notes
LxW,mm  Thick. mm System Layup Boundary  Impactor IKE,J IKE/ply, Jply AEJ Velocity  Critical loads, kN Method Size, mm Dent, mm
fibre/resin cond, mass/size mis mechnsm
GFRP¢ *A 38%; B-C 34% fibre volume fraction
E gluss/ CAL afterwards
polyester Depth  |Crack kength
6.35 A 032 |0-85, no difference between A, B, C
635 B C 12dia H - - - Qs .
126} Found 4,75 C [ Dient depth upper surface crack length bottoin
9% 100 dia - . - Depth  [Crack kength
635 A J/mm M43 - 0-9
6.35 B o 0.654-2.473 69 1.0 - I3 M4.25 - 0-28
4.75 [ kgf/12dia H M0 - 0-42
AS4/
3501-6 Max * * Max B in the E history diagram
CFRPud | CP10ply 1193 11.03 21.65 3.725 M322 |corresponding to Perforation E
CFRF w 10 ply 105.6 10.56 15.55 3.645 M2.60
Kevlar 49
[40) | Winkel 127x127 3 13501-6 55 159kg - - - In discussion it is wrong to assume that F at
85 KFRPud | CP 10 ply 12.7dinH 105.1 10.51 2476 3,636 M3.15 Pmax is the AE
KFRP w 10 ply 1103 15.03 17.92 3.725 M214
E glass/
3501-6
GFRPud | CPéply 1035 17.26 46.73 3.609 M17.19
83.6 13.94 8L 3243 M 1097
GFRP w 10ply 109.5 10.95 13.33 3712 M1.83
0421 din H 55 3.8 mim2
7 6 20-175
0.6/21 dia H 82 63
CFRP w 10.6 84
33} Siow 100x150 ? MI18-1¢ Qr c - - - Csean . CAl afierwards
9% 45% G939 04/63dia H 55 438
¥ 6.6 80-400
0.6/6.3dia H 8.2 65
10.6 10
cm2
91 Kelkar 2.06 QL6 ply 6.81 kg 234110 0.15-069 T141;M0-3.60 0.52434
9 127x127 | 417 | CFRPud | 32ply $5 254 diaH 5.71-18.7 0.18-0.58 - [1061-282  T364,M0-6.84 Cscan 0.9-1323 -
6.35 48 ply 17.22-60.8 0.36-1.27 T1037: M0-18.57 14.84-70.52
CFRP ud
HTA/ mm2 Al afterwards
B: 922 4*20 0.130.63 T4.05 440-1200  First value of encrgy range is the threshold
914 717 0.22-0.53 T538 500-900 for damage initistion
924 8525 027078 T6.53 620-1100 Fibre HTA similar to T300
T:520 10-30 0.31-094 T679 240.780 Fibre strength IMS > HTA
371 Cartie 150x100 4 QI32ply S8 16dia H - 4 C scan -
123 IMS/ Giic worked out from initial load drop after
B:922 3.4-19 0.11-0.59 T4.11 250-1900 P thresh
924 7-20 0.22-0.63 T6.50 500-1300
8552 T5.62 -
CFRPud Notes* total mm2 * AE ot 8, 10 and 15 J of IKE respectively
L9 Gao ASY 7.3-10-30 0.46-0.63-1.88 { 2-4.5-15 TS5 M L5-6-6 0-1000 + Slow cooling rate
Kim 75 die 2 PEEK* [ QIl&ply c 242kg 10.6-13.30 0.66-0.81-1.38 2-3-10 - T55:M335-5546 - 0-800 - * Fast cooling rate
o 254diaH  Total arca vs [KE: SQR
T300913 3.3-10-30 0.2-0.63-1.88 4-4-11 T38:M21575 0-1650 [CA afterwands




Ref, Author  |Panel Impact parameicrs and response Damage Notes
LxW, mm ‘Thick. mm System Layup Boundary  Impactor IKE, ¥ IKEsply, Jiply AE,J Velocity  Critical loads, kN Method Size, mm Dent, mm
fibre/resin cond. mass/size s mechnsm
CFRP ud widih, mm
TROOH/ 00865 0-0.05 0 Lass
[8] | Prichard, 924C 396ke 0.87-7.44-11.18 0.05-0.47-0.7 14.8-41-43.5 CAI afterwards
Hogg 40 dia 2 QL6 ply C 20dia H - - - -
9% ASY 0-202 0-0.13 ¢ More
PEEK 3.9-14.62 0.24-0.91 13.1-32
Proj mm2 Maux individual ares, mm2 § Location ttt, mm
[ 025 - -f-
36 QL 24 ply 9 .38 715 658/24
12 0.50 878 789/3.0
CFRP ud 2.57,532%g 12 0.30 1029 964/5.1
(761 Hosur 150x150 6 T300914 | QI40ply C 12.7 diaH 15 038 - - - Cscan 't 1470 - 134775.1
98 13 045 1413 1342/5.1
8 020 92 41/12
6 QI40ply 17 043 1447 4250/ 4.65
30 0.5 1743 158674.95
Tmpact threal 1o aircraft sthucture
12.7diaH proj mm2 For tow weights impacting at specified
CFRPud 113kg 10.2-13.6339 | 021-028-0.711 M6.2-12.45 0-1290 the heavier imp results ina
[45]| Ambur | 2286x127 AS¥ QI 4Zply ss 227kg 13.5-33.9 0.28-0.71 - - M3-169 C Scan §39-2194 - smaller damage area
93 3502 4.54kg 13.6-33.9 0.28-0.T M13.34.7.12 161-1935
9.08 kg 13.6-33.9 0.28-0.71 M7.12-2002 0-2710
B Britte AP angle ply C clamped H Hemispherical T Threshold Ilmpacs M Maximum MC Matrix eracks
TTough  CPeross ply RF rigid foun F Flat P Perforation QS Quasist T Thieshold D Delam
wwoven QI quasiisotn 53 simply sup C Conical P Perforation FB Fibre Breakage
ud umidirectional I Indentation
froven SC Surface Cracks

P perforation



TABLE 1.1.7 Literature review for panels with Impact damage and open hole

Puncl Facieek uilecling RCY
Ret. Author Lxw Thiek System Layop iKE Arca CR RCS Motes
e mm fibrefresin I mm2 MPaor %
Ellipse
5% Asp 150x150 458 CFRP ud 36 ply. CP Et 60:30 - -20% RCS1 max Ellipse msjor axis WD No model
2 Also embedded delam
I din, mm
p<A | Ly -51% RCST
2542127 L} CFRP wd 48 piy Ol 40.7 55 -10% RCST Prepeg ape
342 (4] ~11% RCSI
157 Goticsman 678 k] - ~11% RCST .
-
7.1 s -36% RCSI
540127 6 CFRF pw 36 ply Q1 0.7 kiR -53% RCs| Fabric plain weave
54.2 49 -18% RCs|
ETR 52 8% RCSI
7 ERipticn ‘Cricalation
15 AR Eir ) 73 k% RCSI 57 reapect o LD
{145] Xiong 152x102 454 CFRP ud 24 ply. QI 0.5 14:9.1 . 59 3%RCSI 56.7 respect 1o LD No model
85 47 162:12 «51.2% RCSI 35.1 respect 1o LD
51 1¥9:15.1 ~4R% RCSI 27.5 respect 1o LD
62 19.1:16.1 +A0% RCST 25 respect o LD
W0 “45% FS 23% plies LD
no -54% FS
24 ply. Q1 00 S5% F3 Delant bucking
00 SSAFS energy release
] 1000 S9% FS ale
174] Nyman 2540127 311 CFRFuwd &to 53 1800 - 0% F3 Solt inclwion FEA
9B
QL 0° domn. 800 5% FS 67% plies LD}
1150 «68% ES
QL 90° dor 750 4% S 17% plies LD
1100 +38% P8
Tinm
254x127 13 2 1000.9 -38% RCSL Nasy
48 ply Q1 28 981 -43% RCSL
(89} Ishikawa 36 L1 - -56% RCSL Nomode]
95 2127 ] CTFRr wd 36 9345 -63% RCSI Naia lengih effect
1525102 4 3 310.5 ~44% RCSI SACMA
2 ply Q1 i3 305 -52% RCSI
i dia mm
[181) Soutls 15 40 - ~50% RCSI - OHC Soulis model
00 50100 4 CPRF ud 32 ply. QF 2 40 <50% RCSI - approsch to CAL
3 50 <57% HCSI - with eq. Hole
L1 & 3% KOSl -
6 1] -13% RCsl
CFRP ud 3 ng +19% KCSI
PEEX/IM? 18 760 «24% RCSI
24 1o0a «32% RCSI
£ Paulisch 150x100 4 QI 30 1a . «33% RCSI - .
oL
L] 600 «42% RCST
CFRP ud 1 1000 4% RCS|
EpoxyT800 12 1500 -53% RCSI
13 2500 -58% RCS|
30 pril) 7% RCSI
Width mm
04 3 300 RCST Dry - Imp - CAI
08 1 295 RCSI
13 23 250 RCSI
125 3] 250 RCSI
3 12 252 RCsT Model
4 14 218 RCst stiffness reduction
43 L5 253 RCsl due Lo impact
5.5 17 236 RCS[ aod
[0y Qi 11731 Ll CFRP woven 1Zply. Q1 58 19 - 195 RCSI duc Lo covironmental
99 factors
a8 5 26 RCSY wet - Imp - CAL
22 k 200 RCS|
35 L] 230RCSI
3a 4 200 RCSI
52 16 LTORCSI
1.5 7 200 RCSI Wet - Imp - SCH - CAl
k] 1 175 RCSI Hygrotherral oycle
45 4 160 RCSI
[ 17 150 RCSI
GFRI™* .5 55433 % RCST 3 layers
plas/ 0.7 35433 «13% RCSI *+ GGG
epaxy 421 55473 -19% RCSI
G/X FRP* 10.5 32756 -53% RCST
plais, ararnid nz 9610 «64% RCST *AAG
fepoxy a2l 443780 -59% RCST
72 Pwk 100x0 - - - .
o G/K FRP* 105 338031 -18% RCST
plass, nramid 2.7 382992 -57% RCSI " GAA
fepaxy 4z 43455 £5% RCSI
KFRP* 10.5 362035 -51% RCSI
ammid! 2.7 433386 £2% RCSI Y AAA
£poxy 42.1 413701 -SR% RCS[
40.5x12.T 181 Suc
19.8x13 £82 Suc
10.8x13 AF*, 48 ply 22 Sue * AP: [345]
T.68x13 217 Sue
19.9x27.1 208 Suc
a7 886 Suc
J0Rx232 88 Suc AR effect
] Polter 17ens | CFRPw | UD™. 48 ply . . - 917 Sup *UD [0}, LD=0* AR proportional 10 C5 !
[ 1821135 AS473I502 91 Suc Height propartional 10 stiffacss
151 Poster 10.4x14 874 Suc
ot 25x13 1066 Suc
AR AP 48 ply Intag) 8, MPa Stiffness, GPa
0.592.3.17 (45129 27178 T.96-7.24
1.011.46 X% 283243 182258
223527 (15125 656-618 56.3-101
0.74291 048 R78-R86 30.2-65.1




Pl i Fuctors atfecting RCS
Ref. Author Law Thick Systens Layup KE Aren OR RCS Noles
mm mm fibre/resin J mm. MPnor %
I
39 - +10% RCSL -
4 . +3% RCSI -
4 32ply. Qt [ . «19% RCSI -
X] . 233% RCSI - Local inhomogeneily
T . «29% RCSI - local change in
9 . «52% RCSI - yaterial properties
" Wang T - -41% RCSt - due Lo damags
LY 1502100 CFRP *
15 - +4% RCS| -
5 - 0% RCS[ -
4§ 48 ply, QI B - -4%% RCST -
4.5 - 41% RCSI -
112 - -56% RCST -
A - -58% RCST -
14 - 4% RCST -
Preloud
12 550 -26% RCSI 0BL Dynaric respense
12 460 ~21% RCS] 10BL For izrpact
16321 Zhang it L] 4. CFRP wd ply.Ql 12 470 - «19% RCS] 12BL FEA model for post
9 4] T80 ~H% RCS] CBL Impaci response
0 50 ~32% RCS] 1.0BL out-of-plane
H - -41% RCS1 1.2BL defloction
i A0 -46% RCS1 GBL
13 1430 AT% RCS] 10BL
CFRP w I mm2 Resin
Tadlix 13 45 -36% RCS1 “Tactix: BPA Dow Force time history
(Y] Mahfuz [Er:ilu} 43 Tactix 12ply, QU 29 (] - -44% RCsI ‘Tactix; BPA Dow prediction. Eacrgy
1) Epon 13 23 -35% RCsl Epow: BPF Shell based model
Epx 2 37 4% RCSE Epon: BPF Shell
Acrocy i3 42 +11% RCSI Acrocy: Dicynate Ciba
Acrocy 28 1.1 -31% RCSI Acrocy: Dicynate Ciba
CFRP wd 1
3 - 0% RCSI
@ - -33% RCSI
' 45 HTAS Rply. QA1 12 . -42% RCSL
SNA 0 . -52% RCSI
kol . -57% RCSI
Empirical mesdel
3 . 0% RCS1 bared o6 exponential
9 . -13% RCSI with fibre surface regresioa for
(152] Papanicolacu 150x100 IMS-FIY n - - -41% RCST TrealTent predicting RCS
o8 SXC 0 - -45% RCS1
30 - -51% RCS1
H - 0% RCSI
2 tesin: BASF 16 ply, CP 4 . -3% RCSI
Hgidiwe 5212 3.3 . =34% RCSI
1.5 . «47% RCSI
17 . -57% RCSI
Jim nen * Layups
920 15 190 RCS] [{+45,0.50)2]c
920 15 214 RCS] [(-43.0.45.90)211
Lx100 t CFRP ud 16 piy. QI* 920 n 173 RCS1 (452024352, 901
1326 5 167 RCSI [(£45.0.90}2)%
1326 .3 13 RCS1 ((-45.0.45,90)2]s
1326 5 164 RCSI (45202452, %0 D))
1326 2 194 RCS1 (450459045 Made] Soutis
] 2 177 RCS1 1(:-45.0,45.90)8}s compressive kinking
[50) Soutis - faiture, crack opeaing
9% I L * Layups & microbuckling
7 7 41% RCSI [(245.0 2)2)ls
7 18 ~54% RCST [(£45)2.0 4l
Lxs0 2 B: TE0OH24C | 16 ply. CP* ? ¥ -58% RCSI [(+45.0.445,002}s
7 7 -53% RCSI (0 224524
7 1 -59% RCST [0445)2)
7 k] -53% RCST [(0.+45.0.+45)2ha
B: XASM14 7 15 -£4% RCST
Lxi0 2 B: TEOOH924C | 16 ply, Q1 T 15 -57% RCSI
T: IM72972 T 3 53% RCST
T: IMS927 T [] 479% ROCST
J/EN
2518 500 -
4515 2500 .
k74 4500 -
120726 5500 -
10 135 5700
18042 4500
223148 9600 .
400743 - ~49% RCSI
0160 - -57% RCSI
1130775 - 67% RCSI
1670/92 - <71% RCSI
ez] Davies 350x250 GFRP w . . .
L. 350767 20000 ~A5% RCSE
00775 40000 «51% RCSE
1000/ 80 60000 «58% RCSI
2 1300785 75000 6% RCSI
1650/ 120 100000 -60% RCSL
2000130 152000 43% RCSL
A50713% 140000 ~57% RCST
2300 /140 160000 -63% RCSI
2600 / 145 190000 -10% RCSI
FfkN
330449 8000 +58% RCSI
972/ 87 24000 «61% RCSI
14 1306 } 104 60000 =68% RCST
1640/ 114 L5000 +82% RCSI
2000/ 111 45000 <71% RCSI
w00/ 127 ROOOG <75% RCS1
1780/ 146 L1000 «80% RCS!
W55 1157 . =78% RCSI
4] Zhow 15250 GFRP w cr - - -
26 330/ 54 13950 =A7% RCSI
670/ 7% pari) -6d% RCS1
1000795 34380 -63% RCSI
”» 10007 110 45840 53% RCS]
1330/114 60465 -£%% RCS|
1670/123 106580 -74% RCS|
20001 136 130230 -15% RCSI
2580/ 151 151150 -77% RCS[
IS 163 174420 -7A% RCSL




Fanel [Factors alfecting RCS
Rel. Author Lxw Thick System Layup Arca OH RCS Notes
mm mm fibre/resin ] mm? MPaor %
fod mm Crack m Fennuncat indentation
0.5 ] +15% RCSI 12 mm dia indentor
GFRP roven un 105 45 ~40% RCSI Hemispherical
3.65 A 1.4 53 5% RCS1 *A: 38% Fibre vol
245 ns 6% RCSI
245 85 ~50% RCST
0.28 0 +18% RCS1 12 men dia indentor
035 4] -27% RCS1 Hemispherical
B 0.7 k2] -40% RCSI *R: 34% Fibre vol
t4 57 -46% RCS]
I8 n -60% RCS]
i26) Found 100x 3 D -
96 o 10 +15% RCS]
4.5 Ce o4 L1 «18% RCSI *C; 34% Fibre vol
0.6 n +31% RCSI
103 40 +35% RCSI
3z a8 0% RCS1
Length mm
- 0 ~10% RCST Impsct
A - 4 ~17% RCSI
. 9 -14% RCS1
Length mm
- ] -14% RCSI Lpact
B - 4] ~22% RCSI Malerial B
- 13 -25% RCST
1P Nivam
51 - %
) . 4% Dartege Induced with
52 - 45% 3-poinl bending
56 - 51% Simply supportsd.
5.9 - 1%
Jimm
0,39 . L%
044 . ~1E% Damaged induced with
05 . <% impacx
a3 . 6% Clamped
.53 . 4%
'™ Nm/mm
&4 - [
&7 - -10% Duzreg induced with
ns3| Tahaj 08 64 CFRP wd 48 ply, QI 51 - - -15% 3-posnt beading
90 S0 53 . ©1% Simply supgerted
54 - B3%
62 - -83%
¥mm
0.36 - o
0.8 - 2% Dumage induced with
039 - 1% impazt
04 -1% Clnmped
0.42 . -36%
0.5 . -48%
I'mm
0.23 . O%
03 - Q1% Darnaged induced
.38 - -50% quasisiatic loeding
.39 - 45% Clamped
.41 - 41%
07 . -66%
1
L2 2% Impact @20C
15 % impact @20C
P 4% Impact @ 20C
1
1.2 5% bmpaci @80C
nooj Bibo E9x55 2 CFRP wd 6 ply. 23 . - -37% brpact @30C -
o5 L] -47% Eopact @30C
]
12 -13% Impsst @150C
5 “+i% Impact @150C
] S Impact B150C
CFRF wd
HTAS mm2
B:922 420 440-1200 1. RCS 225-150
914 717 SO0-900 [440; RCS 260-210
924 6.5-25 6201100 [400; RCS 260-210
T 920 1030 U780 [425; RCS 350-170
37 Canie 150x 100 4 QI ply - CAJ depends only og -
o M&/ tha tralriy
B:922 319 2501500 1- RCS 235150
924 T20 300-1300 1450; RCS 260-225
A58 -
55 mm2 RCS-
? W78 RCS 260 impactor ‘CAl of both imgsactors has the
31 RCS 280 21diaH stme trend (delam azea)
Coupon CFRP w 106 RCS 220 different trend (with IKE)
X1} Siow 30m50 ? Mig-17 QI -
93 {178 grip) 45% G939 EX] RCS 45
T BO-400 RCS 220 tor Teasile RTS is 30% higher
83 RCS- 6.3disH
108 RCE 148
CFRP ud RC microstrain
As4 2
T: 12201 1419-3065 4800:3500
B:3soz 1774-2645 4000-3300 19 % increment
All aysterns follow tha seme
[43] Grillin 2542127 6.35 HSY Q4B ply 17.41 . trend with delsm arcn
7 HST-? 10501500 800D0-6800
974 950-1600 6500-3000
1806 1550-2300 35004400
584 2300-3300 43004000
SUSC J000-2900 44001600
ASH!
T:2220-1 2400-3600 A0DD-1200




Puancl Faclora affecting RCS
Ref. Author LW Thick System Layup IKE Area OH RCS Notes
o mn fibre/resin J mm MPa or %
CFRP ud
M7 mm RCS (MPs) Boundery cond
FK5260 8] 516 35 wood + Ab Dymatup
271 710 205 Steel (A Dynaup
335 wood + Al Boeing
302 Sieel {AL) Boeing
[48) Prandy 102x152 404 52553 QI 32 ply - 333 wood + Al
91 Bocing ®2 Steel (AL}
152504 1 wood + Al
220 Stecl {AL}
15250-3 21 wood + Al
170 Steel (Al
Stiflocss GPa Impaci area, mm Results with cushing end avoided
GFRP v 0-Y0 (-3 X3 1252125 Thus o (i panel resulis
28] Liu, Raju, 2500128 669 IM glasef CP 51 piy 0-380 - - L3512 84x84 (aven with tabs crush end)
Dang. 9% epory 0180 Lé-L.1 1212
BLEN
-100-180 19010010 Impact area no effect
CFRP wd Jiinm % lotal erea CSHF # RCS {MPu) Environmenia)
ASAIAPCI 33 - T0-80% * Thermoplastic PEEK
6.6 - 60-10%
B: HTA/CTI020* L] - 35-40% * Untonghened AML
6.4 - I0-15% 478 Dry
L1 - 195 Moisture satursied before impact
[Loz2] Brandt L01x152 T T-T400/6376% | QI 36 ply 3.3 - - A0-50% * Toughened
86 65 - 50-50%
T:T00M4C* ] - 1386 * Standard
33 7 w-50% 1186 Darrage fibre breakage
65 14 35.40% 1 151 Dry Damage fibre breakage >
6.5 . 7148 Moisture sacursted
T: IM&X14C L] . 7139%
312 3 108 BVD: delam,
65 1] 7161 Dry BYD: delam
66 . 1163 Moisiure saturated
T: HTA/CELOOR 64 . 1113
56 . 1123 Moisiure saturated
CFRP ud mnz RCS, Mita
5% Long Bonss 1 TNNS228 Q16 ply Q 0 . 400 . Model effective damags:
o1 15 80-30¢ 400-160 apen hole stress concentration
610 800-1000 160-150
e RCS, MPa Agiog. hount »1 10, 350, 400F
[} . 350 1] termp makes po dilference
0 [
113 9.8 A* 120; B* 310 5000 * A before, B alter impact.
A 3205 B 290 13000
125 Lin 109.6x152.4 . CFRPud o - 100 0
9 MVK3IB ns 33 A270.B 280 5000
A 260, B 280 13000
63 Q
338 6129 A5, B US 3000
A230.B 45 13000
30 = 230
RCE, MPa
Intact* 117,37 2H.8 * ASTM D10/ QMW rig
GFRP non Insert * dia, o % OH with inserted mnlerial
[164]| Aramab, Hogg |  29x55 . aimp fabric* | Q116 ply . lasen® 230.3-149 * Nylon 10-30 * Non arimpage (wsdulation of
ol E gluy Insen® 207-120.3-100.7 * Acrylic 10-30-40 fibre towa caused by weaving)
epoxy ket 21681135 *PTFE 10-30
widhh, men [Nearly oo difference between inserts, failure depends on
412 2357452 2124-1344 stiffnesy insert.
PTFE (dudlile} buckied before, Acrylic +/- (brittic)
RCS, MPa
[65] Ashion CFRP ud 0,68 - 434 Dumage tolerance to design procest. Dulabsse
9% 178a279 66 IM7/977-3 13.6-27.2-40.7 | 968-2065-400C 363-310.263 Bad correlation with dent dala
AS4NS01-E 13.6-27.2-40.7 | 1161-2716-3612 324-248-221
Struin/CSteainKP AR
88.9x76.2 ]
1207762 | 448 QIR ply 1% ] 10000-3500 1 1-0.3 13
152.4x76.2 CFRP ud 2 Impact during compression
(80 Avva T3V - - Leas thap 13% specimens failed
] /N6 5208 1 near the gripping 2me
120772 124 QL6 ply 3] 7500-2800 1 1-0.) 15
P52 4376 1 1
CFRP ud widih, o RCS, MPa
Thermueet. 1% 407,360, 245 * Inlaci s 20, 80, 130
TR00HS24C 0-126.5 1635 * Roam tempenalure C: @ 30-150 increase in CSRF for
01263 15-40* *50C Lhermoset
0-1.2-6.3 400-400-220% ¢ E Aoy lerp; C: RT
(100]| Bibo, Hogg. BOx53 2 Q116 ply -
(] Kemp Thermoplastic 1% 346, 286, 214  Intact at 20, 80, 13¢
04,95 T65042 0-1.2-6.5 521 4 Room lsmpemiure C: @ B0-150 no effect on CSRP
RA350 0-1.36.3 3 *150C thermoplnstic, high seatter
0-1.2:6.3 IR0-IRTIN0* 2 & Anytemp: C: RT
Dosl, Fioa, CFRP id Radivs, mm Applied load, % Mailure Duckled dumige dia Measured with nwire and micro
(122]] Stevens, Lin, 101 6x152.4| 457 M2/855)-7 43163 . Moire.
Fitch, 92 AP 24 ply - 56 dia 0.05.0.65-1 18-18-52-66 No delam growth, instead complex
M&I301-6 23.6.184 poxt buckling phenom.
51 dia 006081 6.5-13-43-51 Stresd cooe with Moine
CTRP wd mnZ CSRE. % Intact C5, Niply
9ply 111 645 13 1361
24 ply ASyf 43 1935 ki1 3348
a8 ply 506 1234 10323 H 624]
4 ply 1353 11613 H 4610
52|  Demus % ply 1358 1613 I} 5551 Dent depth measured with Moira
Sandby i77.8x254 Ql - RCS per ply no difference for different
Danicls ply k24 627 108 1842 hickness
92 26 ply M/ 488 13297 ] 4573
48ply | Cycom 3100 124.) 16962 b1l N
4 ply 136.3 13102 27 7175
96 ply 136.1 [ hri] fch] §597
QL %0 piy Jien RC micro struin® * Straip from SGi reading
16 ply 25% 09 4800
13 3200
32 ply 5% 0s 6000 Impacted with tmall preload 25 Inf
101.62349.2 CFRPwd 15 3300
i Guyon 12 ply =Y 1250% 09 - . 1500 . Dumage: peanut xhape., analysis of 1tt distr.
OBrien S8 1.3 6000
3 32 ply 37.50% 09 $100 Also embedded delamination
13 3500
12Tx254 | &4 ply 5% 19 500
28 kRL1]




Puncl Fuciors attecting RCS
Ref. Author LeWw  Thick Sysiem Layup IKE Arca OH RCS Notes
T mm fibre/resin b mm2 MPe o %
CFRP ud CSRF f RCS MPa Rate of conling RCS belter slow cooling
ASLUPEEK 715.30 100-51% 4 200-102 Slaw CSRF beiter fast cooling
mell  Guw Kim 100100 2 thermoplastic § QL 16 ply 9730 . 10060 # L50-90 Fast
o Ductility va fibee/matrix islerfacs bond =
TRNN1Y 4630 100-40% ¥ 11040 - rulvulowmnlin.
CFRPud
MMSCiresin®: mm2 UNtimate foad, kKN Peak transverse load * Resin: Dicy (28 49 60) v¢ DDS (2R 49 60-1)
3% 1324 105.8 168 Tgof resins 28, 49, 60 @ 95, 125. 417 C
[551 | Henderson, 152.4x101.6 45 4R35 64.6 158 Transverse loeling and unloading paths
ylar SACMA 50 QL 40 ply £.67 Fren. nn - netT 174
01 281 66TR 4.9 148 Eafluence of Gii, EA axd fleaurl modulve
60-1 10340 418 12.13 controf internal damage Hze
49-1 642 577 108 Dermage size coatrols CSRE
Knitted: 2 CSRF/RCS* MPay Intaet CS, MPa. Reaults irom loop deruity 0.86, 0.8, 1.16 rm-3
58] Kohnidgre 1150 3 GFRP Milano 1752528 14.48-354.32 - 9L.1-71% 1 154-120 169
o4 E plase/ resin. Rib L.74-24.28 23.10-402.53 926.75.3% / 150-122 162 Antibuckling suppoct covers all panel
Plain L7270 139028584 24.6.73.7% { 158123 167 appart from the danpe region
(135 Kan - - - - - . - - - Relerences from: Deiwta, 92, Hinrichs, 95;
9F Quy, 9%; Jegley, Y2.
widih, nen RCS*, MPa ®* RCS and widih lincur 6.1 MPa/nm
CPRF ud 0-0.86 Q 400 1t measurea comprassion, damige generation.
[E]] Prichand, ‘TBOOH/SZAC 0.47-7.44 14841 3183137 [k depends on mode | and 1 fracture.
Hopg BUnS3 2 {FO2C) QL 16 ply 1L.18 938 - 135.1 - Good statisticat approach:. 10% not unususl
Ll ooeticient of variation
AS-4/PEEK 0-2.02 ] 41 When comparing CSRF of 95% prediclion
(APCY) 3.99-14.62 13.1-32 364.6-200 intervals small dilfcrenoe beiween two wysiema
[) CSRF % reduction CStrain BF % red.
6 - a7 1301
16 Q24 ply 2 s 1902 5.7
12 78 2744 n7 Different IKE levels for wiramdt parts
Small dunage: linear » subl buckling - shear failure
176) Hosur CFRP ud [+ e kLE]} L) Large delary non linear duc 1o unbalanced
Murthy 150%150 6 T300/9L4 QI40 ply 15 410 - 43.28 387 sublaminaies
98 18 L 45.52 44.1
SG' resdings affecied by the presence of deat
3 92U 362 21
6 QI* 40 ply 17 1447 A7.28 33 * varying QI layup siacking sequence
o 1743 332 528
CFRPud mn2 RCS, MPa aib* * Deat = 20, width = 22
KL00 28 ply TI005405 12.20 197684 190-210 11.2-18.7/1.854.75
99| Puhui, Zhen 254x128 48 ply FeAl 197 161.72 1713 Width (nedt depth) in
Jun, Yang. L30x 100 48 ply Qr 163 103 166.18 [EUN] the key fuctar governing CAT
[+] L3115 ply | THOQYSIIL 21 1820-2800 - 150-ET1 BH16-17.6:1.9 Redulia from many references
L5115 42 ply 26 1200-2150 191206 181119 24.2/1.6
L3100 40 ply 22 0 160-201 224635
130x100 | 38 ply 22 %0 156-131.6 B
140100 2ply | TIGVEHIOA 10-20 280-230 £5-18/1.9.6.3
CFRF ud QL dis, mm RCS. MPa Intact 501 M
127 752 AS6/3501-6 40 ply I 38176115 193-128-56 Sirrdlar respoase | und GS
[143]| Rocwicr, Dost Qs 254:18.1:76 - 297193138 An, Model; eazly irporiant paper
Coygeahall Biriltle va 100gh = damage reslatanco (arca, widih)
-] 102x15% 45 IM6/3501-6 2 ply I 15.76 435.83 Aren, width = damage tolerance
IMHRSS51-T Roith systems gimilar
Qr* din, En. RCS. MFa Calculated buckl, MPs. * Layups
6l 3Zply 16.340.7 3067 350230 63 (43,/90,/45/0)
16.3.40.7 41811 295:150 343 (45590545500,
Dot 5.4-16.340.7 0i2.122.6 410-380-280 3%0 {ASOU-45/0),
9 45 CFRP wd 24ply | 5.416.340.1 021,350 345-330-220 370 (A5(0-45),(0r43)/0),
136] 9th DOD.. 102:152 IM7/B551-7 5.4-16.340.7 0-28.549.4 - 345-270-200 498 {A5{0/A5 (M 45)90),
135] STP 1110 95176407 | 12423.36.3 420-405-260 390 (AE0/00/60/-300),
8.1.19-40.7 0185359 380-320-260 395 (IHGODOF-I0/-G0H0),,
1t photography
areatdin, Applied sieess, MPa Out of plane disph, am Ply group thickness relnies with CAI"
12540 180:295 0.28-0.31 Layup sffects CAl for bigh KE
w1058 1R0:220 09512 Fox low IKE, CAl depends.
10069 180 15 on panel suability (upper
S16081 130 15 bond} rahter than damage related
CFRP ud Jimoa
[4%1 Manders, T300, TS00 202214 179.5.186 Fibre surface trealment:
Haris 101.6x1524| S.08 ERL-1962 - - - T700 has 2% lower surfaca funcsionality]
8 i has 15% lower CAL
T?00/ERL- 1962 1232234 379.5-138 I kas $0%more delamination &tes than T300.T300)
Malrix toughnes effect on CAL
TSOMYT20 22224 262.2:110.4 Layup and ply thickness 1o effeet ot CAL
DS
CFRF ud RCS, MPa Giie Irm2
Many systens* 130-280 320-1020 *Fibres: IM, G40-800, TA00, IMT
[53) Recker 100x15¢ - - 30 . i/ Giie #m2 Reujns: expy, BMI, single and mulliple phase
89 IMY/5245C . 200 4107618
IM7/H5255-53 20 s 6007210 Giic i proporticnal to CAI
IM7/5208 1940 133 -
CFRP ud Ki/m RCS, MPs GiJ Giic Iim2 20%% improvenent in CAJ due W higher Gii
(54 Stuar TBOOH/RS245C 400-6400 260-125 4504450 Standnrd fibre
Altein) 101.6x1524 4 Same + Y{* QI 32ply 222889 4004400 - 280-128 4504575 * ¥1: Medium surftios treatment
8% Same + Y2¢ A00-3000 300-160 30017 550 % ¥2: High surfnce ireatment
150210 RCS1ilfness 1 B W%, GPa * Damage in regions L L 10: intsct. delun, fibie break,
[147 Sjogren Coupons 22 CFRP ud QI L& ply ) . - 45741136 - RCStifincss controlled by fitee break
0 Entia) panct 6.4 HTA/6376C Q48 ply 30 50749 /48 Delamination had littla effecs on RCStilfncss
180x180 | 2.2-6.4 1648 ply 504.1. Anatysia 1t (padishing) no efTect on RCStifess
CFRP wd
TX0 RCS. MPa
/PEK-C 1200-1300 168
FPEK-Cmod 0710 28 Mairix toughening through croas binking and
[166] Zhang 1001150 4 /PDE mod QA azply 4.45 Wim 750-780 - W08 - 2 phasc resin
Ly}
TIoW5428* 00850 30 * Resin 5428 1+ BMI
TIov3428 480-750 260
TRONS428 L1500 pat]
CFRP
1561 | Ying Chang. TI0WIRS CSRP TensileSRP
Xian, Ning. 150130 21 Plain woven (G0 146 0200 - 0057 0034 ® Real arcn of specimen: S0x50
Xu Coupon® 2 AP 16 ply 16 0320 0043 00.50
ol 206 pw + nd* AP 16 ply 16 0-fnt 056 0-0.68 * -45 plain, woven, the Teu s ud
RCS, Mi Muss inpacior, Xg
10.2-339 01290 183-242 L13
[45] Ambur 223.6x127 - CFRP ud Q148 ply 136319 239-2194 . 155204 227 Lighter impaciar, lower CALitrength
98 AS4/350% 136339 1411935 248-186 4354 Scaling in weighl no alviceahle
136319 02N 269-224 9.08




Panel [Factors affecting RCS
Rel. Author LW Thick System Layup KB Aren OH RCS HNotes
rrm. mm. [ibrefresin ] mm2 MPn or %
[
4.3/50.8 292 RCSH
6 x 508 1274508 230 RCSH
19/50.8 193 RCSH
254508 155 RCSH
%0] Lasman - CFRP ud QUL ply xm momg - Alse embedded delamination
o2 5 &40 27 RCSY
152 x 102 45 700 20 RCSi
55 900 250 RCSH
£3 1100 242 RCSt
48 ply W Flies in the width directiog
AF - - 184127 -25% RCSH 0% plies WD
- - 50.8127 -44% RCSH
MD - - 25402t -13% RCSH 8% plies WD
. - 5087121 -51% RCSH
MD . - 2541127 -X% RCSH 17% plies WD
. - $0.8727 -5 RCSH
™MD - - 25.4/027 -33% RCSH 26% plies WD
. 50/127 -53% RCSH
MD - - 254127 -17% RCSH 33% plics WD
- . 50127 -5T% RCSH
[147 Shuart 2542127 64 CFRP ud 1 Major axis mm .
84 AP 3 136 - «6% RCSH % plies WD
17 363 - «21% RCSH
k] 599 - +39% RCSH
MD & 26 - +T% RCSH B plies WD
17 363 - «41% RCSH
35 09 - «57% RCSH
MD [ 754 - 0% RCSH 17% plies WD
7 n . -33% RCSH
3 617 - -53% RCSH
MD 6 772 - -3% RCSH 5% plies WD
17 4.7 . 48% RCSH
s 9.3 - 4T% RCSH
™D L1 218 . -11% RCSH 5% plics WD
"7 34 . -47% RCSH
i 08 . -63% RCSH
CFRP
AS4/PEEK 48 ply aw
ud QL - . Banzr 65 RCSH
|esel Baker w, fitm slacked QI - - 2541127 154 RCSH
o4 2541127 - w, comingled Qi - - B4 267 RCSH - -
I 2
ud o n 1787 - T12RCSI
w, film stacked Q 7 1626 - 163 RCSI
w, cominpled Q1 1l 2026 - 223 RCS!
W Reinforoemenl (¢
. 6.376.2 32 RCSH Unstitched
. 121762 44 RCSH Unstilched
. 6¥76.2 36 RCSH Kevlar stitchod
B4x162 - 12.7776.2 #4.5 RCSH Keviar stitched
- 6.3/776.2 32 RCSH Carbon stilched
. 12.7776.2 46 RCSH Carbon stitched
- 6.3/76.2 51 RCSH Qlsss xtitched
- 12.77T6.2 4 RCSH Glass stitched
[148) Dow CFRPw 481y Q1 [} B B
& 1E] . 7% RCSI Unstitched
[} . 4% RCS1 Kevlar stilched
1 . *31% RCST Koviar stilched
227 159 - «31'% RCSI Kevlar atiiched
0 - «L4'% RCSI Carbon stilched
m - +36% RCSI Carban xlitched
6% - «48% RCS1 Carbon stiched
[} - «21% RCSi Glnsy sticched
[{%] - «JE% RCSI Ginxg stitched
169 - If% RCSE Ginax stitched
oW
. 110 -18% RCSH 10% plies LD
. a0 -28% RCSH 10% plies LD
- o -35% RCSH 10% plies LD
2501110 5.3 42ply A - 0 -48% RCSH
- 4110 0% RCSH
. 8110 46% RCSH
. 12110 2% RCSH
- 24110 78% RCSH
|}
2800110 | 178 14 ply Q1 n . 183 RCSI -
2 . 13¢RCS1 -
250110 25 2plyd k3 . 165 RCSI -
(M) Krober CFRP ud 4E - 133 RCSE -
92 250x110 35 Ciba 6376/ 28 plyQl i . - 118 RCSI - -
HTA 48 - 173 RCSL -
2505110 528 42 ply Q1 41 - 21D RCSI .
44 - 178 RCS1 .
»n . -34% RCS] 10% plics LD, air gun
4 . -$3% RCSY 10% plics LD, drop w
2 - -31% RCSI 10% plics LD, air gun
250x110 L1 2ply Q1 48 . -45% RCS1 L0% plics LD, drop w
k] . 1% RCSI 70% plicn LD, air gun
48 f 4% RCSI 70% plies LD, drop w
n - SE% RCSE 70% plies LD, air gun
4@ - 0% ROSE 0. plics LD, drop w




Pane]
Rel. Author LW Thick System Layup IKE Arca fo:] RCS Notes
mm mm fibreiretin I 2 MPaor %
»W
118238 4 apliql - . 6.308.1 4% RCSH
- - 9.5/38.1 -51% RCSH {*) Rectangular
- - 12.3/38.1 40% RCSH window 25 4x16.5
- - 159/38.1 -63% RCSH
Yirom
1 o - -3% RCSIE NASA
254x127 6 48 ply QI 14 1350 - -22% RCsI
2 1750 . ~40% RCS1
[170] Ithikawn CFRP ud 25 2000 - «43% RCSI .
ol E] 3500 . 5% RCS[
a7 2809 - -54% RCH]
1 0 - +5% RCS1 SACMA
1520102 4 2plyQl 14 500 B 39% RCS]
2 50 . -52% RCSY
3 Hoe . -61% RCSI
] T400 . -33% RCSL
4 3700 . -64% RCS[
14 600 . -43% RCS] Hall SACMA.
10276 4 2oyl 2 750 . -53% RCST
18 1750 - -56% RCS]
3 2800 - -59% RCS1
4 3900 - 3% RCSI
[ 3300 - -57% RCSE
RCSE  Residual ive srength for embedded
FS  Failure sirain
Suc  Ultimete siress
RCSI  Residua) compressive atrength for impacted panel
RCSH  Residlual compressive strength for open hole
BL  Buckling load
BS  Buckling sireas
PL Propagarion load
PS  Propagation Fimin
S8, FB Simply supporied, frec end

Loading direstion, width direction

Quasi-isotropis

Crose ply (0.90)
Angle ply (#45)

Multidirecsional (£45. 0 0 is LDy
Multidirectional' (£45, 90) 90 is WD
Initial Aexural momeat




TABLE 1.13 Literature review of panels with embedded delamination

Panel Methods of Damage Generation
Ref Author 1xWxt Ant. Embedded Delam. RCS [MPa] Notes
Sha Size No. DeEt_h Orient. —
150x100x3.3 Circular 225315 | 7 - -13% RCSE 22.5,25,21.5,30,32.5, 35, 37.5 Bugkl ioad
[871| Suemasu 16 plies QI Circular 225475 | 7 Even - -26% RCSE 22.5,25,21.5,30,32.5, 35, 41.5 low dueto
o0 GFRP Circolar 31.5-52.5 | 7| every2ply - -J4% RCSE 37.5,40,42.5, 45, 47,5, 50, 52.5 targe delam
woven Cirewlar 31.5-62.5 | 7 - -26% RCSE 37.5, 40, 42.5, 45, 47.5, 50, 62.5 near the
Circulur 10 H - 0% RCSE Toughened mutrix: HK
150xt00x2.5 Circular 20 5 - 0% RCSE Toughened matrix: 30K
[84]]1 Suemasu 12 plies Q1 Clrcular ki) 5 Even - -12% RCSE ‘Toughened matrix: MK 02911
96 CFRP Circular 10 5 every 2 ply - 0% RCSE Conventional matrix O06M
woven Circular 20 5 . -§% RCSE Conventional matrix 06M
Circulor M 5 - *29% RCSE Conventional matrix 06M
Circular 125275 | 7 - +7% RCSE; +7%BL 12.5,15,17.5.20.22.5,25,27.5
Circolar 125375 | 7 - 6% RCSE; -12%EBL 12.5,15,17.5,20,22.5,25,31.5
Circular 175325 | 7 - - 17.5,20,225,25,27.5,30,32.5
Circular 175425 1 7 - - 175.20,225,25,275,30,425 Constant distribution
[881 Suemasu 150xt00x3.3 Circular 2815 |7 Even . -45% RCSE; -66%BL, 22.5,25,27.5,.20,12.8, 35 1.5 tet greater reduction
01 16 plies QI Circular 225415 | 7| every2ply - -70% BL 22.5. 25, 77.9, 30, 31.5, 35,415 RCSE than conical:
GFRP Circular 125415 | 7 . - 12.8.35,37.5,40,42.5, 45,475 see cummulated area
Woven Circular N5-575 (7 - -85% BL 32.5,35,27.5,.40,42.5, 45,575
Circular MN5-525 0 1 - -¥1% RCSE; -87% BL 37.5,40,42.5,45,47.5, 50, 52.5 Encrgy release rate
Circular 375625 | 7 - -31% RCSE: -87% BL 37.5, 40, 42.5, 45, 47.5, 50, 62.5 FEA prediciion
Circular 10 ] - -22% RCSE: -52% BL 30x8
Ellipur).9 38:20 1 +5 LD 2853 RCSE: 139 BS Ql
Ellipar 1.9 3320 1 45 +45 2069 RCSE; 209 BS Ql
F44x140:3.3 | Ellipar 1.9 38:20 1 45 WD 278 RCSE; 203 BS o]}
[911] Davidson 28 plies Ellipar 1.9 38:20 1 4/5 43 295 RCSE: 215 BS Ql
« QlandCP | Elliperi.lé 58:50 ! Ly wD 267 RCSE: 198 BS QI: 267 RCSE; (98 BS
CFRP Ellipar .16 58:50 1 5 LD 211 RCSE; 184 BS CP: 211 RCSE: 184 BS
Ellipar 116 58:50 1 45 wD 20 RCSE: 190 BS CP: 220 RCSE: 190 BS
Ellipar 1.9; Notes 4 23617 -45, +45 170 RCSE, 1434 BS Ql
1.37 & 1.32 1W11-13/14 LD, WD 57:30, 57:10, 41:3). 2319
Circular 127 1 &5 - 352kNBL - Buckling analysis
2545127 Cirgular 254 1 45 - 220%N BL. - for QI intect panels
24 plies, QT | Eltipar2 | 127:254 |t 45 wD 462 kN BL - Blister model
CFRP Ellipar2 127:254 | L 89 WD »500 kN BL -
[851| Davidson Circulur 2354 2 4/5-20/21 - 211 kN BL -
[86] B9, 91 Circular 254 3 | 45-12113-2021 - Z2TKNBL -
244x140 Ellipar 1.89 | 38.3:203 | 1 5 L 188.7 BS -
28 plies, Q} | Ellipar 189 | 383203 | 1 45 45 209.1 BS -
CFRP Ellipar 1.89 | 38.3:203 | 1 &3 WD 202.7BS -
Ellipar 1.89 | 38.3:203 ! 1 A5 +43 215.3 BS -
Circular 254 ] 23 - 358 RCSE - 786 MPa Undumaged 1
Circular 254 1 & - 306 RCSE -
Cirgular 127 3 234567 - 215 RCSE -
Circular 84 3 UAI5-6T - 129 RCSE -
(901 Laman Tox 51 Circular 254 3 Even - 181 RCSE -
2 16 plies, Q1 Circular 254 5 Notes - 194 RCSE Depth: 2/3-4i5-6/7-89-1011
CFRP Circular 254 5 Even - [68 RCSE -
Circubar 635 7 Even - 325 RCSE -
Circular 127 7 Even - 237 RCSE -
Circular 254 7 Even - 168 RCSE -
Circular 6.35-254 | 7 Even - 184 RCSE Size: 6.35,9.52, 12.7. 15.9.19,22.2, 254
PS, FS, MPa
1522102 Circuler 127 4 Notes - - 323 34, 8. 1112, 13/16 FEA modeling
83) Cairns 32 plies, Q1 Clreular 9.0 4 Noies . 250,279 374, W8, 1512, 15416
94 CFRP Crculur 254 4 Notes - 223,257 374, B, 11112, 15116
Circular 41.3 4 Notes - 194,204 34, /8, 11112, 1516
BDS, PS, FS, MPa
102x84x2.9 . 0 . . - 360, -, 428 - FEA modeling
181) Tran & plies, CP Circular 12.7 [} 23 - 383,383,436 .
L] CFRP Circutar 254 | 23 . 211,250,287 -
woven Circalar 38.1 1 23 - 101, 201, 283 -
Ellipus 1.72 3 [} k2 LD 2% BL Aspect ratio of the ellipse m 1.72 FEA modeling
Ellipar 1.72 L] 1 k) LD 0% BL -
Ellipar .72 9 t ¥ LD -3% BL -
Ellipar 1,72 12 1 4 LD -5% BL -
Ellipar 172 153 1 4 LD -3% BIL, -
60x40x0.96 | Eftipar 1,72 15.3 1 34 Elig -11% BL Angle measured respect to LD
182 Yeh 8 plies Eltipar 1.72 15.3 1 34 60 -19% BL Angle measured respect to LD
94 up Ellipar 1.72 15.3 1 k' wD -13% BL -
CFRP Ellipar 172 183 1 ') LD 1% BL Layup: UD
Ellipar 1.72 183 1 33 LD - -70% BL; layup: AP (-45,+45)
Ellipar 1,72 183 ] k!23 LD - -89% BL; loyup: UD %0
Ellipar 1.72 213 ) a4 LD <20% BL -
Ellipar 1.72 2.5 t 172 LD -15% BL -
Ellip or 1.72 21.5 1 ik ] [Bv) «20% BL -
Ellip ar §.72 21.5 1 &5 LD -25% BL -
Rectang 106.6x76.2{ | MP wD -2.5% BL Side edges: lres edpe Control panel wide column
{L71]]  Reddy 304.8x254x2 Reciang | 152.4x508] 1 MP wD +0.2% BL Side edges: free edge 4621
84 16 ply, QI Rectang 10162762 1 MP 1D +1.3% BL Sice edges: Tree edpe Control pancl singls bay, 55
CFRP Reclang 10L6x762 | 1 MP WD +1.2% BL Side edges: simply supported 11292
Rectang | 1524x508 | | MP wD +5.7% BL Side edges: simply supported
Rectang 101.6x76.2 1 1 MP 1D +12.2% BL Side edges: simply supported
Guedra 100x100 Circular 30 1 34 - 15 kN BL; 55 kN PL, - FEA modeling
195} 92 24 plies, QU | Ellipar 2.25 45:20 [} k2 LD 10KkN BL; 53 kN PL. -
CFRP Ellipar 225 4520 ] 34 wD 19 kN BL; 33 kN PL -
DBL, BL, PL.kN Delta delam size postloading, mm Load and size average values
[} - - - 1120 - Stepped loading for C-sconning
Clreular 53 1 3i4 - Ha 113,113 62 Data corresponds
Circular s5 1 34 . 17.2, 106.4, 106.4 L to the Lsi delam growth
Circular 55 1 56 - 59.3, 104, 104 20.2 to fuilure Delam material 55/60 Polyimide
921 Nilsson L50x150x4.58 Circular 15 1 e - 97.2, 111,110 5.75 to failure 7.5 microm/Teflon 25 microm
1]} 35 plies. CP L1} - - - 115, - - Drilled hole
CFRP Clreular ] 1 34 26.2, 104, 164 6.25 1.2 mm dia for pressure
93] Asp* Circular &0 1 34 - 9.3, 104, 104 7 * in both ref
[/} Circular 80 1 516 - 41,107, 107 20438 * in both ref
Circular 60 1 T8 - 70, 103, 103 12.3 * in both ref




Panel Methods of Damage Generation
Rel Author LxWxt Art. Embedded Delam. RCS [MPa] Noles
Size No. Denj_h Chicnt,
10x10 1 /2 - -9% RCSE . FEA modeling
(981 Short 100x50x2 4 Square I5x1S 1 34 - -15% RCSE - Isotropic modelimg
o0 8 plies, MD Square 155 |1 172 - -10% RCSE -
GFRP Square 25x25 ] A5 - <Jt% RCSE -
Square 25425 ] A4 - -29% RCSE -
Square 25x25 1 1 . -16% RCSE -
Square 10210 I 12 . 9% RCSE -
197 Shon 200x50x2.4 Square 1505 {1 12 - -10% RCSE .
9 8 plies, MD Square 25028 1 45 . -24% RCSE -
GFRF Square 25x25 1 4 . -31% RCSE -
Square 25x25 | 1r2 - -t6% RCSE -
Nyman 250xh27x5.2 Citeular 2t 1 &5 - 2000 pe PS, 6000 FS Drilled hole and prebuckled, SL FEA modeling
751 98 40 plies, Q1 Citcular k13 ] 45 - 3225 pe PS, 5200 FS Successive loading (SL) Enargy release rate
CFRP Circular 40 1 &5 - 2650 pe PS, 5900 FS Successive loading (SL)
Circular 0 ! &7 - J700 pe PS, 2500 FS Drilled hole and prebuckled, SL
114x229 DBL.PL, kN Cut of plane displ.mm Steree imaging for
(96)] Reederetal | 24 ply, Ql+AP Circular 64 1 45 - 483, 54 125 out of plane displ
2002 CFRP ud Circular 64 1 5/6 . 50, 56 105 Also cylindrical panels
AS4/3501-6 At delaminalion growth Flai results shown
RCSE Residual compressive strength for embedded delaminalion
Fs Failure strain
RCSI Residual compressive strength for Impacted panel
RCSH Residual compressive strength for open hale
DBL Delamanation buckling load
BL Buckling load
BS Buckling stress
PL Propagation foad
PS Propagation strain
SS,FE Simply supporied, free end
LD, WD Loading direction, width direction
Qo Quasi-isoteopic
cp Cross ply (0.90)
AP Angle ply (245)
MD Multidirectiona] (245, 0)0 is LD
Mmp Multidirectional’ (£45, 90) 90 is WD




2 Manufacturing of Preconditioned Composite Panels

In this chapter, the fabrication process of composite laminate plates is described.
Specimens were made for two tests configurations, namely, in-plane compression and
transverse loading. The latter includes quasi-static and impact loading. The major steps
needed for manufacturing and preparing composite panels include cutting of individual
plies, laying-up, curing, machining of cured panels, end potting and strain gauging. The
preconditions introduced during the manufacturing process were embedded artificial
delamination and local change of geometry. Additionally, open holes were drilled from
intact panels. The panel dimensions for impact and quasi-static loading were 150x150
mm with a testing area of 100 mm diameter. For compression-after-impact (CAI) tests

the damaged panels were trimmed down to 150x100 mm.
2.1 Basic material properties

A typical laminate composite material is made of two basic constituents, fibres and
resin. The fibres provide strength and stiffness, whereas the matrix provides a
continuous medium that binds the fibres. The damage tolerance of any given composite
system is dependent on material aspects such as fibre architecture, surface treatment,
matrix type, lay-up and fibre volume fraction as described in Chapter 1. The specimens
investigated on this study were fabricated from T700 carbon fibres in 10w7 viscosity
LTM-45EL epoxy resin, supplied in the form of unidirectional (UD) prepreg. The ply
thickness was determined as 0.128 mm and the nominal volume fraction was about 60%
as there was very little bled resin. The UD mechanical properties of this composite

system were determined in [104] and are summarised in Table 2.1.1,

Table 2.1.1 Basic mechanical properties for T700/LTM-45EL

Property  Unit Value Property  Unit Value
E;  GPa 127 G2 GPa 5.6
E»n  GPa 9.1 T2 MPa 66.3
o1 MPa 1032 Gr3ns GPa 5.3
o,  MPa 130 Gic J/m? 265.9
V2 - 0.31 Girc Jim? 940
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2.2 Lay-up and cure

Quasi-isotropic laminate panels of 16 and 32 plies were manufactured from
T700/LTM45-EL UD prepreg. Lay-ups were (-45°/0°/4+45°/90°),5 for 16-ply laminates
and (-45°/0°/+45°/90°),5 for 32-ply laminates. The latter was the focus of this study. In
the case of 150100 mm panels intended for axial compression, the 90° plies were

oriented to the loading direction as shown in Figure 2.2.1.

Individual plies were cut from the UD prepreg tape of 300 mm wide following the
cutting plan shown in Figures 2.2.2(a-b) for 150x100 mm and for 300x300 mm panels
(the latter was subsequently cut into four panels of 150x150 mm each), respectively. A
frozen prepreg drum was removed from a freezer and hanged onto a roller at the end of
a lay-up table, as shown in Figure 2.2.3. To cut individual plies, the prepreg tape was
fed through a guillotine (Figure 2.2.3) and cut by either sliding the guillotine through
the tape or using a sharp blade. Special care was required to get the correct ply
orientation, in the case of 0 and 90 plies the guide of the guillotine was aligned
perpendicular to the prepreg edge. In the case of 45 plies, the cut path was first
indicated with a marker on the prepreg and then it was aligned and secured to the
guillotine using the marked line. When prepreg was left at room temperature for a
while, it became tacky affecting the precision of cutting, in particular along the +45
direction. Therefore, cutting was performed with the prepreg tapes in a frozen state just
taken out of the freezer (where they were normally kept). All the cut plies were put back
in the freezer and taken out one by one according to the stacking sequence. The plies
were laid up on a lay-up table in Figure 2.2.3. The table surface was mounted by a
glass, which provided a smooth and clean surface to lay the plies on. In a corner it had a
mounted steel square angle, as a reference for alignment of plies. To start the process,
the first ply was located with two edges aligned with the square angle, with the top
protective paper peeled off, exposing resin and fibres. Then the second ply with its
bottom protective paper peeled off was placed on top with the respective orientation.
The same process was repeated for the rest of the plies until the whole laminate was laid
up. If the specimen was intended to contain artificial delamination(s) as precondition,
these delaminations were inserted during this lay-up process, with details given in

Section 2.3,
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The laminate stack was then placed into the autoclave, in between layers of porous
Teflon, bleeder, bagging film and breathe fabric, respectively. Figure 2.2.4 shows the
usual autoclave set-up for laminate curing. The closest layer to the laminate is the
porous Teflon peel ply. During the laminate consclidation it allows a controlled amount
of resin to flow out of the specimen. The second layer is the fabric bleeder that absorbs
the bleeding resin and could be either Nylon or glass fabric. The resin absorption is
uniform in both sides throughout the specimen area, giving a constant uniform
thickness. The third layer is the bagging film and its function is to keep the resin away
from the caul plate and from the autoclave structure. The caul plate is placed between
the third and the forth layers to distribute the applied pressure uniformly. The fourth
layer is the breathe fabric, which allows air to flow out of the laminate and smoothes
any sharp edge from the laminate curing fixture, avoiding piercing of the vacuum
chamber, All these materials are wrapped with a sheet of a bagging film, which is held
in between silicon seals to ensure a vacuum environment. All the panels were cured in
an autoclave with the manufacturer’s recommended curing cycle of 18 hours at 60°C at
80 psi, at an initial ramp rate of 2°C/min. The curing cycle is shown in Figure 2.2.5. The
average thickness of these panels after curing was 2.048 mm for 16-ply laminates or

4.096 mm for 32-ply laminates (0.128 per ply).

2.3 Introduction of artificial delamination

As identified in Chapter 3, the main damage mechanisms are matrix cracks, internal
delaminations and fibre breakage in addition to local change of geometry in the impact
area. Due to the complexity of impact damage, the study of individual parameters was
done using preconditioned panels with artificial delaminations [104]. In the present
study additional panels are prepared with artificial delaminations, local change of

curvature and open holes.

Internal delaminations are considered as the main factor in the degradation of
compressive properties (Chapter 1, 4-6). The main characteristics of impact-induced
delamination are size, shape, orientation, number and through-the-thickness (TTT)

distribution, This was implemented as illustrated in Table 2.3.1 and Figure 2.3.1. The
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delamination shape was either circular or elliptical, with size ranging from 10% to 60%
of panel width. The ellipse orientation was either in the loading or in the transverse
direction, keeping an aspect ratio of 3:1 for all the sizes tested. Two TTT locations were
considered, middle-section and quarter-section as illustrated in Figure 2.3.1. They were
embedded at 5th-6th, 8th-9th and 11th-12th ply interfaces in 16-ply laminates and at
10th-11th, 16th-17th and 22nd-23rd ply interfaces in 32-ply laminates for a symmetric
arrangement. For an asymmetric arrangement they were embedded at 4th-5th, 10th-11th
and 16th-17th ply interfaces in 32-ply laminates. Thus all the sub-laminates in the

delaminated section in either arrangement were asymmetric.,

Table 2.3.1 List of specimens with artificial delamination

Panel Delamination Location TTT Circular Elliptical delamination
thickness Description Plies delamination Horizontal Vertical
CR10, EH10, EVI0,
. CR20, EH20, EV20,
2 mm Symmetric 89 CR40, EHA0, EV40,
(16 plies)* CR60 EHGO EV60
S . 516, 819,
ymmetric 11/12 CR20x38 EH40x38 -
cons, | o
Middle Section 16/17 C40MS, ‘ -
C60MS 4EH40,
4EH60
Quarter 8/9 C200S, ) .
4 mm Location C400S, C600S
(32 plies) 10/11, C20x3S,
Symmetric 16/17, C40x38, - -
22123 C60x3S
4/5, C20x3AS,
Asymmetric 10/11, C40x3AS, - -
16/17 C60x3AS

* Results from 2-mm thick panels were taken from [104), except CR20x3S and EH40x38

The delamination characteristics were simulated by embedding 0.051-mm thick
thermoplastic fluonnate ethylene propylene (FEP) films. The aims of using these
delaminations were to simulate internal delaminations without involving fibre and
matrix fractures. To embed an artificial delamination into the laminated, firstly a steel
template was placed on a large piece of a FEP film. The inclusions of selected size and
shape were cut by pressing the steel templates into the FEP film sheet. Once the right
quantity of insertions was cut out of the film, they were inserted in the designated TTT
locations during the lay-up process. The relative in-plane locations of these artificial

delaminations within the panel were estimated with respect to the reference corner on
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the lay-up table. After laying up all the plies and insertions, the resulting laminate had
the internal delaminations properly centred and oriented and the panel was ready for
curing. Once the panels were cured, they were C-Scanned. The trimming of the panels’
edges was carried out with respect to the centres revealed by the C-Scanning, as

described in Section 2.5.1.

2.4 Introduction of local curvature

In Chapter 3 it is well established that the panels subjected to transverse loading
experienced local indentation in the impacted area along with other damage
mechanisms. As an attempt to simulate this geometrical change caused by impact
separately from the material damages, curved bumps were introduced into flat panels.

The bump shape was assumed to be hemispherical dome for simplicity.

2.4.1 Mould design and fabrication

The description of local hemispherical bumps requires two parameters, surface
curvature and dent depth. Thus, two different ways can be used to achieve different
bump sizes. One is that dent depths were altered while a constant radius of curvature
was maintained. The other varied curvatures while the dent depth was kept as a
constant. As a result, two sets of moulds were made for fabricating the corresponding
panels. For the moulds with the constant dent depths three different curvatures were
used; on the other hand for the constant curvatures three different dent depths were used
as shown in Table 2.4.1. Figure 2.4.1 shows the technical drawings of the five pairs of
female and male moulds with the correspondent panel identification. A finished set of
moulds (male and female) corresponding to the panel CD60CC, are shown in Figure
2.4.2. This mould could be closed during cure with the guidance of a pair of alignment
pins located at the top of each panel end. These pins allowed only vertical movement so
that the mould closing and laminate shaping were guaranteed. Nevertheless, the
introduction of the hemispherical domes implied that some of the fibres within the plies
could be shortened in length. Constant fibre length is absolutely crucial for in-plane
compression, since all the plies should undergo the same applied load. Therefore the

moulds were built with 4 mm excess in length (154x100 mm) so that the length of each
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individual ply had to be increased from 150 to 154 mm. Consequently the final length
of about 150 mm was ensured in all the panels with the bumps. The addition of 4 mm in
length to each ply was made without any major alteration of the cutting plan shown in
Figure 2.2.2(a).

Table 2.4.1 Dome dimensions (referenced to the mid-plane TTT)

Mould * Panel Dome  Domedent Dome radius Type of
identification ®  diameter depth of curvature approach
mm mm mm Constant/
1? CD20 20.32 0.80 64.90 Curvature-Depth
2 CD40CC 40.62 3.26 64.90 Curvature
3 CDhe60CC 61.02 7.62 64.90 Curvature
4 CD40CD 40.16 0.80 252.40 Depth
5 CD40CD 60.11 0.80 564.90 Depth

* Reference panel
® CC and CD at the end of the panel identification stand for
constant curvature and constant depth respectively

The moulds were manufactured using a numerically controlled lathe. For this purpose,
rectangular steel plates of 9.5 mm and 12 mm (in the case of CD60CC) thickness were
held by the chuck jaws of the lathe with the rotation axis perpendicular to the plate and
coinciding with the bump centre. Once the bumps were machined, the rectangular plates
were cut down to the required in-plane dimensions leaving a small additional area to

allocate the alignment pins, as shown in Figure 2.4.1.
24.2 Cure cycle adjustment

The presence of steel moulds of 10 mm thick within the autoclave could affect the
curing cycle. The curing cycle was thus modified slightly according to the time taken by
the mould to reach 60°C. This time was estimated in two different ways, analytically

and experimentally.

The analytical heat transfer modelling of the autoclave was based on the assumption of
the transient or unsteady state applied to an infinite wall [105], which as illustrated in
Figure 2.4.3. The large thermal resistance of the autoclave structure justifies this

approach.
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The determination of the thermal resistance is based on the simplification of the
autoclave structure as indicated in Figure 2.4.4. Heat conduction in steady state between

any point 1 and 2 is defined by
kA
1="2(1,-1,) (233)

where g is the heat transfer rate, &k is the thermal conductivity, A is the area
perpendicular to the heat flux vector, L is the distance between locations 1 and 2 and T}
and T are temperatures at locations 1 and 2 respectively. The thermal resistance can be

defined as the inverse of the thermal conductivity by

1 4 (2.3.4)
R, L

The overall thermal resistance for the autoclave can be worked out by adding up the
resistance of each individual component, as shown in Figure 2.4.4. For the entire

autoclave it yields

ZR — _]_-_ Lmouldl + Lpa.nel + Lmuu]d 2 + Lbrcalhe fabric + Lair gap + Lﬂl;;miminiurn (2353)
kslee] kcomposite kstee[ kbrenthe fabric kair gap ka[umiminiu m

Substituting the correspondent values of thermal conductivity & and length L in the

above gives

SR 1 (0.0095 0004 0.0095 0.002 0017 0.04) WK (235b)

AL 605 087 605 0033 0028 237
> R= %0.67283 W/K (2.3.5¢)

This thermal resistance is equivalent to a steel wall of 40.697 m thickness, as shown by

replacing Eq. (2.3.5¢) into Eq. (2.3.4) and solving for the length L

48



L= E%'—“::—A0.6728.3 = 60.5%0.67283 = 40.697 m (2.3.6)

Therefore, the infinite wall assumption of the transient analysis is justified, since the
autoclave has the thermal resistance of a very large wall made of steel. Steel was the

selected material because it is the material of the mould in contact with the laminate.

The first step in the infinite wall analysis was to define the boundary conditions. The
temperature distribution 7 is a function of the time ¢ and the position x, which refers to
the spatial coordinate. If the base is assumed to have x-coordinate x = O and the upper
surface of the mould is located at x = 9.5 mm, then the initial conditions at £ = 0 are

described by:

T(base,t)=T(00)=T, = 60°C =333.15K

(2.3.1)
T(mould,t)=T(9.5mm,0)=T, =20° C = 293.15K
Infinite wall transient analysis [105] has established
T(x1)-T X
S=¢ (2.3.2)
T,-T, 4(2«/ axt J

where T(x,t) is the temperature of the mould, Ty it the temperature on the heating surface
(60 C), T; is the initial temperature of the mould, x is the location of the mould within
the autoclave (9.5mm), «is the thermal diffusivity of the steel (17.7x10® m?/s) and ¢ is
the unknown time that takes the mould to get to the temperature 7(x,?). Values for the
Gaussian error function erf can be found tabulated in many text books. In Figure 2.4.5
the mould temperature is plotted against time, using the Eq. (2.3.6). It can be seen that
the additional time needed for the bump shaping mould to reach 60+1°C is 3000

seconds, i.e. 50 minutes,

On the other hand, an experiment was carried out to measure the time taken for the

mould to reach 60°C with a J-type thermocouple. A steel mould at room temperature
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(23°C) was placed on top of the platen of a hot press, which was already heated up to
60°C. The time needed for the mould to reach 60+1°C was 1000 seconds, i.e. 16
minutes. The correspondent results are plotted in Figure 2.4.5. Clearly the experimental
result is only one-third of the analytical estimation. In order to be on the safe side, the
longer period of 50 minutes was selected and was added to the heating-up period in the
curing cycle. As a result, the ramp rate was reduced from 2°C/min to 0.57°C/min.

Figure 2.4.6 shows both previous and new curing processes diagrams.

2.5 Panel preparation and strain gauging

After cure, panels were prepared for testing. In the case of panels intended for
transverse loading, preparation included trimming, measurement and strain gauging.
The preparation of in-plane compression panels included C-Scan, trimming, end-

potting, machining, measuring and strain gauging.

2.5.1 Inspection of preconditions and trimming

For in-plane compression panels with embedded artificial delamination, the centre of its
embedded delamination must be located in order to allow subsequent trimming to be
carried out properly. Such inspection was carried out by using ultrasonic C-scan. Panels
with either impact damage or quasi-static damage, C-scan was carried out as a routine.
A subsequent trimming down to 150x100 mm was guided by the marked centre of the
embedded delamination revealed by the scanning. Figure 2.5.1 shows a typical C-
scanning image of a panel with circular delamination, used for the determination of the
centre of delamination. The panels were trimmed down using a diamond coated wheel
trimmer as shown in Figure 2.5.2. The trimming table had a couple of adjustable steel
guides to position the panel respect to the cutting wheel, ensuring in this way the
precision of the cut in terms of edge straightness and perpendicularity between adjacent
sides of the panel. The first guide determined the parallel distance from the cutting
wheel to the panel edge. The second guide was in permanent square angle with the first
guide and was able to slide up and down, pushing the panel against the cutting wheel.

The steel wheel was water cooled to avoid any thermal damage to the specimens.
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2.5.2 End potting and machining

The aim of machining the panel ends was to enable a uniform longitudinal compressive
loading to be applied to the panels. Both far and loading ends of each panel were first
potted in a mixture of epoxy and aluminium slate powder, following the formulation
shown in Table 2.5.1. The mass formulation indicated is based on a total of 175 g which
1s around 3 times the amount required for one mould, thus the correspondent quantities
were worked out for one single mould. The ingredients were mixed in a disposable
container and then poured into a wooden mould as shown in Figure 2.5.3. The mould
was previously sprayed with release agent. Each panel was introduced into the liquid
resin and clamped to restrain any possible movement during the resin curing. Resin was
cured in 36 hours at room temperature and the process was repeated for the other end of
the panel. Once both ends were potted with epoxy resin, the ends were machined flat

and parallel to each other.

Table 2.5.1 Epoxy formulation for potting ends

Ingredient Density  Mass Volume Massl Volumel
formulation formulation mould mould
g/cm3 g cm’ g cm’
Araldite CY 219 1.175 100 85.11 32.19 27.40
Hardener HY 219 1.150 50 43.48 16.10 14.00
Accelerator DY 219 1.250 5 4.00 1.61 1.29
Slate powder (toughener) 2.800 20 7.14 6.44 2.30
TOTAL 1.252 175 139.73 56.33 44,98

2.5.3 Open holes

Drilling a hole at the centre of panels intended to introduce only material damage by a
complete material removal. The panels with open holes were expected to provide a low
bound of compressive strength when compared to panels with other preconditions. For
each panel, a central hole was ground using diamond-coated core drills of respective
hole diameters. Each panel was clamped and fully supported on the opposite side with a
wooden block, to avoid transverse deflection and surface damage at the exit of the drill.
The hole diameters drilled in 4 mm thick panels were 20, 40 and 60 mm. These hole

sizes were selected in order to compare their effects with other preconditions of similar
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size. An additional feature was studied with the open hole specimens, the effect of
system change on the RCS of damaged panels. Thus, in addition to the usual
T700/LTM45-EL system, panels made of T300/LTM45-EL were also tested. The T300

fibres have a lower axial strength and stiffness than T700 fibres.

2.5.4 Strain gauging

The strain readings provided a useful insight into the mechanical behaviour, in
particular if they are monitored in the back-to-back configuration. The most common
way of strain monitoring was to use strain resistance gauges connected in a Wheatstone
bridge circuit. Once the panel has been prepared, the three main dimensions, length,
width and thickness were systematically measured every 25 mm along the four edges,
using a digital calliper. The results from these measurements are listed in Appendix A.
These measurements allowed a precise position marking of the strain gauges on both
front and back faces of each panel. The selected locations for strain monitoring are
shown in Figure 2.5.4-2.5.7, for both transverse load and in-plane compression of
preconditioned panels respectively. In the case of transverse loading, in Figure 2.54, a
strain gauge was bonded on the bottom centre of the panel to monitor the maximum
tensile strain, Similarly one additional gange was bonded on the top side to monitor
compressive strain. Due to the presence of the indenter, it was located 20 mm away

from the panel centre. Both gauges were oriented along the fibres of the surface plies.

For in-plane compression of preconditioned panels (except for panels with open hole),
five pairs of strain gauges were located as shown in Figure 2.5.5. The locations were
identified by letters A, B, C, D, and E. The strain gauge pair at location A was bonded
on a far-field location (front/back) at 25 mm away from the far-end, to monitor the
global panel response to compressive loading. Those at D/E and B/C
(longitudinal/transverse) locations on the mid-section were intended to monitor local
behaviour associated with embedded delamination(s), at the centre and at the defect
edge respectively. For panels with impact damage and transverse quasi-static load
damage, central locations D/E were skipped when the dent left by the impactor
interfered with strain gauging. Also the edge-of-defect locations B/C were skipped

when the internal delamination border reached the lateral edge of the panel.
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In the case of panels with open holes the far-field strain was monitored at location A.
Additional to this, strains at the hole wall were recorded using two gauges bonded in the
TTT direction on the open hole wall. One gauge was on the longitudinal axisymmetric
line, whereas the other one was on the mid-section transverse line, both in the TTT
direction, as shown in Figure 2.5.6. This exercise was intended to pick up the effect of

strain concentration in the transverse direction due to the presence of the open hole.

In the case of in-plane compression of intact panels the lack of preconditions made them
appealing for monitoring additional effects, mainly panel stability and Poisson’s ratio
effect. Consequently different strain gauge locations were used, as shown in Figure
2.5.7.

Prior to bonding strain gauges, the panel surface at the marked locations was prepared
to allow a good quality adhesion between strain gauges and the laminate skins. Firstly,
the surface was slightly smoothed using a wet-and-dry paper, without affecting any
fibre. Then any contaminant was removed by using a paper towel impregnated with
acetone, Secondly, the top side of a strain gauge was stuck to a piece of Sellotape, to
facilitate handling. Then, the strain gauge was placed at the respective location aligning
the four arrow-shape indicators with the previously drawn marks on the panel. These
indicators are shown in Figure 2.5.8. To avoid any contact between the terminals and
the laminate, a piece of non-sticky paper (supplied with the strain gauge) was placed
under the electrical wires. Thirdly after the strain gauge was positioned, a drop of CN
glue was applied onto its back surface. After this, gentle pressure was applied while the
glue was curing to remove any air trapped between the strain gauge and the panel.
However, an excessive amount of pressure could induce unwanted residual strain in the
gauge; therefore it was important to press on the Sellotape gently. Finally, after 5
minutes the Sellotape and the non-sticky paper were removed, leaving the gauge ready

to be connected.
The strain gauge connection to wiring was ideally arranged via terminals. A copper

terminal was bonded right underneath the strain gauge, as shown in Figure 2.5.8. Then,

the electric wires of about 1 m long and the strain gauge leads were both soldered to the

53



terminals, as indicated in Figure 2.5.8. Subsequently, the electrical resistance of the
strain gauges was checked to be around 120Q. A significantly different reading could
indicate a faulty connection. After checking the connections, each pair of wires was
labelled with the strain gauge location and the intended channel number in the data

logger, as shown in Table 2.5.2.

Table 2.5.2 Strain gauge terminals labelling and numbering for in-plane compression of
preconditioned panels

Gauge Location  Orientation Side Terminals numbering SG type
A Farfield Longitudinal Front 1 2 Single
A Far field Longitudinal Rear 3 4 Single
B  Delam. side Longitudinal Front 5 6 Rosette
B  Delam. side Longitudinal Rear 7 8 Rosette
C  Delam. side Transverse Front 9 10 Rosette
C  Delam. side Transverse Rear 11 12 Rosette
D Centre  Longitudinal  Front 13 14 Rosette
D Centre  Longitudinal  Rear 15 16 Rosette
E Centre Transverse  Front 21 22 Rosette
E Centre Transverse Rear 23 24 Rosette
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four straight lines

£

e i uugﬁ
R T 1 S S mnuwl
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IERERERER

Bagging film
"_::-:-;-:-:-:- RRFRR rrrErrrREErrrrErrrrrrsrsrn . Breathe fabric
Bagging film
e Blecder
Silicon seal Porous Teflon
Laminate
Porous Teflon
S R R A A A e eeyrerexwrn | Bleeder
’ Non-porous PTFE fabric

Vacuum pressure (-850 mBar) A Controlled heating up

Figure 2.2.4 Autoclave curing set-up
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Figure 2.2.5 Autoclave curing cycle
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Ply Ply Delamination distribution Ply Ply Distribution

number orientation Asymmetrical  Symmetrical number orientation Symmetrical
Single Mulitple Single Multiple Single Multiple
1 45 FRONT SIDE
2 0
3 +45
4 90 -—
5 -45
6 0
7 +45
8 90
9 -45 1 -45
10 0 -— 2 0
11 +45 3 +45
12 920 4 90
13 -45 5 -45
14 0 6 0
15 +45 7 +45
L6 90 ... e e < b e e . S
17 90 9 90
18 +45 10 +45
19 0 11 0 «
20 -45 12 -45
21 90 13 90
22 +45 a 14 +45
23 0 15 0
24 -45 16 -45
25 90
26 +45
27 0
28 -45
29 90
30 +45
31 0
32 -45 BACK SIDE

Figure 2.3.1 Through-the-thickness locations of single and multiple delaminations

Figure 2.4.1 Technical drawings of the five sets of moulds for bump introduction (next
5 pages)
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Figure 2.4.2 Photograph of a finished set of moulds, in (a) top view and (b) side view
(male mould only), correspondent to the panel CD60CC
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Description Autoclave Diagram Resistance Material Thermal conductivity Length L

approach W/{(m-K) mm

Aluminum cover e _—><__ -«A,—I Al 237 40
Air Gap —W—

I—W Air 2.80E-02 17

Breathe fabric | PET 0.033 2

Moud " _—" _—" Steel 60.5 9.5

Composite | .. 3 4 C/E 0.87 4

Mould —_—" Steel 60.5 9.5

Base

Figure 2.4.4 Diagram of the theoretical approach inside autoclave
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Figure 2.4.5 Transient heat transfer analysis for autoclave

65



Dwelling period 18 hrs @60°C

[Cooling]

2°C/min

0.57°C/min

le— 50 min =« 20 min

La——— 70 min

Initial temperature 20°C|Modified ramp|Usual ramp rate

Figure 2.4.6 Curing process alteration due to the presence of steel moulds in the

autoclave
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Figure 2.5.1 Typical C-scan image of a panel with artificial embedded delamination
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Figure 2.5.2 Diamond coated wheel trimmer and trimming table

Figure 2.5.3 Photograph of a wooden mould for end potting
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orientation

Bottom side SG Top side 3G

Figure 2.5.4 Specimen dimensions and strain gauge (SG) locations for transverse load.
All dimensions are in mm

100 A, B, C, D, E - Strain gauges
[RRR
Loading end Anti-buckling support
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I\/[id—sm?ctlon 120 , CP@—_ —— Mid-section
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Far end lA 2
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Figure 2.5.5 Preconditioned specimen dimensions and strain gauge locations for in-
plane compression load. All dimensions are in mm
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Figure 2.5.6 Strain gauge locations for in-plane compression specimens with open hole.
All dimensions are in mm
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Figure 2.5.7 Schematic distribution of strain gauges on (a-b) 2-mm and (¢) 4-mm thick
intact panels
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Figure 2.5.8 Typical strain gauge connection
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3 Damage introduction and characterisation

This chapter presents the test results of impact and quasi-static transverse loading in
terms of panel response (force and displacement data), damage mechanisms and
damage size. It discusses the relationships between incident kinetic energy (IKE),

absorbed energy (AE)}, transverse load, specimen dimensions and impactor-nose shape.
3.1 Transverse loading of composite plates

Two types of transverse loading were applied to the present panels. The first type was
impact loading at various levels of IKE and at low impact velocities. The second type
was quasi-static transverse loading. As the current resin system of LTM45-EL is not
strain-rate sensitive [104], a similar nature of damage was expected with both types of

loads.

3.1.1 Low-velocity impact loading

Experimental set-up

Impact tests were conducted using an instrumented, tailor-made falling-weight rig as
shown in Figure 3.1.1. Two different impactor masses were used, initially 1.69 kg and
later 1.49 kg after a modification, as shown in Figure 3.1.5. With the maximum drop
height of 6 m, the IKE levels could be regulated from 1 to 100 J for the former impactor
mass and from 1 to 90 J for the latter. Two photodiodes located on the rail-guide
measured the incident and rebound elapsed times when a steel-foil flag bolted onto the
impactor made a return journey. As the photodiodes had the fixed distance of 50.1 mm,
incident (primary timer) and rebound (secondary timer) velocities were obtained by
dividing the respective elapsed times with the distance. The impactor was captured after
rebound to prevent a second impact in each test. A simple illustration of the main

components of the impact rig is shown in Figure 3.1.2,

Each specimen was clamped using a two ste¢l plate fixture with a central circular

opening of 100-mm diameter, giving a testing area of 7854 mm? as shown in Figures

71



3.1.2 and 3.1.3. The whole fixture was fastened onto the impactor tower base, with a
solid support. Once the target specimen was located with its centre aligned with the
impactor, the instrumented impactor was raised to a desired height, corresponding to a
selected IKE. The impactor was then dropped and the load cell data was recorded,
providing a force-time history. The entire data acquisition system is shown in Figure
3.14.

The impactor consisted of three main parts, an impactor nose, a strain-gauged load cell
and a guide. While the third part was bolted on the second or central part, the first two
parts were made in one piece as shown in Figure 3.1.5. The steel impactor nose had a
hemispherical-ended shape of 20-mm diameter. The force measurement took place in
the second part by means of four strain gauges mounted on a load cell cylinder. The
Wheatstone bridge was set up and the output signal was later amplified. The third part
made of aluminium had a set of guides with nylon pads and a narrow middle section for
additional masses. The guides were intended to keep a precise vertical alignment of the
central axial line of the impactor profile with the impact action line during free fall. The
impactor so designed was intended to keep the centre of gravity as close to the nose as
possible. The impactor was calibrated as shown in Figure 3.1.6, so that the calibration

constant was 7.79 mV/kN.

The experimental data corresponding to impact force history was recorded by a
Microlink 4000 data acquisition unit with a sampling rate of 50 us. The Microlink 4000
had 5 different modules, which were controlled by a computer. These modules were the
Power Unit (PU), the Control Unit (CU), the Time Base Unit (TB), the Comparator
Unit (CMP) and the Input Channel Unit (AD12). The TB controls the frequency of
sample acquisition; the CMP controls the triggering (i.e. input signal level at which the
acquisition is triggered) with an optional setting to manually trigger the data acquisition
by using the computer’s keyboard. The AD12 records the data through a differential
voltage input port, with the option of connecting a single signal by grounding the free
input port so that noise can not creep into the signal. There were two additional AD12
input channels, which were not used. Figure 3.1.4 shows the experimental layout for
sensors and connections. The Microlink 4000 is controlled with the software Windspeed

WaveCap. In the sub-menus of the program, variables were set to the following values:
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Menu <Settings>

Submenu <Comparator>

<Range> = 0 to 500 mV

<Coupling> =DC

<Trigger level> = 15,0 mV (not necessary)
Submenu <Time Base>

Submenu <AD(J703>

Menu <Trigger>
Submenu <Options>

Menu <Display>
<Status> = Displayed

<Summary> = Displayed

Impact test results

<Clock rate> = 50 us. (This will give a testing time of 1.638 s)

<Range> = -250 to 250 mV
<Coupling> = DC

<Arm options> = Arm using mouse or key press
<Trigger options> = Trigger using mouse or key press

The IKE and AE of each impact test were calculated from the incident and rebound

velocities, as shown in Table 3.1.1 and 3.1.2 for 2-mm and 4-mm thick panels

respectively.

Table 3.1.1 Previous impact test results with a 1.7-kg impactor for 2-mm thick panels

[104]
Description Units Specimen
210.125m 210.25m 210.375m 210.5m 210.625m 210.75m 2I1m 211.25m
Thickness mm 2.17 2.20 2.14 2.16 2.14 2.19 2.18 2.18
Impactor mass kg 1.689 1.689 1.689 1.689 1.689 1.689 1.689 1.689
Distance sensors ~ mm 50.1 50.1 50.1 50.1 50.1 50.1 50.1 50.1
Height m .13 0.25 0.38 0.50 0.63 0.75 1.00 1.25
Potential energy J 2.07 4.14 6.21 8.28 10.36 12.43 16,57 2071
Primary timer Us 40883 25591 20062 16966 14967 13629 11750 10501
Secondary timer  us 467038 291584  22564.6 193804 13045.8 174524 208012 19251.5
Incident velocity  m/s 1.43 2.08 2.60 3.04 342 3.74 4.32 4.82
Rebound velocity m/s 1.30 1.86 2.33 2.68 2.86 2.96 251 270
IKE J 1.72 3.67 5.69 7.78 9.88 11.83 1577 19.64
Rebound energy J 1.43 293 4.59 6.07 6.93 7.38 5.32 6.14
AE ] 0.29 0.74 1.10 1.72 2.95 4.45 1045 13.50

Impact force histories of 4-mm thick panels at the IKE of 6.9, 13.7 and 21.1 J are shown

in Figure 3.1.7 and they seem to indicate that all the tests were impacted beyond their

damage resistance threshold. After the initial threshold force, delamination developed
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with a clear load drop. The responses differed from the ideal intact panel, which is half

sine wave [13].

Table 3.1.2 Impact test results with a 1.5-kg impactor

Description ~ Units Specimens
410.5m°* 411.0m* 411.5m*° 411.68m  412.52m |210.5mII*®
Thickness mm 4.07 4.05 4.04 425 4.21 1.95
Impactor mass  Kg 1.4895 1.4895 1.4895 1.689 1.689 1.4895
Distance sensors mm 50.1 50.1 50.1 50.1 50.1 50.1
Height M 0.50 1.00 1.50 1.68 2.52 0.57
Potential energy T 7.31 14.61 21.92 27.84 41.75 8.34
Primary timer s 16939 11834 9501 8884 - 15763
Secondary timer us  28644.9 17633.7 14054.6 13491.2 - 18619.9
Incident velocity m/s 3.04 429 5.32 5.68 . 3.26
Rebound velocity m/s 1.89 293 3.63 3.78 - 2.78
IKE ] 6.89 13.72 21.08 27.27 - 7.89
Rebound energy  J 2.66 6.38 0.83 12.06 - 5.76
AE J 4.23 7.33 11.24 15.21 - 2.13
Critical loads
Initial threshold kN 373 3.83 4.07 - 3.88 1.53
Peak load kN 4.27 7.35 8.57 - 13.41 4.73

* These panels were tested with a redesigned version of the impactor

The acceleration, velocity and displacement histories of the impacted panels were
determined after further treatment of the force history data, as shown in Figure 3.1.8 for
4-mm thick panels impacted at IKE levels of 6.9, 13.7 and 21.1 J. The acceleration
history was determined by dividing the force history data by the mass of the impactor.
The velocity and kinetic energy histories (Figure 3.1.8(b-c)) were obtained after an
integration of the acceleration over the time. The second integration resulted in the
displacement history of the impactor. It can be seen that the impactor velocity reduced
from the moment it contacted the laminate, reaching zero value when it was fully
stopped. At this point the kinetic energy was practically zero. This period of time
{(around 1500 us) corresponds to the conversion of kinetic energy to elastic and
absorbed (i.e. damage and plastic deformation) energies. From this point onwards the
conversion back from stored elastic to rebound energy (kinetic energy) took place, with

some energy permanently absorbed by the panel as damage.
Figure 3.1.8(d) shows the displacement-history curves, starting with an initial zero

value corresponding to the position at which the impactor made contact with the

laminates. The maximum displacement was proportional to the incident velocity.
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Comparing the incident velocities for the high (5.32 m/s) and low (3.04 m/s) IKE levels,
the former is 1.75 times higher than the latter. On the other hand the maximum
displacement is 1.76 times higher (4.95 mm vs. 2.81 mm). This means that the
maximum displacement is proportional to the square root of the IKE, as seen when

comparing the square roots of 21.7 J and 6.9 J (the value of the ratio is 1.75).

The AE-history curves in Figure 3.1.10 were determined from the force and
displacement data. Firstly, using the data from Figures 3.1.7 and 3.1.8(d) the force-
displacement curve was plotted in Figure 3.1.9 for 4-mm thick panels impacted at IKE
levels of 6.9, 13.7 and 21.1 J. The loading and unloading paths created a hysteresis-area
loop which provided a measurement of the energy absorbed as damage. Secondly, the
area was measured and plotted against to time, as shown in Figure 3.1.10. Using the
final values of the AE-history curves is another way to determine the amount of IKE
that was absorbed as damage by the panel as shown in [28, 33, 39-41, 48, 78, 106, 107].
The AE values determined in this way were 4.3, 7.4 and 11.2 J for the 4-mm thick
panels impacted at IKE levels of 6.9, 13.7 and 21.1 J respectively

3.1.2 Quasi-static transverse load

Damage induced by transverse quasi-static loading could be similar to impact-induced
damage if rate sensitivity does not contribute to damage resistance and propagation.
Quasi-static loading offers the additional advantages due to easy control and data
gathering. Thus, it is appealing for developing a preliminary understanding of damage
characteristics due to transverse loading. It also allows the study of the interaction
between local indentation and global plate deflection and its effect on the onset and
growth of damage. Additionally, the greater adaptability of indenter noseshapes on the
universal testing machine facilitates the study of the nose-shape effect on panel

responses and damage generation.
Experimental set-up

Plates of two different thickness, 2-mm and 4-mm, were manufactured following the

process is described in Chapter 2. Each plate was clamped using the same clamping
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device as the impact tests, shown in Figure 3.1.3, providing a circular testing area of
100-mm diameter. The strain on the panel surface was monitored using strain gauges
bonded on the bottom skin at the panel centre and on the top skin 20-mm away from the
centre, as described in Chapter 2. Transverse load was applied quasi-statically at the
centre of each clamped specimen at a cross-head speed of 5 mm/min, with either flat- or

hemispherical-ended indenter of 20-mm diameter on a Mand universal testing machine.

Two different types of tests were conducted depending on load levels and the damage
resistance of the panel. In the first one, load was applied until the panel failed
transversely after the peak load. In the second type of loading, load was suspended right
after the onset of delamination at the initial threshold force level. Load, strain and
crosshead displacement in all the tests were recorded through an Orion delta 353D
acquisition system at a sampling rate of 0.5 Hz. A total of eight specimens were tested
in quasi-static transverse loading, as shown in Table 3.1.3. From the eight plates tested,
five of them were subsequently prepared for a compressive test, to determine their
residual strength as described in Chapter 2. One of the remaining plates was used for
cross sectioning analysis of internal damage and its damage characterisation is shown in

the second part of this chapter.

Quasi-static transverse load results

Table 3.1.3 summarises the main experimental results for quasi-static transverse loading
tests. It was observed that panel thickness affected the transverse responses before the
onset of damage, due to different flexural rigidities. The linear flexural response
governed the initial range for relatively small deflections as shown in Figure 3.1.11 and
3.1.12(a) for thin and thick panels respectively. From these figures it is observed that at
the given deflection of 1 mm, the transverse force was about 8 times higher in the thick

panel than in the thin panel, 0.48 and 3.65 kIN respectively.

Typical quasi-static strain-force curves are presented in Figures 3.1.13 and 3.1.14(a-b)
for 2-mm and 4-mm thick plates respectively. The strain gauges were located on the top
side 20-mm away from the centre and on the bottom side at the centre. Some of the

diagrams also show detatls with an insert of close-up.
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Table 3.1.3 Quasi-static loading results in terms of force and displacement

Specimen®  Thickness ° Indenter Force Indenter displacement at Intended
Nose Initial threshold Maximum Initial threshold Maximum  use®
mm kN KN mm mm

2QSIH 1.99 H 1.06 8.24 1.79 6.44 QSI
2QSIHHW 1.97 H 1.09 1.09 2.04 2.04 C
4QSIH 4.18 H 3.65 17.21 1.16 7.45 C

4QSIH I 4.21 H 3.63 16.48 1.06 6.53 QSI
4QSI HHW 4.16 H 3.66 3.66 1.08 1.08 c
4QSIF 4,22 H 10.23 27.92 175 6.42 C
4QSI FHW 4.20 F 10.84 10.84 2.13 2.13 C
4QSIF HW II 422 F 12.66 12.66 2.37 2.37 Cs

*QSIL H, F, HW and II stand for quasi-static loading, hemispherical end-nose shape, flat end-nose shape,
half-way loaded (i.e. partially loaded) and second specimen respectively

® Panel thickness was later re-measured after panel trimming, for the compressive test

®Q8SI, C and CS stand for quasi-static loading, compressive test and cross sectioning respectively

3.1.3 Determination of contact stiffness

Transverse loading of a plate involves two main types of deformation. Firstly, there is a
global bending elastic deformation with both the flexural and membrane contributions.
Secondly, there is a local indentation due to local contact pressure developed between
the indenter and the plate. This local indentation & can be significant when compared
with the deflection of the plate. For a given load P, it is governed by the indentation law

defined as

P=ko" (3.1.1)

in which &; and n are indentation constants, which are material specific. Thus they must
be experimentally determined. Thirty-two-ply carbon/epoxy samples used [108] were
the same material as in this project. Figure 3.1.15 shows the specimen under quasi-static
indentation with the bottom side fully supported. As the support condition did not allow
flexural deformation, the displacement & of the indenter was equal to the local
indentation . Photographs of tested specimens are shown in Figure 3.1.16. A total of
five tests were carried out with a hemispherical-ended indenter of 20-mm diameter. The

average values of these constants are k; of 47.2 GPa.mm"™ and 7 of 1.83.
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3.1.4 Analytical model of laminate quasi-static loading response

The quasi-static load-displacement response of a clamped circular panel can be divided
into two stages, separated by the onset of delamination. Models developed in this
section predict the deflections up to the onset of delamination of circular composite
panels. Three models are presented, the first one is a simple model based on the small
deflection analysis that considers a linear relationship between load and deflection and
is applicable to deflection of plates with the deflection/thickness ratio wy/ of less than
0.4, This model includes the effect of indenter size on deflection. The second one is a
more sophisticated model for large deflections of greater than 0.4k, which takes into
account the effects of membrane stretching. The third model is extended on the basis of

the second model with the addition of local indentation.

The quasi-static transverse response has been analytically predicted by many authors
[109-116] with fairly good results. However, the model developed below includes the
size effect of indenter, which is a helpful tool for analysis in the subsequent sections of
this thesis. It provides an opportunity for future improvement by taking into account the
indenter shape effect on the deflection through a distributed contact pressure. The
derivation of the expression for deflection also includes the composite material

considerations.
Small deflection analysis

This section summarises the main results of the derivation in Appendix B for the
deflection of a clamped plate under a uniformly distributed load on a concentric circular
area, as shown in Figure 3.1.17. Timoshenko and Woinowsky-Krieger [109] devised a
solution method for similar loading conditions and the edges of the plate simply
supported. Following their method, the expression for the central deflection w(0) of a
clamped plate of radius a under a load P uniformly distribilted on a concentric circular
area of radius ¢ was determined as follow, with details given in Appendix B in Egq.
(B.1.10), is
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w(0)= Pa’ '{l-i-[(c a)z(log(c/a)—%ﬂ} (3.1.2)

The flexural stiffness D’ for anisotropic laminates is given by [109, 117]
, 1
D'= §[3D“ +2(D,, +2D,)+2D,,] (3.1.3)

When ¢ in Eq. (3.1.2) approaches zero, a similar expression for deflection of a plate

loaded with concentrated force could be introduced as

(0)= Pa’

3.14
167D ( )

With this equation, a Loading Area Factor (LAF) is introduced to take into account the

effect of an indenter size as

LAF = {1 +[(c/a)2(log(c/a)—%ﬂ} (3.1.5)

Table 3.1.4 shows values for various LAFs associated with different size/plate radius
ratios for centrally concentrated load. From this table it is clear that an increase of the

area of load distribution results in a lower value of central deflection for a constant load.

Table 3.1.4 Variation of Loading Area Factor (LAF) with ¢/a ratio

Scenario ¢/a ratio Loading Area
Factor, LAF
Concentrated load 0 1

i 0.1 0.9695

0.2 0.9056

. 0.3 0.8241

. 04 0.7333

. 0.5 0.6392

Fully distributed load 1 0.25
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For comparison purposes, the central deflection of a uniformly loaded plate is obtained
by setting ¢ = a in Eq. (3.1.2) as [109]

Pa’
0)= 3.1.6
w0) 647D’ (3.1.6)

Large deflection analysis

In cases where deflections are no longer small in comparison with the plate thickness,
the deflection analysis has to be extended to include the effect of membrane stretching.
The deflection equation can be defined using the principle of virtual displacements, in

terms of strain energy due to bending V and strain energy due to membrane stretching
V; as [109]

dv +Vv,)

dw,

Sw, =27 jqawrdr (3.1.7)
[+

As shown in Appendix B, Eq. (3.1.7) is a third order polynomial expression in the form
of

Tow, +T,w) =T,P (3.1.8)

The polynomial coefficients T;, T> and T3 are analogous to bending and membrane

stiffness as given by
kyw, +k, wl =P (3.1.9a)

If the effect of transverse shear is considered for the thick plates, then Eq. (3.1.9a)

becomes

k, Wy +k wl =P (3.1.9b)
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The term T of Eq. (3.1.8) can be considered similar to the small deflection analysis in
Eq. (3.1.2) as

T, = 16zD' (3.1.10)
LAF
The approximate expression for T3 as derived in Appendix B is
T, = L_lo217 al 3.1.11
z_m,,m; 217 -0.465 ” (3.1.11)

2

The term 73 is equal to the square of plate radius a°, as indicated in Appendix B.

Therefore, with all the expression for T3, T, and T3, Eq. (3.1.8) finally becomes

, 2
a® LAF a” LAF a

where the bending and membrane stiffness in Eq. (3.1.9a) are given by

_16zD' 1
“TTE T

2
g, =" 1 0.217—-0.465(3)
a® LAF a

Transverse shear effect kg

(3.1.13a, b)

Transverse shear effect becomes substantial in thick panels, being on the same order of
magnitude of deflection due to pure bending. As a consequence, combined bending and
shear response is needed. Transverse shear effect is introduced by adding the shear
stiffness to the bending stiffness as expressed in Eq. (3.1.13a). This interpretation
follows [110]
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1. t,1 (3.1.14)
kbs kb ks
in which
47G b E 1
k, =——% : 3.1.15
y 3 (E,—4vazr J(4/3+10g(a/c,.)] ( )

The value for G, is equivalent to Gj3ps of 5.3£0.3 GPa for the current composite
system [104]. Poisson’s ratio value v;; is 0.31. The radial flexural modulus E, is
evaluated using the relationship for the laminate equivalent engineering elastic constant

in bending mode

12
d,xn’

(3.1.16)

Where dy; is the first term of the inverse of matrix [D]. The ratio between plate radius
and indentation radius a/c; is a function of the indenter shape and the applied force. For
a flat-ended indenter, the indentation radius ¢; and the indenter diameter ¢ are the same

as shown in Figure 3.1.18(a). As a result, Eq. (3.1.15) becomes

47G_h E 1
k, =t . 3.1.17
T3 (E -4v. G, J(4/3+ log(a/c)) ( Y

On the other hand, for a hemispherical ended indenter, the radius of indentation depends
on the applied force, laminate and nose material properties. It was estimated as half of
the laminate thickness, c; = #/2 as shown in Figure 3.1.18(b). The experimental contact
stiffness value, obtained in the previous section, is in agreement with this assumption

within the initial elastic range. Thus Eq. (3.1.15) becomes
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E
g, = 3 h i L (3.1.17b)
3 \E -4v_G,_ )\ 4/3+log(2a/h)

Indentation effect on deflection analysis

A force-based analytical model was proposed in [114]. The model combines indentation
law with both plate flexural and membrane stretching responses. Figure 3.1.19 shows a
total displacement J of a clamped plate with a hemispherical-ended indenter. The total

displacement is the sum of the plate deflection and indentation as

o=a+w, (3.1.18)
Combining Eqgs. (3.1.9b) and (3.1.1) with Eq. (3.1.18) yields

1fn
b gt spke gy sk S s sa ere0 G109

k
k{Sjn k,‘ ki n

A solution of this equation in terms of P can only be numerically found for the given
total or indenter displacement. To this end a Newton-Raphson algorithm was written in

Matlab® as shown in Appendix C. Inputs of this model are shown in Table 3.1.5.
Analytical prediction results for central deflection

Figure 3.1.20 and 3.1.21 show predictions of this model along with experimental
results, The predictions shown correspond to the small deflection model in Eq. (3.1.2),
the large deflection model in Eq. (3.1.9b) and the large deflection model with local
indentation effects in Eq. (3.1.19), which are referred to as model 1, model 2 and model

3, respectively, from now onwards.
In the case of 2-mm thick panels loaded with a hemispherical indenter in Figure 3.1.20,

all three models underestimate the experimental displacement for a given load. This

suggests that the flexural rigidity may have been overestimated. In addition, it also
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suggests that in reality it is not possible to achieve a 100% clamped boundary condition,
which is reflected with the larger deflections for a given load. In particular the

expertmental membrane effect is low when compared to the analytical prediction.

Table 3.1.5 Input values for analytical model prediction

Property Units Equation 16 plies 32 plies

Dy GPa.mm’ - 44.44 336.96

Di» GPa.mm’ - 13.61 101.58

D GPa.mm’ - 30.50 277.21

Dis GPa.mm’ - -4.48 -16.93

Dss GPamm’ - -4.48 -16.93

Dss GPamm’ - 15.59 117.38

D’ GPa.mny’ 3.13 39.30 314.40

Al GPa.mm - 112.44 224.88

Plate radius, a mm - 50 50.00
Indenter radius, ¢ mm - 10 10.00

Indenter nose shape - - H H F
c/a - - 0.2 0.20
LAF - 3.1.5 0.9056 0.91
Bending stiffness, & GPa.mm 3.1.13a 0.8725 6.98
Membrane stiffness, &, Gpa/mm B.1.27a 0.0417 0.08
Membrane stiffness approx. k, Gpa/mm 3.1.13b  0.0417 0.08
Compliance term, d;; (GPa.mn'13)'1 - 0.0263 0.00
Plate thickness mm - 2.048 4.10
Engng. Flexural modulus, E, GPa 3.1.16 53.12 5292
G},m_g GPa - 53 5.30
Radial Poisson's ratio, v, - - 0.31 0.31
Shear stiffness, & GPamm 3.1.17(a-b) 994 2293 3528
Bending-shear stiffness, k&,  GPa.mm 3.1.14 0.8021 5.3511 5.8273

Contact stiffness, k; GPa/mm" 3.1.1 47.2 47.20
Exponential constant, # - 3.1.1 1.83 1.83

Figure 3.1.21(a) shows the displacement responses of 4-mm thick panels quasi-
statically loaded with a hemispherical indenter. Predictions are much closer to the
experimental results, probably as a consequence of the increase in bending response
with respect to the membrane stretching. Among three models in Figure 3.1.21(a), the
prediction of Model 3 is the closest to the experimental results. The local indentation
effect seems to be more substantial for thick panels. Figure 3.1.21(b) shows the
displacement responses of 4-mm thick panels quasi-statically loaded with a flat-ended
indenter along with predictions. Similarly to the hemispherical case, predictions of

Model 3 are in good agreement with the experimental results, although predictions of
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the other two models are also in reasonably good agreement with the experimental
results. The reason could be that flat-ended indenter may have distributed load better
than the hemispherical-ended case. Also it seems that the effect of local indentation is
more substantial than the membrane effect for the initial pre-damage stage. Apparently
the deflections within this range are not large enough to induce significant membrane
stretching. However if a post-damage analysis of thick panels is intended, it is necessary

to include the membrane effects by using a reduced stiffness as proposed in [114, 116].

3.2 Examination of damage mechanisms

On a macroscopic scale, the effects of impact loading can be divided into material
damages and local change of curvature, Material damages include delamination, matrix
cracking, fibre fracture and ply shear-out as shown in Figure 3.2.1. On the other hand
local curvature change is related to changes on the surface topology around the
indentation site. In the present study, damaged and artificially delaminated panels were

examined using C-scan and micrographs of cross sectioning.

3.2.1 Cross sectioning results

Cross-sectioning micrographs intend to provide physical evidence of damage, especially
through-the-thickness (TTT) distribution of delaminations, which cannot be shown by
the current C-scanning. Two specimens selected for sectioning were impact-damaged at
28.7 J with a hemispherical nose and quasi-statically damaged with a flat-ended

indenter. For the latter the test was stopped beyond the onset of damage.

The specimens were sectioned diametrically. The samples of about 12-mm deep from
the cut surface were further sectioned off. The diametric surfaces of the sample intended
for inspection were pushed to the bottom of a rubber disk mount. Epoxy as prepared in
Section 2.5.2 was poured into the mount. Once epoxy cured, the disk was fixed to the
spinning head of a lapping polisher machine for grinding and polishing. The spinning
head-epoxy disk fixture was then positioned with the disk surface pressed against the
rotating base. Grinding was divided into two stages. In the first one the rotating base

was SiC wet-and-dry paper, at a radial velocity of 300 rpm for 2.5 min using water as
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lubricant agent. A finer grinding followed, the SiC paper was changed to a special
rotating base (MD-Largo), at 150 rpm for 6 min using 6-um aluminium oxide spray
(DP-Spray) as grinding media and special lubricant (DP-Blue). Subsequently the
sample was polished in two stages. A first polishing was done at 150 rpm for 4 min
using a rotating base with a satin fabric, DP-Spray 6-um as media and DP-Blue as
lubricant. Then a finer polishing was done at 150 rpm for 3 min using another satin base
(to avoid cross contamination), DP-Spray 1-pm as media and DP-Blue as lubricant.
Between each stage the disk was thoroughly rinsed and cleaned to avoid media
contamination. Finally the samples were placed under a camera-mounted microscope to

inspect the polished surface.

Three micrographs from impacted specimen are shown in Figure 3.2.2(a), with a
corresponding schematic drawing of the damage in Figure 3.2.2(b). The main damage
mechanisms present in the impacted panel of Figure 3.2.2(a) were matrix cracks,
delamination and fibre breakage in addition to local change of geometry. The location
of matrix cracks in the panel of Figure 3.2.2(a-b) was mainly under the contact point of
the impactor, with higher crack concentration close to the top surface. Delaminations
initiated at the tip of these matrix cracks and propagated in the radial direction. A
typical shear cone pattern was observed, formed by the combination of matrix cracks
and TTT delamination. Three large delamination were detected in Figure 3.2.2(a), one
running close to the top surface, a second one close to the mid-plane and another one
close to the bottom surface. A small amount of fibre breakage was noticeable only on
the 90° plies with fibres parallel to the polished surface and was marked with bold lines
on the drawing of Figure 3.2.2(b). A permanent plastic deformation with an associated
local change of surface geometry created during the transverse loading was visible in
Figure 3.2.2(a). Figure 3.2.2(c) show this local change in panel surface geometry for an
impact energy level of 28.7 J. The dent dimensions were 0.138 mm depth and 2.452
mm in-plane radius, so that a curvature radius of 21.85 mm could be implied if a
hemispherical-shaped dent is assumed. Dents were also found in the remaining panels
with impact damage, but it was not possible to measure them accurately without a

cross-section.
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A micrograph of the quasi-statically damaged specimen is shown in Figure 3.2.3. The
panel was loaded until the damage onset level, around 3.6 kN. The micrograph shows a
large delamination near the mid-plane, probably caused by the high ILSS. It also shows
fibre breakage and matrix cracks caused by the contact stress under the edge of the flat
indenter. The signature left by the indenter on the top ply indicated high contact

stresses, even at low levels of applied load.

Based on these micrographs, it was observed that damage induced by transverse loading
in 4-mm thick panels was governed mainly by ILSS. The governing damage mechanism
mainly depends on the flexural rigidity of the laminate. On the one hand, damage from
transverse loading in flexible laminates is governed by a localised shear cone,
delaminations and fibre breakage [12], as shown in Figure 3.2.4(a). The shear cone
contains matrix cracks and localised delaminations distributed in the thickness
direction. On the other hand, damage in stiffer laminates is governed by ILSS and it
consists of a small shear cone with a massive single delamination near the mid-plane, as
shown in Figure 3.2.4(b). The cross section photograph of the panel impacted at 28.7 J
(Figure 3.2.2) shows a major delamination near the mid-plane due to high ILSS
concentration. However there was widespread TTT delamination as a consequence of
the high IKE level. The quasi-static loaded panel contained less amount of delamination
(Figure 3.2.3), but it had a massive delamination near the mid-plane. A photograph in
Figure 3.2.4(c) seems to further support this observation with a cross-sectional view of
a impact damaged glass/epoxy laminate [unpublished work from Zhou, G., 2004].
Damage was characterised by a small shear cone in the vicinity of the impact together

with a large delamination near the mid-plane.

3.2.2 Process of damage propagation in transversely-loaded panels

Depending on the energy absorption characteristics during impact, four deformation
stages were identified in Figure 3.1.10. Firstly, the IKE was absorbed by the panel as
elastic energy, up to the initial threshold force value that corresponds to the onset of
damage. The period that took the panel to reach the damage threshold was 700, 500 and
450 ws, for IKE levels of 6.9, 13.7 and 21.1 ], respectively. The initial threshold for
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delamination onset could be identified from the force history plots in Figure 3.1.7. This

value was on average 3.88 £0.14 kN, corresponding to 6.14 J.

Secondly, after the delamination onset, the energy was not only elastically stored in the
panel deformation but also absorbed as internal damage. From previous studies [10, 41]
it is known that during this stage a shear cone develops with matrix cracks generated by
shear or tensile flexural stresses around the indentation area, Matrix cracks are followed
by interface delaminations, growing from the crack tips. Delaminations usually
occurred between plies of different orientation, having a peanut shape elongated along
the fibre direction of the lower ply at that interface. The presence of a shear cone was
probably initiated by the contact stress distribution in the in-plane and TTT directions
around the contact point. Figure 3.2.5 shows two schematic predictions of TTT
distribution of stress in a circular plate during transverse loading, taking the approaches
of thin and thick plates [118]. The contribution of contact stresses is significant in the
case of small deflections (Model 1 for thick plates), inducing large compressive and
shear stress near the top surface. This implies that damage initiates as a shear cone. As
the plate deflects, the distribution resembles more the prediction from Model 1 for thin
plates. Finally, for large deflections, it resembles Model 3 of large membrane stresses.
In the case of thick panels, high ILSS developed could induce a large delamination near

the mid-plane. The micrograph in Figure 3.2.3 shows such damage.

Thirdly, a stage before perforation was observed in relatively flexible (thin) panels, with
a shift of the governing damage mechanism from shear cone to fibre fracture, As fibre
fracture became more dominant, the proportion of energy absorption increased
dramatically, as explained later in Figure 3.3.7. Previous studies [30, 39, 119] have
shown the similar behaviour for panels close to the perforation limit. In these studies the
relationship between peak load and IKE was dramatically modified at relatively high
IKE:s.

Finally, no further energy was absorbed neither elastically nor as damage after the AE
had reached its maximum in the AE history. The energy transfer was reversed from the
panel to the impactor and the impactor gained the stored elastic energy of the panel as

kinetic rebound energy, RE, until the impactor bounced off. The AE history of the three
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panels studied did not reach the final asymptotic value, probably due to the inherent
noise of the load cell signal that added few micro-volts (i.e. kN) at the end of the force-

history, as seen in Figure 3.1.7.

Similar energy absorption characteristics were observed in [41] as shown in Figure
3.2.6. The figure shows the load and energy histories of a 24-ply quasi-isotropic
carbon/epoxy rectangular (76.2 by 127 mm) panel impacted at 46 J. Three critical load
levels were identified, the critical threshold for damage initiation, the onset of fibre
breakage and the maximum (i.e. peak) transverse load. Figure 3.2.6 also shows the
breakdown of the energy history in the different mechanisms. Initially the main damage
mechanisms were matrix cracks and delamination. Fibre breakage was developed at a
later stage as also suggested by [39], increasing the initial proportion of IKE that was
absorbed by the panel. The extent of fibre breakage of individual specimens at various

IKE levels was accurately measured using the thermal deplying technique.

Strain responses can also be used to confirm the damage development stages mentioned
above. Typical strain gauge readings are shown in Figure 3.1.13 from a 2-mm thick
panel transversely loaded with a hemispherical indenter, Figure 3.1.13 indicétes a first
stage up to the onset of delamination at 1.06 kN. Within this stage, the top gauge
reached its peak in compression at 0.3 kN (-65 u¢&) while the bottom gauge linearly
increased in tension, reaching around 7000 u& Taking the approach of Model 1, the
value of top and bottom strains should be equal in magnitude and opposite in sign for
the same radial location. The difference in the bending strain magnitude between the
bottom gauge at the centre and the top gauge 20 mm away indicates a highly localised
bending response within the first load range. For loads higher than 0.3 kN the top gauge
started decreasing while the bottom gauge continued the linear increase in the tensile
region. The increase in the tensile component of the top-gauge strains indicated a
growing predominance of membrane deformations over bending deformations, i.e. the
panel was entering the range of large deflections. At 1.06 kN the top gauge changed
from compression to tension and the bottom gauge experienced a significant drop in
load, corresponding to the onset of delamination. A second stage initiated after the onset
of damage. The strain readings of the bottom gauge increased with reduced stiffness due

to the presence of damage. Additionally the compression-to-tension switch of the top
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gauge indicated an increased contribution of membrane effect to a global response. The
increase in membrane effect was also evident with the switch in the bottom-gauge strain
response from linear to a third-order type. The reason for that was the division of the
original laminate into thinner sublaminates with much lower flexural rigidity. After 5
kN a third stage was identified from the reduction in slope of the top-gauge response,

probably due to the initiation of major fibre breakage.
3.3 Determination of damage size using C-Scanning

The projected damage areas of all the damaged panels were obtained by C-Scanning. In
principle, ultrasonic signal emitted by a probe travels transversely through the thickness
of the material and then is detected, either by a different probe at the rear of the
specimen (through-transmission) or by the same probe' (pulse-echo detection). By a
proper selection of signal frequency of the probe, the attenuation resulting from the
presence of damage can be maximized. Since there is a large impedance mismatch
between air and solid material, the specimen and the transducer are coupled via a liquid
or a solid medium. Size and defect location are estimated by measuring the signal
amplitude and/or the time of flight of the ultrasonic signal. Using the same basic
equipment, results can be displayed in different ways, via A, B or C scans. The A-scan
gives information about a single point in the material. The B-scan is a linear collection
of A-scans, therefore it gives a cross-section image of the specimen. The C-scan
combines many B-scan lines at a selected perpendicular interval and is the most useful
type of ultrasonic technique. To provide planar size and location of damage, scanned
delamination areas are presented in Table 3.3.1, for panels containing damage from
both impact and quasi-static loading. Figure 3.3.1 shows C-scan graphs for 2-mm thick
impact damaged panels [104]. Figure 3.3.2 shows C-scan graphs of 4-mm thick impact
damaged panels. Similarly, C-scan graphs of quasi-statically damaged panels are shown

in Figure 3.3.3.
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Table 3.3.1 Energy and force parameters of panels transversely loaded either in impact
or quasi-statically

Specimen® Thickness Indenter IKE AE  [mpact Peak force Initial threshold Delamin%tion
shape duration force area
min J J s kN kN mm2
210.125° 2.19 H .72 03 - - - 77.00
210.25° 2.22 H 3.66 0.7 - - - 177.00
210375 " 2.17 H 569 1.1 - - - 264.50
2105° 2.18 H 778 17 - - - 427.80
210.625 " 2.17 H 9.88 29 - . - 453.50
21075 " 222 H 11.83 44 . - - 523.30
211.0° 2.20 H 1577 104 - . - 676.00
210.5 i 1.96 H 789 21 3400 4.73 1.53 -
20SIHHW 1,97 H - - - 1.09 1.09 33.00
2QSIH 1.99 H - - - 8.24 1.06 Perforated
410.5m 4.09 H 6.9 42 2700 427 3.73 91375 "
41 1.0m 4.08 H 137 73 2750 7.35 3.83 1697.75 "
41 1.5m 4.08 H 21.1 112 2900 8.57 4.07 5468.25 "
411.7m 425 H 273 152 - - - 7854.00
41252m . 4.22 H 417 - 3300 1341 3.88 7854.00
4QSIHHW  4.20 H - - - 3.66 3.66 206.50
4QSIH 425 H - - - 17.21 3.63 8302.75
AQSIFHW 422 F - - - 10.84 10.84 4734.25
4QSIF 430 F - . - 27.92 10.23 8582.00

* Data correspondent to 2-mm thick panels marked with a star (*) sign are taken from [104]
® C-scanning results from these panels were obtained differently by analysing the echo signal of
individual locations using a grid (0.5 mm spacing) on the panel due to technical problems

3.3.1 Panel thickness effect

Thickness directly affects the flexural rigidity of the transversely loaded panel. Before
the onset of delamination this was reflected on the panel response as observed from
Figure 3.3.4. After the onset of delamination, the reduced rigidity also affects the
damage governing mechanism and the energy absorption characteristics. The force-
history of a 2-mm thick panel impacted at 7.9 J has different characteristics than a 4-
mm thick panel impacted at 6.89 I, as illustrated in Figure 3.3.4. Firstly, the impact
duration was longer for 2-mm thick panels. Similar results were reported in [28] for
panels impacted below the critical IKE for major fibre breakage onset. Secondly, the
behaviour after the initial threshold force (onset of delamination) was different. The
force-time trend in 2-mm thick panels resembles more a smooth half sine wave after the
initial threshold at 1.53 kIN. On the contrary, other hand 4-mm thick panels experienced
a sharper load drop after the initial threshold at 3.73 kN. Finally, the peak force of the
two panels were relatively close; contrasting with the fact that the thin panel absorbed

only 2.13 J and the thick panel absorbed 4.23 J. These features arise due to the
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difference in delamination onset and growth between flexible and stiff panels, as

discussed in Section 3.2.

The thickness effect from the damage onset onwards until failure is also significant as
shown by experimental data in Tables 3.1.2 and 3.1.3. An increase in panel flexural
rigidity was reflected in an increase in the initial threshold load for the delamination
onset. Using the same indenter shape and size, the initial threshold loads were on
average 1.06 and 3.6 kN for 2-mm and 4-mm thick panels, respectively. The associated
indenter displacements were 1.85 and 1.02 mm, respectively. The failure peak loads of
thick panels were twice large as the thin panels, 8.24 and 16.84 kN (average values for
hemispherical indenter) for 2-mm and 4-mm thick panels, respectively, with associated

indenter displacements of 6.44 and 6.99 mm, respectively.

On the basis of C-scan results, it was observed that the delamination area increases
linearly with the IKE, both for 2-mm and 4-mm thick panels. In the case of 2-mm thick
panels, the proportionality constant was 45.24 mm%J, without any apparent initial
energy threshold for damage onset as shown in Figure 3.3.5(a). On the other hand, 4-
mm thick panels had a proportionality constant value of 358.74 mm?/J, up to the energy
level where delamination area reaches the panel boundaries as shown in Figure 3.3.5(b).
The initial threshold energy value is defined as the minimum IKE value at which
damage starts and it corresponds with the damage onset. This value was 6.14 J as
determined by a linear regression of delamination area versus IKE. However more
specimens may be required to obtain a precise value for the initial energy threshold
[13].

The propagation of delamination was also affected by panel thickness. On the one hand,
2-mm thick panels had a circular shape of damage up to 7.78 J (height 0.5m). For
higher IKE levels, fibre breakage started to develop along with delamination, as can be
seen in Figure 3.3.1(e-h). From this IKE onwards, the delamination growth shifted from
a localised concentric area to delamination growing along the split broken fibres in the
+45° direction. On the other hand, 4-mm thick panels presented much more widespread
concentric delamination with circular shape as shown in Figure 3.3.2. For these panels,

a physical limitation was imposed to the delamination growth by the size of the testing
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area. Therefore panels in Figure 3.3.2(d-e¢) had similar delamination areas.
Delamination reached the plate boundaries for panels with IKE equal or higher than
27.31.

Panel thickness also affected the energy absorption characteristics during impact. Panels
of 4-mm thick absorbed more IKE as internal damage as shown in Figure 3.3.6 and
were not able to undergo large deflections without suffering considerable delamination.
In contrast, the thinner 2-mm panels absorbed only about 21% of IKE within an initial
linear region. They were able to store comparable higher elastic energy and to undergo
larger deflections. Figure 3.3.7 summarises the dependence of the IKE-delamination
area and IKE-AE on the panel thickness and thereby on the governing damage
mechanism, This figure presents a breakdown of IKE of 2-mm thick panels into energy
dissipated as delamination, broken fibres and rebound energy, RE. Initially up to 3.57
J/mm (7.78 J) the proportion of the total IKE absorbed by the panel was 21% for this
initial linear region. Coincidently the delamination area had also a linear relationship
with the IKE, suggesting that the main damage mechanism during this initial linear
stage were internal delamination and matrix cracks in a shear cone arrangement.
Beyond 3.57 J/fmm (7.78 J) the AE-IKE relationship followed an exponential trend.
Also from this energy level onwards, fibre breakage developed so that the increment in
AE proportion was probably due to the broken fibres. At the largest IKE tested, the IKE
was approximately dissipated into 20% delamination, 60% fibre breakage and 20% RE.
In the case of 4-mm thick panels, the AE-IKE relationship was linear for all the IKE
levels tested. In average 55% of the IKE was absorbed by the panel. The generated
damage (AE) was predominantly in the way of matrix cracks and internal delamination,

with nearly inexistent fibre breakage (see Figure 3.2.4).

3.3.2 Indenter nose shape effect

The effect of changing the indenter nose shape on the force-deflection response is
shown in Figures 3.1.12(a-b) earlier. The force response for loading with flat-ended
indenters was consistently higher than the hemispherical case. The initial threshold
force was on average 3 times higher, and the transverse peak force was 1.7 times higher,

for flat-ended and hemispherical indenters respectively. The relative drop in load after
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the onset of damage (after the initial threshold force) was higher for flat-ended indenter,
around 43%, compared with a relative drop of 22% in the hemispherical case as
extracted from the detail in Figure 3.1.12(a-b). This seems to suggest that the onset of
damage was more catastrophic in the flat-ended case, inflicting more damage within a
very short period of time. Additionally, the failure load was significantly higher (62%
higher) for the flat-ended case (Table 3.3.1), despite having similar damage aréas as
shown in Figures 3.3.3(b and d).

The apparent more catastrophic onset of damage in flat-ended indenters can be
explained through its contact stress distribution. Figure 3.3.8 shows the contact pressure
distributions of both the hemispherical-ended and the flat-ended indenters. In the case

of hemispherical-ended indenter, the contact pressure distribution is [120]

2
g==r 1—[i) ,0<r<c (3.2.1)

Where g is the shear force distribution, P the applied transverse load, ¢ the indenter
radius and r the radius coordinate. In the case of flat-ended indenter nose shape, the

contact pressure distribution is [120]

,05r<c (3.2.2)

From Figures 3.2.2 and 3.2.3 it is clear that in the case of hemispherical-ended, damage
would tend to initiate right under the axisymmetric line. On the other hand, for a flat-
ended indenter, damage would tend to initiate around the indenter on concentric ring

area, with much higher local stresses (it tends to infinite).

The effect of indenter shape on the local indentation process was observed in the panel
strain readings in Figures 3.1.14(a-b). On the one hand, the strain of the panel loaded
with hemispherical-ended indenter presented a gradual development of local
indentation. Once the top fibres were affected by the indentation (after 8 kN) the

increase in tensile strain dropped gradually to zero, as observed in Figure 3.1.14(a). On
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the other hand, the development of local indentation for flat-ended indenter and the
correspondent surface fibre breakage was more abrupt. A larger number of fibres were
affected within a short period. The strain response of a panel loaded with a flat-ended
indenter is shown in Figure 3.1.14(b). Likewise the hemispherical-ended case, the top
and bottom gaunges picked up a first load drop (around 11 kN) related with the initial
threshold force for delamination onset. Contrastingly, the bottom gauge showed a
dramatic strain reversal at 14.75 kN probably due to breakage of top-ply fibres as a

consequence of the initiation of perforation.

3.3.3 Loading rate effect

Figure 3.3.9 shows the delamination area in terms of peak force for 4-mm thick panels
with damage induced either by impact or quasi-static loading. As expected, the
relationship between transverse peak force and delamination area was similar for both
impacted and quasi-statically loaded panels, using a hemispherical-ended indenter. The
trend is indicated with a dashed line in Figure 3.3.9. The initial threshold forces for
delamination onset were not affected by the loading rate, as shown in Figure 3.3.10. The

difference between the two is almost indistinguishable.

The load-displacement response of impact and quasi-static load tests followed a similar
pattern as shown in Figure 3.3.11, The quasi-static response curve acted as an upper
boundary to the impact response, exhibiting similar slope and threshold for
delamination onset. There was a small initial offset between impact and the quasi-static
responses which was not expected. In the case of impact, this offset corresponded to an
initial displacement of 0.5 mm. Findings in [20] suggested that the dynamic effects
might slightly affect the panel response. However, it is more likely that the offset is the
result of the presence of noise in the impact data. After approximately 0.5 mm (i.e. 100
us), the load of all the impact tests started to increase with a similar slope than the

quasi-static loading response.
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3.4 Concluding remarks

The impact response of all the panels tested showed some degree of damage generation,
since the maximum force was higher than the initial threshold force. The amount of
damage generated can be related with the proportion in which the force threshold has
been exceeded, as shown in Figure 3.3.12. Quasi-static loaded panels also showed an
initial threshold force; beyond this force level the bending stiffness was significantly
reduced. The value of the threshold depended on panel thickness and on the indenter-
nose shape. Damage propagation was more catastrophic for flat-ended than for
hemispherical-ended indenters. The main types of damage identified after C-scan and
cross section were dependent on the internal stress distribution resulting from the
applied contact pressure at the indenter/laminate area. These main damage mechanisms

were internal delamination, matrix cracks, fibre breakage and local change of geometry.

The relationship between AE and delamination area is linear up to the level of fibre
breakage onset. Then the fibre breakage process absorbs a significant amount of the
IKE, having an exponential increasing trend with the IKE. However the energy
necessary for delamination area generation increases linearly with the IKE,

irrespectively of the existence of fibre breakage.

Panel thickness determined the flexural rigidity of the panel that in turn dictated the
goveming damage mechanism (either membrane or ILSS governed), the size of
delamination, the energy absorption characteristics and the damage generation
sequence. Panel thickness also determined the significance of local indentation process
on the overall panel deformation. The damage generation was not strain-rate dependent.
Quasi-static loading and impact loading showed similar features in the force-
displacement response of the panel such as slope and initial threshold force for

delamination onset.
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Figure 3.1.1 Photograph of the drop-weight impact rig

j f\,
Impactor guides < | rE Flag
Strain-gauged ' #
load cell Impactor end-
nose
Rail guides ——— :
' Photodiodes
| ff owdeds
Rebound catcher | Clamping device
D——l—-— - Solid base

WZ” %

Spectmen [ Solid support

Figure 3.1.2 Drop-weight impact test rig set-up
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Figure 3.1.3 Specimen clamping arrangement for impact and quasi-static tests
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Figure 3.1.7 Force history curves for 4-mm thick panels impacted at 6.9, 13.7 and 21.1J

Acceleration, m/s?

6000
——410.5m
—411.5m
4000 -
3000 A
2000 -
1000 -
0 7 7 T T T T T T ¥ T T T
0 500 1000 1500 2000 2500 3000 3500
Time, pus
(2)

101



Velocity, m/s .

Kinetic energy of the impactor, J

6
4 .
2 .
0 F T T T T
1500 2000 2500 3000 3500
22 -
4 - —»—410.5m
—— 41 1.0m
—Aa411.5
-0 m
Time, s
(b)
25
—— 41 0.5m

0 500 1000 1500 2000 2500 3000 3500
Time, ps
©)

102



~— 4] 0.5m
i ——41 1.0m
—411.5m
£ -
F
E -
8
=
& 21
Qa
0 T 1] 1 T i I 1 I} T 1 T 1
0 500 1000 1500 2000 2500 3000 3500
Time, us
(d)

Figure 3.1.8 (a) Acceleration, (b} velocity, (c) impactor kinetic energy and (d)
displacement history curves of 4-mm thick panels impacted at 6.9 J (410.5m), 13.7J (41
1.0m) and 21.17J (41 1.5m)
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Figure 3.1.9 Load-displacement curve of 4-mm thick panels impacted at 6.9 J (41
0.5m), 13,77 (411.0m) and 21.1J (4I 1.5m}
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Figure 3.1.10 Absorbed energy (AE) and force histories of 4-mm thick panels impacted
at (2) 6.9 J (410.5m) (b) 13.7J (41 1.0m) and (c) 21.1J (41 1.5m)

10
—2QSIH
|—20s1HHW
g
Z 61
g % !
4]
0.5
5
---------------- i N . 0
0 g | H . 4 . 0 | I1 | ?
0 2 4 6 8 10

Displacement, mm

Figure 3.1.11 Force-displacement curve for 2-mm thick panels quasi-statically loaded
with a hemispherical-ended indenter
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Figure 3.1.12 Force-displacement curve for 4-mm thick panels quasi-statically loaded
with a (a) hemispherical-ended and (b) flat-ended indenter
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Figure 3.1.14 Force-strain response curves from 4-mm thick panels quasi-statically
loaded with a (a) hemispherical-ended and (b) flat-ended indenter
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Figure 3.1.15 Quasi-static indentation test for contact stiffness determination

108



AR .ﬁ“.‘_{mj-";'fw_i;’i,«‘:-f'}'ﬁ,:_.‘iﬂg._’.
o J.',' c‘a‘éu‘t;,-.._-_wltr_v/‘-dq-:ﬁ_,-}_“ k2
- ﬂ-"%'f.:'i‘!-:'"\!* sl

g e
AR A %

o ¥l
cY

.;'-.."."‘a‘ e
oy
R A

W)
SN
L
-
sy ¥ >

s
Syl
et
N 1850
% o
by ;’,

Figure 3.1.16 Photographs of quasi-static indentation test specimens

Figure 3.1.17 Circular plate uniformly loaded over a concentric area
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Figure 3.1.18 Indentation radius for (a) flat and (b) hemispherical indenter
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Figure 3.1.19 Local indentation process for hemispherical indenter
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Figure 3.1.20 Force-displacement predictions for central deflection of a 2-mm thick,
100-mm diameter panel loaded with a hemispherical indenter using small deflection,
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Figure 3.1.21 Force-displacement predictions for central deflection of a 4-mm thick,
100-mm diameter panel loaded with a (a) hemispherical and (b) flat indenters, using
small deflection, large deflection and large deflection with indentation models
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Figure 3.2.1 Three basic damage modes of composite laminates:
A, matrix cracking; B, delamination; C, fibre breakage
(Taken from [10])
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Figure 3.2.2 Microscopic analysis of a 4-mm thick panel impacted at 283
dimensions of local

(a) micrograph, (b) sketch indicating delaminations and {c)
curvature change
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Figure 3.2.3 Micrograph cross section from 4-mm thick panel quasi-statically loaded
halfway with flat-ended indenter, (a) micrograph and (b) sketch for analysis
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Figure 3.2.4 Damage development in (a) flexible target, (b) rigid target and (c)
photograph of damage in rigid target (unpublished work from Zhou, G., 2004)
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Figure 3.2.5 Shear and normal stress distribution for classical plate theory
and thick plate theory with transverse shear and stress concentration effects
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Figure 3.2.6 Breakdown of energy absorption or storage by each mechanism as a
function of time for an impact test at 46 J on a tough laminate (taken from [41])
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Figure 3.3.1 C-scan graphs for 2-mm thick panels with impact-induced damage for (a)
1.71,(0)3.71,(c)5.7J,(d)7.81,(e) 9.9 1,(f) 11.8 J, (g) 15.8 T and (h) 19.6 ] IKE
levels [104]
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Figure 3.3.2 C-scan graphs for 4-mm thick panels with impact-induced damage for
() 697, (b)13.77J,(c)21.17,(d) 27.3 and (e) 41.7 J IKE levels
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Figure 3.3.3 C-scan graphs for 4-mm thick panels with quasi-static loading induced
damage for (a) hemispherical-ended partially loaded, (b) hemispherical-ended fully
loaded, (c) flat-ended partially loaded and (d) flat-ended fully loaded
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Figure 3.3.5 Delamination area variation with IKE for (a) 2-mm thick panels and (b) 4-
mm thick panels after impact loading
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Figure 3.3.6 Variation of Absorbed Energy (AE) and absorption energy ratio with
Incident Kinetic Energy (IKE) for 2-mm and 4-mm thick panels
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Figure 3.3.7 Absorbed Energy (AE) and delamination area variation with Incident
Kinetic Energy (IKE) for 2-mm thick panels
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Figure 3.3.8 Effect of indenter nose shape on stress distribution (a) hemispherical
ended and (b) flat ended indenter
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Figure 3.3.11 Displacement-force diagram for impact loading and quasi-static
transverse loading (hemispherical indenter) in 4-mm thick panels
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thick panels with impact induced damage
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4 In-plane compressive behaviour of intact and preconditioned panels

The aim of this chapter is to study the effect of a given damage state on the residual
compressive behaviour. The methodology chosen was to divide the effects of impact
loading into two aspects, the first one was concerning material damage and the other
one was local change in geometry. To simulate the effect of material damage on the
compressive behaviour, a set of preconditioned panels were prepared with artificial
embedded delaminations of different sizes, shapes, numbers and through-the-thickness
(TTT) distributions. Also panels with open holes were prepared to represent the
ultimate material failure. To simulate the local change of geometry, a set of panels was
prepared for testing with a local hemispherical dome at the centre, emphasizing the
study of the main geometrical parameters, dome depth and curvature. Finally, results
from panels with the mentioned preconditions were compared with either impact or

" quasi-static loaded panels.

4.1 Experimental procedures

In a compression test, each panel was placed in a purpose-built support jig, as illustrated
in Figure 4.1.1. The jig consists of two pairs of cylindrical-edged support plates that are
intended to prevent global buckling of the panel at the initial stage of loading. The
supports were positioned squarely to the panel surfaces 10 mm away from epoxy pots
and were only finger-tightened through adjustable bolts. They represented simple
support condition on the unloaded edges, which were free to move in the width
direction during loading. A quasi-static load was then applied to the panel at the
machined ends via a Denison universal testing machine. Although the loaded ends were
not physically clamped, the contact end areas increased by the epoxy pots prevented
hinge-like rotation at the initial stage of the loading. Thus the loaded ends were
effectively close to clamped condition but without clamping surface pressure.
Nevertheless, substantial end rotation never took place in any tests, otherwise epoxy
pots with limited bonding strength to the panel surfaces could easily break off. Load,
strain and cross-head displacement in all the tests were recorded through a data

acquisition system at a sampling rate of 0.5 Hz.
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4.2 Fundamental characteristics of panel in-plane compression

The panel compressive strain behaviour is established schematically in Figures 4.2.1, on
the basis of central mid-section and far-field strain responses. In the figure, mean and

bending strains are defined as

0 £ front + gback
E=——

2 (4.2.1a,b)

gbena‘ing =g fromt 6.back

There are four critical loads, namely local buckling {mode-I), local-to-global buckling
(mode-I), global buckling (mode I to II) and failure. Correspondingly, there are four
deformation stages, namely in-plane compression (or prebuckling), local buckling
{mode-I), global buckling (mode-I) and postbuckling (mode-II). Figure 4.2.1(a) shows
the prebuckling stage characterised for a generalised linear load-strain relationship and
exclusive in-plane deformation. As there is no out-of-plane deformation, the bending
strain is zero for both mid-plane and far-field strains. The second deformation stage is
characterised by local buckling (mode-I), occurring when the mid-section region starts
to buckle locally, while the far-field strains indicating no bending. However, some
bending exists only at the mid-section location as illustrated by Figure 4.2.1(b). The
third deformation stage starts with the local-to-global buckling transition (mode-I), with
the panel in a half-sine-wave shape. The presence of bending strain is reflected in both
mid-section and far-field gauge readings, as shown in Figure 4.2,1(¢). The maximum
curvature and bending strain occur at the mid-section, with far-field bending strain
comparatively lower. Since the panel is deforming not only in-plane but also in
bending, the overall panel stiffness is lower than during prebuckling. Therefore the far-

field mean strain shows the ‘knee’ effect.

The critical global buckling (mode I to II) load marks the division between the global
buckling (mode-I) and postbuckling {mode-II) stages, as shown in Figure 4.2.1(d). The
panel shape changes from a single half-wave to two half-waves, with two maximum
curvature locations at the top and bottom far-field location and an inflection point at the

mid-section. Curvature at the mid-section location goes gradually back to zero, reaching
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an unstable equilibrium, as a consequence the bending strain reverses and approaches a
zero value. In contrast, the bending strain at the quarter-section location increases
showing a strain reversal. Mean strain at the mid-section location starts to increase
towards the tensile side as a consequence of the stretching effect at the inflection point.
The far-field deformation is mainly out-of-plane, since the curvature takes a maximum
value at this position. Therefore the mean strain value remains relatively constant, with

an increase of the bending strain only, as shown in Figure 4.2,1(d).

Two-mm thick intact panels were prepared and tested in [104]. Since these panels are
more prone to buckle than 4-mm thick ones, their examination for response
characteristics serves as a precursor of the thicker panels. Figure 4.2.2(a) shows the
load-strain response curves of both far-field and central strain gauges from an intact
panel (Control B) [104]. On the basis of the central SGs, the four panel deformation
stages can clearly be identified as described in the paragraph above. At the prebuckling
stage, compressive load was relatively small and the panel was shortened stably with no
lateral deflection shown in Figure 4.2.2(b-c). As the axial compressive stress
distribution across the width was uniform, thus the panel responded linearly. The
critical local buckling (mode-I) load was reached at about 10 kIN when the central SGs
started exhibiting the strain divergence in Figure 4.2.2(a) or bending strain as shown in
Figure 4.2.2(c), whereas the far-field SGs did not. Beyond this load, local buckling
steadily developed into global buckling at about 16 kN with the strain divergence or
bending strains reaching the far-field SGs. Both the occurrence of local buckling and
this local-to-global buckling transition are stable with one longitudinal half-wave. As
loading increased, the strain reversals occurred gradually in both the loading and the
width directions. The compressive response became significantly non-linear. At about
34 kN, the second strain reversals occurred and then the buckled panel switched to
(mode-1I) postbuckling with two longitudinal half-waves as indicated schematically in
Figure 4.2.10(b-c). This global mode I-to-mode II transition seemed unstable and the
crescent of one longitudinal half-wave became a nodal line of two half-waves. Strain
measurements from other intact panels with additional SGs indicated that the two
longitudinal half-waves were slightly unequal. The final catastrophic failure at 52 kN is
about 50% greater than the global buckling (mode I to IT) load. The failure location of

this panel, as photographs in Figure 4.2.3 show, is close to its mid-section where shear
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forces at this postbuckling stage would be highest whereas bending moment could be
close to zero. On viewing the sides of the panel, the fracture plane through the panel
thickness is rugged with extensive delaminations and fibres fracture and in particular is
noticeably oblique to its mid-section. It is interesting to observe that there seems no
correlation between strain divergence, strain reversal and global buckling load. Two
other intact panels showed very similar behaviour with nearly the identical failure load
as seen in Table 4.2.1. This typical four-stage compressive behaviour therefore has
provided the basis of subsequent interpretation of strain response characteristics in the

preconditioned panels.

Table 4.2.1  Compression test results of 2-mm and 4-mm thick composite intact

panels
Specimen Thickness Length Failure Failure axial Failure comp. Failure
identity load strain Strength location *
mm mm kN ol WE MPa
Control A  2.08 148.03 52.16 1.046 % 256.6 MS
Control B 2.09 148.56 5234 1.126 % 256.4 MS-FE
ControlC 206  149.69 52.13 1.100 % 2573 MS
Control0 407 14676 13570 5,720.5 pe 3339 FE
Control 1 410 14946 14721 4,786.2 pue 361.9 LE
Control2 444  149.13 169.23 - 3824 FE
Control 3°  3.89  148.90 125.80 - 322.6 FE

* MS, FE and LE denote the mid-section, far end and loading end positions
along a panel, respectively.
® Data for this test between 114 kN and 125.80kN were lost

4.2.1 4-mm thick intact panels

The majority of 4-mm intact panels failed prematurely with crushing at one loaded end,
although failure of the intact panels occurred consistently at the average compressive
stress of 359124 MPa or 151117 kN and coefficients of variation of 6.7% and 11.25%,
for compressive strength and failure load respectively. Figures 4.2.4(a-b) show the
individual strain response curves of intact panel Control 0, on which all the strain
gauges were bonded on the symmetric axis in the loading direction. Although there is a
little non-linear behaviour at both loaded ends right at the beginning of the loading (pair
C), which may be associated with poor initial contact, major part of the panel behaviour
is linear right up to ultimate end-crushing failure at the bottom end (closest to pair A).

The final failure with the failed specimen shown in a photograph in Figure 4.2.5 may
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have initiated way back at the load of about 52 kN as indicated in Figure 4.2.4(a). This
is primarily because the end crushing was very much localised so that the other two
pairs of strain gauges far away from the bottom end could not pick it up. Figures 4.2.6
shows the longitudinal strain-load graphs for the intact panel Control 3. This panel
failed in end crushing, similar to Control 0. It had a localised failure picked up only by
the gauge located at the far-field bottom end (location A). The final failure may have
initiated at 80 kN near the bottom end similarly to the one shown in Figure 4.2.5. The

final failure of the panel happened prematurely at 125.8 kN.

Based on the failure location (Table 4.3.1), it can be concluded that the load range for
all the 4-mm intact panels was within the prebuckling stage without signs of buckling.
Consequently, failure mechanisms did not seem to link to shear stress unlike the 2-mm
thick panels. The occurrence of failure near the loading/far edge may be attributed to
some localised phenomenon such as poor contact or uneven ply loading. For panels
with their failure load below the global buckling (mode-I) load, sign of any local

buckling is very limited.

To confirm the established deformation characteristics in the width and thickness
directions, a further examination of the results is necessary as the example from intact
panel Control 3 shows. Figure 4.2.7(a) shows the bending strains in the width direction,
for three different locations along the transverse mid-section. As the bending strain
from gauge E suggests, in-plane compressive behaviour was fully achieved only near
the centre of the panel. When moving towards the free edges, the panel buckled slightly
with opposite curvature. It seems that during in-plane loading, some geometric
imperfections and localised effects could have generated a coupling between stretching
and twisting. The magnitude of this coupling was low compared with the global in-
plane action. As a result of the twisting in the transverse direction, the free edges
deformed with a consequent interlaminar TTT elongation at the edge, as seen in Figure
4.27(b). This may have affected the Poisson’s ratio when derived from the
displacement readings, as shown in Figure 4.2.8. Both longitudinal and horizontal
transverse deformations were measured using a pair of LVDT’s. However the reading
from the transverse LVDT was measuring not only the transverse stretching due to the

Poisson’s effect, but also the ILS deformation at the edge as illustrated by Figure 4.2.9.
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In Figure 4.2.8 it was observed that the Poisson’s ratio at the centre of the panel was
unaffected by the transverse twisting. It can be seen that around 35 kN both readings
coincided, but then Poisson’s ratio derived from the displacement increased around 40%
with respect to the centre of the panel, presumably due to the shear deformation at the

edge.

4.2.2 Prediction of intact panel behaviour

This section shows an attempt to develop an analytical model for predicting the intact
panel behaviour in compression up to the critical global buckling (mode-I) load. During
the initial loading stage of prebuckling, the load-strain relationship is dictated by the
classical laminate theory (CLT). The laminate extensional and flexural stiffness are

calculated in Appendix D and are summarised in Table 4.2.2,

Table 4.2.2 Material properties

Description Material 16 plies 32 plies Units
properties
Ply thickness - 0.128 0.128 mm
UD Stiffness E;; 127.00 127.00 GPa
UD Poisson’s ratio Vi2 0.31 0.31 -
Extensional stiffness matrix Aj; 112.44 22488 GPa-mm
Extensional stiffness matrix Ap 3371 6742 GPa-mm
Extensional stiffness matrix Az 112.44 22488 GPa-mm
Bending stiffness matrix Dy; 44.44 336.96 GPamm?
Bending stiffness matrix Dy, 13.61 101.58 GPamm’
Bending stiffness matrix D2, 30.50 27721 GPamm?
Bending stiffness matrix Dgs 15.59 117.38 GPamm’
Panel length a 150 150 mm
Panel width b 100 100 mm
Panel thickness h 2.048 4.096 mm

Prebuckling behaviour
For the prebuckling analysis of a plate, the loading ends are under uniformly distributed

load as shown in Figure 4.2.10(a). The panel coordinate system is shown in Figure

2.2.1. As there is no bending curvature, the load-strain relationship can be described by
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The distributed force in the width x-direction is zero as
N, = A& + A€, =0 (4.2.2)

From Eq.(4.2.2), the ratio between transverse and longitudinal mean strain (i.e.

Poisson’s ratio for the laminate) is observed to have a constant value

0
Eeo_lu (4.2.3)
8)’

For loading in the y-direction one can obtain from Eq. (4.2.1),

N =

¥

% = A&’ + Ape’ (4.2.4)

Substituting Eq. (4.2.3) into Eq. (4.2.4) yields a linear relationship between applied load

and mean strain for both transverse and longitudinal directions

2
P= bef[A,z —%J = bs"[ 2 %] (4.2.52)

x
12

Al Az
P= bsg(An —A—”J = be;’[ . -A—'z) (4.2.5b)

11 11

The predictions of mean strains from Eq. (4.2.5a-b) are plotted alongside experimental
mean strain results in Figures 4.2.11 and 4.2.12 for 2-mm and 4-mm thick panels
respectively. It is clear that CLT predicts accurately the panel behaviour during the first

linear loading stage.
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In-plane compressive failure prediction

The in-plane compressive failure load is predicted by using the maximum (principal)
stress and the Tsai-Hill criteria. The results of such predictions are meaningful only if
they fail in the prebuckling stage of loading. To apply these criterions it is necessary to
obtain the lamina stresses on the respective principal coordinates for each ply by using
the CLT as

£l 0

& b=[a, Ny (4.2.6)
Vo 0

o, £

o,b =lol{e @.2.7)
TJ‘J’ k J/-’-’0)’

o, cos® @ sin® @ 2sinfcos@ | o,

o,p=| sin*0 cos’@  -2sinfcosf [0, (4.2.8)
T,,) |-sin@cos® sinfcosf cos’f-sin’0||7,,

The respective values for these matrices are shown in Appendix D. Figures 4.2.13(a-c)
show the normal and shear principal stresses for 16 and 32-ply panels of 100 mm width.
These results were calculated using a Matlab® script shown in Appendix C. The
maximum (principal) strengths are marked on Figures 4.2.13(a-c) using a dotted line.
The intersection between the dotted line and the load-strain curves determines the
maximum (principal) stress criterion failure value. Failure for £45° plies is under shear
stress and for 90° plies is under normal stress at 187 and 167 kN, respectively, for the
32-ply panel and at 93.5 and 83.5 kN, respectively, for the 16-ply panel. Using Tsai-Hill

criterion as in Eq. (4.2.9a)
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with the normal and shear strengths data from [104] yields

ol o0, 0o T
1032* 1032% 130° 66.3°

(4.2.9b)

The variation of the Tsai-Hill factor is shown in Figure 4.2.14 in terms of the applied
load. The failure loads predicted for +45° and 90° plies are 168 and 166 kN,
respectively, for the 32-ply panel and at 84 and 83 kN, respectively, for the 16-ply

panel.
Global buckling (mode-I) load prediction

The stage of global buckling (mode-I) starts from the local-to-global buckling (mode-I)
transition. Figure 4.2.1(c) represents the respective strain-load behaviour and panel
deformation at this stage and Figure 4.2.10(b) illustrates the panel deformation. The
onset of global buckling (mode-I) can be predicted using Von Karman large deflection
expression as the governing equation, with geometric (or forced) boundary conditions
given by the simply-supported plate case, withw =0 at x=0,a andw=0 at y =0,b.
The global buckling (mode-I}) of a rectangular quasi-isotropic plate, loaded in
compression with a distributed load Ny and out-of-plane deflections w, is given by

DyW . +4Dygw . +2(Dy, +2DgIw,., +4Dyw,  +Dpw = N,w (4.2.11)

wyy T Ty

The expression in Eq. (4.2.11) can be reformulated on the basis of the special-

orthotropic plate solution with D;s and D»¢ being zero

Ew 4.2.12)

¥y = b 44

DWW e + 2(D1,_ +2D, )w,xw +Dypw
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Governing equation (4.2.12) corresponds to a special orthotropic laminate, despite the
real laminate being quasi-isotropic. This is a mathematic simplification that allows the
use of double sine series (DSS) as a solution for the deflection w. Nevertheless, there is
an error involved in using DSS for a quasi-isotropic laminate because the boundary
conditions are not entirely fulfilled, however the magnitude of the error is negligible for

quasi-isotropic laminates [121]. The DSS expression for w is

w=AX sin[m) sin(?} 4.2.13)

a

Substituting Eq. (4.2.13) into Eq. (4.2.12) the critical buckling load is obtained

b 4 2 2 4
B =W[D“[%J +2(Du+zpﬁé)[£’fj (Ei:ﬁ) +D22[m77r] ] (42.14)

Based on Table 4.2.2, the global buckling (mode-I) load is calculated for 2-mm and 4-
mm thick panels, with m =1 and n = 1, using Eq. (4.2.14). The results are 20.05 kN and
153.38 kN for 2-mm and 4-mm thick panels respectively. The global buckling (mode-I)
loads are marked on Figures 4.2.11 and 4.2.12 for 2-mm and 4-mm thick panels
respectively. The predicted values agree well with the experimental results, although the
local buckling (at 10 kN for 2-mm thick panels) was not accounted for. For 2-mm thick
panels the initial prebuckling stage covers a loading range around 20% of the failure
load, thus further analysis is necessary to predict the panel behaviour over the full load
range. However, 4-mm thick panels did not undergo buckling, thus they could have
failed as in the prebuckling stage. The experimental failure load of 151£17 kN was
relatively close to the predicted buckling load value of 153.38 kN. It seems that the
current CLT analysis might be able to predict the compressive behaviour of 4-mm thick

intact panels.
4.3 Panels with embedded artificial delamination

The most critical type of damage resulting from impact is in the form of delamination

accompanied by matrix cracks. In particular the projected area of delamination has a

134



Table 4.3.1  Compression test results of 2-mm thick composite panels containing
artificial delamination(s) [104]
Specimen Defect Defect Thickness Length Failure Failure Failure comp. Failure

identity *  size  area load axial strain  strength location ®
mm  mm? mm mm kN % MPa

EH10 10 26.2 2.09 14895 52.80 1.100 256.6 MS
EH20 20 1047 207 148.71 5120  0.999 2519 MS-FE
EH40 40 4189 210 14878 4410  0.814 212.5 MS
EH60 60 9425  2.08 149.37 3820  0.685 185.5 MS

EH40x3S° 40 4189 1.91 14947  30.93 0.783 161.3 MS
EV10 10 262 1.94 148.12 4470 1.072 231.1 LE-MS
EV20 20 1047 1.96 148.18 46.30 1.072 240.8 LE-MS
EV40 40 4189 1.96 148.19 46.10 1.008 235.8 MS
EV60 60 9425 1.94 148.22  34.40 1.085 179.6 MS
CR10 10 78.5 1.98 14930 42.74 1.061 219.0 MS
CR20 20 3142 197 14929 48.20 1.143 247.8 MS
CR40 40 12566 198 14891 35.38 0.938 1813 MS
CR60 60 28274 199 148.87 33.35 0.820 169.6 MS

CR20x3S° 20 3142 1.87 149.54 3090  0.754 165.6 MS

* E and C denote elliptical and circular shapes, respectively. H and V denote horizontal and

vertical orientation of the ellipse, respectively.
b MS, LE and FE denote mid-section, loading-end and far-end positions along a panel, respectively.
° These panels were tested in this project. Other specimens were tested in [104].

Table 4.3.2  Compression test results of 4-mm thick composite panels containing
artificial delaminations
Specimen Defect Defect Defect Location® Thickness Length Failure Failure far  Failure Failure

Identity ®® size number area load field mean comp. location®
strain strength
mm mm’® Mm mm KN UE MPa
4EH10 10 1 26.2 MP 4.13  149.06 14746 6,541.0 357.3 LE
4EH20 20 1 104.7 MP 411 14893 14376 59245 3509 FE
4EH40 40 1 4189 MP 415 14923 14652  4,266.0 354.5 FE
4EH60 60 1 942.5 MP 4.13 148,97 150.58  4,3540 361.1 FE
C20MS1 20 1 314.2 MP 3.82  145.17 15037  7.,836.0 417.5 LE
C20MS2 20 1 314.2 MP 394 14972 16824  7,775.0 429.3 FE
C40MS 40 1 1256.6 MP 411 147.56 151.00 6,663.5 3723 FE
C6OMS 60 1 28274 MP 411  147.58 132.37 53455 3243 LE-MS
C20Q8 20 1 3142 QL 414 147.63 17021 7436.5 414.6 FE
C40QS8 40 1 1256.6 QL 421 149.14 13233  5,7440 316.7 LE
C60QS 60 3 28274 QL 417 14743 12892 4,8310 3105 LE
C20x38 20 3 314.2 Sym 3.93 14897 114.00 - 294.16 LE
C20x38ii 20 3 314.2 Sym 396 14972 11396  4,853.0 286.8 LE
C40x38 40 3 12566  Sym 393 14875 99.72 3,083.0 2519 MS
C60x38 60 3 28274  Sym 393 14858 86.34 1,338.5 2192 MS
C20x3AS 20 3 3142  Asym 384 14820 113.87 3,669.5 295.6 LE
C40x3AS 40 3 1256.6  Asym 392  148.86 10661  3,159.5 2722 MS
C60x3AS 60 3 28274  Asym 3.83 14766 9286 25475 2422 MS

* E and C denote elliptical and circular shapes, respectively. H and V denote horizontal and vertical
orientation of the ellipse, respectively.

® MS and QS in the first column denote the mid-plane and a quarter TTT location of a panel,
respectively.

® MS, LE and FE in the last column denote mid-section, loading-end and far-end positicns along a panel,
respectively.
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direct relationship with the compressive strength reduction, as discussed earlier. Internal
delaminations may appear in different shapes, orientations and TTT locations. The
effect of each of these parameters can be studied with preconditioned panels that
simulate certain delamination configuration. Tables 4.3.1 and 4.3.2 show panel
characteristics and compressive test results for panels with artificially-embedded

delamination.

4.3.1 2-mm thick panels with artificially-embedded delamination

The presence of a single delamination with a substantial size creates two sublaminates
and during loading could induce strain concentration in the delaminated or locally
weakened area. Moreover, two asymmetric sublaminates, albeit balanced, could induce
extension-bending and bending-twisting coupling. A combination of the two should
therefore contribute to variations of the characteristic compressive behaviour and
thereby reduction of RCS. Nevertheless, if the delamination is not large enough to
induce strain concentration and weaken the local area, the characteristics of the panel
behaviour may not be affected. One such case from panel EH20 with a 20-mm (major
axis) horizontal elliptical delamination is shown in Figures 4.3.1(a-d). Consequently,
the four deformation stages could still be clearly identified in the strain response curves
in both longitudinal and transverse directions in Figures 4.3.1(a-b). The local buckling
(mode-I) load of about 11 kN is almost the same as that of intact panel B. Moreover, the
global buckling (mode I to II) load of 32 kN and the failure load of 51 kN are again
similar to respective values of the intact. The bending strain responses in Figure 4.3.1(d)
clearly confirm that the panel developed into local buckling from the load of 11 kN up
to 32 kN as there was little bending from the far-field SGs during this loading period.
Immediately after the global buckling (mode I to II) load, both longitudinal and
transverse mean strains from the mid-section in Figure 4.3.1(c) started decreasing
linearly to accommodate the mode shift. With these trends, both central and side
transverse SGs show more or less the same level of tensile strains. This seems to
suggest that induced interlaminar shear (ILS) stress gradients may not be high enough
to trigger delamination propagation. Instead, as the central longitudinal bending strain

reversed to the convex side whereas the far-field bending strain (the lower left part)

136



swung to the concave side, panel twisting in the postbuckling (mode-II) stage was
evident. This understanding is consistent with the actual fracture plane shown by the
back side of the panel in a photograph in Figure 4.3.2, Clearly, buckling should not be

synonymous with delamination propagation as also found out in [77, 83, 89, 122].

When the size of delamination increased to 60 mm for horizontal delamination (EH60)
and 40 mm for circular delamination (CR40), the characteristics of the panel behaviour
changed substantially as shown in Figures 4.3.3(a-c) and 4.3.4(a-c). For panel EH60,
both the global buckling (mode I to II) load of 27 kN and the failure load of 38 kN in
Figure 4.3.3 were reduced by 18% and 27%, respectively, whereas the local buckling
(mode-I} load of 10 kN remained unaffected, compared with the intact panel values.
The second respective strain reversals are much less obvious than that of the other cases
and they seem to be much closer to the strain divergence. Especially, the transverse
bending strains C and E in Figures 4.3.3(b-c) indicate the development of two half-
waves across the panel width. This suggests that the unstable transition of global
buckling (mode-I} to postbuckling (mode-II}) triggered the catastrophic failure of this
panel. This observation can be reinforced by results of panel CR40 in Figure 4.3.4.
From there, the much more abrupt first strain reversals at about 21 kNN correlate well
with the strain divergence thereby indicating an unstable transition of local to global
buckling (mode-I). This dramatic transition confirms that the present delamination was
large enough to have weakened local resistance to the compressive loading. The
ultimate failure at 36 kIN occurred shortly after the second respective strain reversals or
global buckling-to-postbuckling (mode I to II) transition at 30 kN. This time, the
dramatic divergence of the transverse mean strains C and E in Figure 4.3.4(c) provided
a strong indication of delamination propagation. Photographs of the failed panel are
shown in Figure 4.3.5. Strain responses of panel CR60 are very similar to that of this
panel. These characteristics confirm that sufficiently large delaminations with induced
strain concentration could indeed precipitate the premature ultimate failure.
Characteristics of strain responses from two panels (EH40x3S and CR20x3S) with three

delaminations are similar to that of those two panels.
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4.3.2 4-mm thick panels with artificially-embedded single delamination

Similar to the 4-mm thick intact panel (see Figure 4.2.5), all the preconditioned panels
containing a single horizontal elliptical delamination at the mid-plane also failed
prematurely in crushing near one loaded end. The strain response curves of one such
panel (4EH40) are shown in Figures 4.3.6(a-b). The ‘stiffening’ non-linearity from 56
kN in Figure 4.3.6(a) was picked up only by far-field strain gauges and thereby may
have been attributed to the initiation of end crushing. This is very similar to that of the
intact panel as discussed earlier. Very limited local buckling started in both directions at
about 90 kN with bifurcation. Judging the transverse strain responses in Figures 4.3.6(a-
b) with a Poisson’s ratio mismatch, there is no sign whatsoever for delamination
propagation, although the extension-bending and bending-twisting couplings existed in
the delaminated section. For the panels containing a single circular mid-plane
delamination of less than 40 mm in diameter, crushing failure occurred at one loaded
end consistently. Another example of such typical behaviour from the panel (C40MS)
with a circular delamination is given in Figures 4.3.7(a-b) with no sign for global
buckling (mode I to II), although local buckling developed at about 40 kN in the loading
direction. Again, strain reversals at about 48 kN may well be attributed to the initiation

of end crushing.

Unsurprisingly, only when the size of delamination reached 60 mm in diameter, the
well-defined development of buckling (mode-I) from the mid-section with local
bifurcation to the loaded ends could again be observed in Figures 4.3.8(a-b) (C60MS).
Bifurcation was observed from the central (longitudinal) strain gauge pair at 45 kN,
reaching the far-field pair at 128 kN, following a sequence similar to 2-mm thick
panels. Nevertheless, the failure load of the panel seems to coincide almost with the
global buckling (mode I to II) load, since both strain gauges in the width direction in
Figure 4.3.8(a) seem to show small strain reversals. The failure occurred between the
loading end and the mid-section, with a clear skew angle as shown in Figure 4.3.9. The
failure may well be attributed to the mode shifting influenced by the coupling between

stretching and twisting of the unbalanced sublaminate.
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Moving the TTT position of a delamination from the mid-plane to the quarter location
(see Chapter 2) did not seem to affect the panel behaviour for relatively small
delaminations. This is shown in Figure 4.3.10 from panel C40QS where strain
responses from its mid-section were almost linear right up to ultimate failure. It was
necessary a further increase of single delamination size (e.g. C60QS) to alter slightly
the compressive behaviour, Figure 4.3.11 shows strain gauge readings from panel
C60QS, only the gauge at central location on the front side of the panel (D front) picked
up a strain reversal, around 115 kN. The rest of the gauges followed the linear trend
showed by the previous specimens with smaller delaminations. This panel did not
undergo global buckling (mode I to II) transition as it is evidenced by the failure
location, towards the loading end. Consequently the strain reversal was attributed to a
very specific phenomenon, the local weakening of the thinnest sublaminate at the
delamination centre. This can be described as frontal bulging. Compared to the in-plane
characteristic failure, the photograph of panel C60QS in Figure 4.3.12 shows that there
was an incipient location shift from the loading end towards the mid-plane, probably

due to the starting of local buckling (mode-I) development.
4.3.3 4-mm thick panels with artificially-embedded multiple delaminations

When three delaminations of the same size were embedded in 4-mm thick panels (see
Chapter 2), the intensity of delamination increased three times but the projected damage
size was the same. In addition, all four sublaminates in the symmetric arrangement were
unbalanced. However, in the asymmetric arrangement, two inner ones were unbalanced
whereas two outer ones were balanced, Moreover, all the sublﬁminates in either
arrangement were asymmetric so that stiffness couplings existed in the delaminated
section. The existence of the couplings could in theory weaken buckling (mode-I) and
global buckling (mode I to II) stresses. Surprisingly, three 20-mm delaminations in
either arrangement were still insufficient to reduce the RCS of the corresponding panels
(C20x3S and C20x3AS). To verify this, an additional panel with three symmetric 20-
mm delaminations was tested. All three panels failed at one loaded end in the same
manner as that of the intact panel. Consequently, the effect of small multiple
delaminations on the compressive behaviour seemed negligible in addition to the effect

of all the couplings in the delaminated section. The effect of preconditions became
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significant only when the delamination size reached 40 mm as one such panel (C40x3S)
with three 40-mm symmetric delaminations shows in Figures 4.3.13(a-b). It is worth
noting from these curves, especially from Figure 4.3.13(b), that strain reversals around
82 kN during global buckling (mode I to II) were very dramatic and profound, although
local buckling (mode-I) started around 29 kN. Beyond that, the panel offered little
resistance without the second strain reversals, similar to 2-mm thick impact-damaged
panels in Figures 4.5.3 and 4.5.4, Photographs of the failed specimen in Figure 4.3.14

show the familiar fracture characteristics similar to that of 2-mm thick panels,

When three large delaminations of the same size were embedded in an asymmetric
manner as illustrated in Chapter 2, two of the three were located on one side of the mid-
plane with the outmost delamination being only four-ply away from the front face. In
addition, the Poisson’s ratios of these sub-laminates may not be balanced. When
deformation increases, these imbalances could create high local internal stresses, which
may in turn promote the tendency for delamination propagation. Figure 4.3.15 shows
individual strain gauge readings from a panel containing three delaminations of 20-mm
diameter in an asymmetrical TTT arrangement (C20x3AS). The panel behaved globally
with the linear trend of the in-plane compressive stage. However it buckled (mode-I)
locally at central location on the front side of the panel around 103 kN as suggested by
the SG D front. This behaviour is similar to the one exhibited by the panel the largest
single delamination in asymmetric arrangement (C60QS). Panel C20x3AS failed in
end-crushing, suggesting that the local buckling did not affect the overall linear
behaviour. When the delamination size increased to 40 mm (C40x3AS) the
characteristics of the panel behaviour changed substantially as shown in Figure 4.3.16.
SG’s at the central location (D, E) showed local buckling around 45 kN. However
around 60 kN there was a localised strain reversal only on the front side, picked up by
the gauges located near the delamination. Apparently, the weakening of the upper thin
sublaminate affected the local panel response on this side, thus this can described as
frontal bulging, similar to panel C60QS. The gauges from both far-field and all
locations on the back-side did not pick up any change until 95 kN when there was a
global strain reversal and the panel went into the postbuckling (mode-II) stage, affected
by the presence of three delamination in a similar way to the symmetrical case. Such

‘progressive’ failure with local buckling (mode-I) followed by frontal bulging and then
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by postbuckling (mode-II) was only found in panels with asymmetrical delamination
arrangement. However this difference in panel behaviour between symmetric and
asymmetric TTT distribution of delaminations was not reflected on the RCS.
Photographs of the failed specimen in Figure 4.3.17 show the familiar fracture

characteristics similar to that of 2-mm thick panels and 4-mm symmetrical arrangement.

Panel with 60-mm delaminations (C60x3AS) showed additional features of the
compressive behaviour of panels with asymmetrical delamination distribution, as
observed from Figure 4.3.18. The response curves of strain gauges in the width
direction seemed to show local buckling right from the beginning, especially with much
greater strain magnitudes from the front strain gauges. On the contrary, there was no
sign of longitudinal buckling until a very dramatic strain reversal occurred on the front
side at about 42 kN, With local strains on both surfaces reaching about 1%, the
delamination must have propagated sideways. Nevertheless, this delamination
propagation did not seem to trigger ultimate failure of this panel (C60x3AS) as the latter
failed at 93 kN in the mid-section region. As a few strain gauges on both faces showed
visibly the second strain reversals shortly before the ultimate failure, it is likely that the

shift of buckling mode I to II triggered ultimate failure instead.

4.4 Panels with change in surface curvature

A local curvature change in the shape of semi-spherical dome was introduced at the
centre of a panel during the curing process as explained in Chapter 2. Table 4.4.1 shows

the compressive test results for panels with local change of geometry.

4.4.1 Compression test results of panels with local curvature change

The first parameter, depth, introduced certain amount of built-in eccentricity. Under the
in-plane load, it created a bending moment near the centre of the panel. The second
factor, curvature, introduced an angle between the flat fibres on the panel and the
curved fibres on the dome. When the panel was axially loaded, shear stresses were
induced along the boundary between the flat panel and the dome. Figure 4.4.1(a-b)

shows these two geometrical parameters.
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Table 4.4.1 Compression test results of 4-mm thick composite panels containing local
change of geometry

Specimen  Defect dimensions ° Panel Failure
Identity * In-plane Depth Curvature Thickness Length Load  Far-field Compressive  Location ©
size mean strain strength
mm  mm mm mm mm KN UE MPa
CD20 20.32 080 649 399 149.08 117.8 4,812.00 295.61 FE
CD40CC 4062 326 649 392 149.07 972 2,577.50 249.42 FE
CD6OCC 6102 7.62 649 3.66 14922 614 926.00 167.49 MS
CD40CD 40.16 0.80 2524 3.88 149.21 100.5 - 259.50 FE
CD40CDii  40.16 0.80 2524 3.86 149.10 8§9.1 2,858.50 230.24 FE
CD60CD  60.11 0.80 564.9 3.87 150.05 115.1  3,577.50 297.22 FE

® CC and CD on the end of the identity label denote constant curvature and constant depth of the
§f:0mctric defect respectively.

Defect dimensions are measured respect to the mid-plane TTT.
¢ MS and FE in the last column denote mid-section and far-end positions along a panel, respectively.

Figure 4.4.2 shows the compressive test result for the baseline panel CD20. The local
strain response at the centre of the panel (gauge D) showed the superimposed effects of
in-plane compression and bending. The in-plane compressive stress was either reduced
on the front (convex) side or increased on the back (concave) side due to the bending
moment effect. This can be easily identified when comparing in-plane strains from the
inner region of the dome (Figure 4.4.2(a)) with the outer region (Figure 4.4.2(b) and
(c)). However the panel failed at the far end in end crushing, with a failure probably
initiated around 97 kN, as indicated by the far-field gauge in Figure 4.4.2(c). This
suggests that although the. bending effect introduced by the circular dome was
noticeable, it was insufficient to trigger a global failure. Therefore the panel globally

remained in the in-plane compressive stage until the ultimate load.

Increasing the TTT dome depth, maintaining the same curvature, led to an increase in
the load eccentricity as well as in the magnitude of the bending moment at the centre of
the dome as shown by panels CD40CC and CD60CC. This is reflected in the apparent
stiffness reduction at the centre of the panel, shown in Figure 4.4.3(a). Nevertheless this
local behaviour did not prevail on the whole panel, as seen in Figure 4.4.3(b), far-field
strain gauge readings kept the same trend despite the increase of dome depth and size.
On the other hand, increasing the dome curvature, keeping the same depth, did not
affect the stiffness at the centre as Figure 4.4.4(a) suggests, even the far-field behaviour

was similar as shown in Figure 4.4.4(b). The expected reduction of shear stress when
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increasing the radius of curvature (i.e. the flatness of the panel) was not visible from the
strain gauge readings, but it was reflected on the final failure trend as explained in
Chapter 5. Figure 4.4.5 shows photographs of failed specimens CD20 and CD60CC

with the failure location at the far-end and at the mid-section respectively.
4.4.2 Compressive behaviour prediction

The panel can be considered to have two separate regions with different in-plane
stiffness, one is the region with a dome and the other is the surrounding flat region.
When these two regions are axially loaded in compression, it becomes a redundant
system, with similar overall displacement, but with an internal redistribution of axial
force. This redistribution is also present in panels with open holes, although to a greater
extent. As many authors have found in the case of open hole, the internal redistribution
of stress is not linear [123]. However for the sake of simplicity, the model developed in

the following only deals with linear redistribution of stresses.

A simplification of the real case is presented in Figure 4.4.6, taking in account only the
main parameters: eccentricity {given by the dome depth) and damage size (given by the
curvature). For the eccentricity, the average value of the dome is estimated using the
definition for centroid, so the force acting on the whole dome region is replaced by an
equivalent one applied on the geometrical centroid of the dome. The centroid location is

given by

ZAiZf _ Isz

i

24 faa

i

7= (4.4.1a)

Using dome geometry as shown in Figure 4.4.1(c), the centroid can be evaluated from
the addition of infinitesimal concentric rings of radius Rsin@ and z-location Rcosé, so

that Eq. (4.4.1a) yields
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f(Rcoso)2aRsin 6)RdO L,
7=9 _X| sin @ (4.4.1b)
T(ansine)Rdo 2\1~cosa B
0

Where R is the radius of curvature of the dome. The angle & can be derived from Figure
4.4.1(c) as

o= arcsin[i) or ¢« = arccos R-e 4.4.2)
2R R

Where e is the dome depth or maximum eccentricity and ¢ is the dome diameter. Then,

the final expression of the centroid is given by
7= (4.4.3)

Finally, the average eccentricity used in the panel analysis becomes

C2

emg =g ~(R=e) (4.4.4)

It is expected that the initial bending curvature will affect the panel strain response,
however this was neglected for simplicity. The central strain was derived on the basis of
the CLT, approximating the semi-spherical dome by a curved beam. Based on the

applied force and moment, the mean strains and curvatures are given by

e) 4, 4, o]0
1edh=4, A, O |N, (4.4.52)
| Lo o a0

k.| [Py Dn Dil|l0
ik, +=|Dy, D}, Dy M (4.4.5b)
L3 Dy Dj Dgl| 0
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Where the matrices [A’] and [D’] are the inverse of the extensional and bending
stiffness matrices, respectively. The panel is considered as a statically indeterminate
structure, with two semi-panels compressed simultaneously, one flat designated as
region 1 and the other with a local change of geometry designated as region 2. This
partition is shown in Figure 4.4.6. To solve it, the displacements due both to external
and redundant loads are expressed in terms of the loads and are made to be equal. If the
loading head is removed, the longitudinal strain of the flat region 1 due to the external
load P is

—h

b-c

€ = Al x (4.4.6)

Where b is the panel width and c is the width of the region 1 (local change of
geometry). The curvature is null, since the panel is flat. On the other hand, in the region
2, the maximum compressive strain is reached on the back side of the panel and it is
evaluated on the basis of the Kirchhoff hypothesis, with the bending moment and load

taken as illustrated on Figure 4.4.1, thus we have
£y =€ —=K 4.4.7)

Replacing the mean strain and the curvature in Eq. (4.4.7) by the corresponding values

of applied load and bending moment in Eqs. (4.4.5a-b), it yields

£, = [Aéz —5 J - (1 py, S J (4.4.8)

22
c 2 c

Since the actual compressive strain of the two regions is supposed to be the same, Egs.
(4.4.6) and (4.4.8) should be equal and this leads to

’ -A ’ - P, H ’ Peav
An '=[A22 2]—[—% 2 “] (4.4.9)
-c 2 <
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Knowing that Py = P; + P, the following relationships are obtained for each loads in

terms of the applied external load P,y

1
P, =P (4.4.10a)
- 1 !
1+b €14 Lo D,”
c 2 A,
P=F,,- P‘”’“’t - (4.4.10b)
142760 Boe Dy
¢ 2 Ay
Substituting Eq.(4.4.10a) into (4.4.8) leads to
—-AL _te D,
£, =( An £ ; ”pr,m, lt - (4.4.11)
¢ ‘ 1427614 Zoe Dy
c 2 A,

Figure 4.4.7 shows prediction of Eq. (4.4.11) for central longitudinal strain compared
with the experimental results from gauge D. The approximation follows the
experimental trend found when the depth was increased, cases (a), (b) and (c). However
the prediction for the case (c), i.e. panel CD60CC, is not very precise, since the non-
linearity of the stress redistribution is more noticeable for large dome diameters (when
the eccentricity value is large as well). On the other hand the model accurately picked
up the effect of increasing the radius of curvature, maintaining the same depth, on the

central longitudinal strain, as the cases (a), (d) and (e) show.

4.5 Panels with damage from impact or quasi-static testing

Previous sections have separately provided information on the concepts of material
damages such as internal delamination, matrix cracking and fibre breakage and

geometrical damages represented in a local change of geometry. Both types of damage

are present in impact-induced damage. The interactions between the damage state and
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axial compressive loading determine the compressive behaviour of the panel. This

section studies the post-impact compressive behaviour of composite panels.

Table 4.5.1 Compression test results of impact-damaged and quasi-statically-damaged
carbon/epoxy 2-mm thick panels

Specimen Thickness IKE Absorbed Max Damage Length Failure Failure  Failure F.'a.ilureb

Identity® energy  force area load axial strain comp. location
strength
mm J J kN mm? mm kN % MPa
210.125 2.19 1.7 0.3 - 770 147.39 59.36 0.989 2707 LE-MS
210.250 2.22 37 0.7 - 177.0 147.16 4857 0.785 2189 MS
210.375 2.17 5.7 L1 - 264.5 14719 4347 0.679 200.7 MS
210.500 2.18 7.8 L7 - 427.8 147.14 38.50 0.613 176.8 MS
210.625 2.17 9.9 2.9 - 4535 14745 3694 0.576 170.8 MS
210.750 222 11.8 4.4 - 523.3 147.56 37.16 0.521 168.0 MS
211.000 220 15.8 10.4 - 676.0 147.59 18.65 0.609 175.7 MS
210.500ii 1.96 7.9 2.1 4.73 - 147.10  40.53 0.713 207.6 MS

* Data corresponding to the first seven panels are taken from [104]. All panels tested with hemispherical
indentor nose shape.
® MS, LE and FE denote mid-section, loading-end and far-end positions along a panel, respectively.

Table 4.5.2 Compression test results of impact-damaged and quasi-statically-damaged
carbon/epoxy 4-mm thick panels

Specimen  Thick,. IKE AE Max Nose¢ Damage Length Failure Failure far Failure Failure

Identity force shape® area load field mean comp. location®
strain  strength
mm J J kN mim? mm kN LLE MPa

410.5 409 69 42 427 H 913.8 14932 889 24610  216.8 MS
411.0 408 137 73 735 H 1697.8 14621 709 1,623.0 172.8 MS
4I1.5 408 21.1 112 857 H 54683 14791 709 980.0 173.3 MS
412.520 422 417 - 1341 H 7854 14926 5734  1,3350 136.0 FE
4QSIFHW  4.22 - - 10.84 F 47342 14920 10021 4,165.0 2353 FE
4QSIF 4.20 - - 2192 F 8582 148.19 81.16 22140 187.9 MS
4QSTHHW  4.30 - - 3.66 H 2065 14745 13790 4,614.5 325.7 LE
4QSIH 4.25 - - 1721 H 83027 14868 6420 851.5 1504 MS

* H and F denote hemispherical and flat indentor nose shape, respectively.
® MS, LE and FE denote mid-section, loading-end and far-end positions along a panel, respectively.

Table 4.5.1 and 4.5.2 show the compressive test results for 2-mm and 4-mm thick
panels respectively, previously damaged via impact or quasi-static indentation, as
described in Chapter 3. Data corresponding to 2-mm thick panels with impact damage

were taken from [104].

147



4.5.1 2-mm thick panels with impact or quasi-statically-induced damage

For the impact-damaged panels 2I0.250 and 210.500 (impacted respectively at 3.7 and
7.8 1), the four deformation stages could still be identified by the mid-section strain
responses in Figures 4.5.1 and 4.5.2. Panel 210.250 was damaged at the relatively low
impact energy of 3.7 J and has the projected damage area of only 177 mm? with little
surface damage. Its strain response characteristics in Figures 4.5.1 are similar to that of
panel EH20 with artificial delamination, as expected. As can be seen, the strain
divergence and the first strain reversal do not correlate with each other, the local-to-
global buckling (mode-I) transition is stable and there is little reduction in its RCS. At
the relatively high impact energy of 7.8 J, panel 210.500 has noticeable local surface
curvature associated with impact damage and the projected damage area of 428 mm?
shown in Figure 3.3.1(d) with a scan graph. Also this projected damage area is nearly
circular. Strain response characteristics shown in Figures 4.5.2 are similar to that of
panel EH60. This panel seemed to have failed at the global buckling-to-postbuckling
(mode I to mode II) transition as very little sign of postbuckling could be observed.
Interestingly, all the panels impacted at the energy of greater than 7.8 J failed
catastrophically at the loads that are only fractionally higher than respective global

buckling (mode I to IT) loads, similar to panel 210.500.

The panels that were damaged by impact energies of 7.8 J and greater also have
noticeable local surface curvature (see Figure 4.5.3) in addition to interior
delaminations and extensive matrix cracks. This aspect may have contributed to the
catastrophic compression-after-impact (CAI) failure and thus to a 29% reduction of
CSRF along with other aspects of the damage characteristics. Additionally,
sublaminates of the impact-damaged panels are likely to be both balanced and
unbalanced but most certainly asymmetric. Thus the associated in-plane and out-of-
plane couplings could degrade bending stiffness and in theory create a Poisson’s ratio
mismatch of the sublaminates, thereby contributing to degradation of such panels, as

also discussed in [86].
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4.5.2 4-mm thick panels with impact damage

Panels of 4-mm thick were subjected to impact loading at various IKE levels. Their
damage characterisation in terms of delamination size and internal damage mechanisms
is shown in Chapter 3. The area of delamination increased proportionally with IKE and
AE, The damage was governed mainly by ILSS, thereby the damage was characterised
by dominating large delamination alongside with a small shear cone. This contrasts with
2-mm thick panels, which damage was governed by tensile stress and characterised by a
dominant shear cone. Therefore 4-mm thick panels had larger projected delamination
areas than the corresponding 2-mm thick panels impacted at similar IKE, as explained

in Chapter 3.

The compressive behaviour of panels with impact damage contained characteristics of
the both, panels with delaminations and panels with local change of geometry. The
similarity with one or the other depended on the degree of damage. For large IKEs, the
compressive panel behaviour tended to the panels with artificial change of geometry.
On the other hand, for low IKEs the panel behaved similarly to the panels with artificial
delamination, in particular to circular multiple delaminations in asymmetric TTT
arrangement. Figure 4.5.4 shows the compressive strain response of a panel impacted at
low energy (IKE 6.9J, 0.5m height). It is clear from the linear strain behaviour at the
far-field location (Figure 4.5.4(a)), that the global trend of the panel was typical of the
prebuckling stage, being the effect of damage rather localised. While the strains on the
front gauges located at the centre of the delamination (Figure 4.5.4(b)) followed a linear
trend, the gauges on the back side revealed weakening of the thinner sublaminate
(delamination bulging) starting around 60 kN. The difference between front and back
gauges lays probably on the asymmetric distribution of delamination in the thickness
direction. The gauge C back, in Figure 4.5.4(a), picked up an apparent local buckling
around 20 kN, although it was not noticeable in the other strain gauge readings. Shortly
before failure, there was a second strain reversal at 87.3 kN, that could be linked with
mode shifting from buckling mode I to IL. The panel failed in the postbuckling (mode-

IT) stage with a shear failure located at the mid-section, as shown in Figure 4.5.5,
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The effect of increasing the impact energy is shown in Figure 4.5.6, by the compressive
strain response from a panel impacted at 13.7 J (1.0-m height). The increase of impact
energy did not seem to affect the global in-plane compressive behaviour of the panel as
reflected in the far-field location response, in Figure 4.5.6(a). However, the local effect
of the damage was more extended than the previous panel. Buckling developed locally
at 22 kN as can be seen in the central location (Figure 4.5.6(b)) both transverse and
longitudinal. Apparently, increasing the impact energy had an effect of extending the
area where the panel underwent local buckling, since it was picked up not only by one
gauge (gauge C in the case of the panel 4]0.5m) but also by all the gauges surrounding
the damage. At 57.3 kN there was a strain reversal, visible in the central gauges D and
E, which marked the shifting from global buckling mode I to mode II in this region of
the panel. Gauges D and C on the back side also showed a much larger response than
the counterparts on the front side, suggesting delamination bulging, starting also at 57.3

kN. The failure was reached at 70.9 kN, at the mid-section as shown in Figure 4.5.7.

The compressive response of panels 4I1.5m and 412.52m were affected by the large
material and geometrical damage induced by the high IKEs, as shown in Figures 4.5.8
and 4.5.10. On the one hand, panel 411.5m (21.1 J) buckled from the start of the test and
shifted from buckling mode I to mode II at 58.9 kN, as the readings from the central
gauges D and E suggest. At 64 kN there was another strain reversal much more sudden
and large in magnitude, only picked uvp by the gauges located at the delamination side,
B and C. This reflected likely delamination propagation in the transverse direction.
However the propagation had probably initiated at 45 kN for reasons explained in
Section 4.7. This panel failed at 70.9 kN with the failure located at the mid-section as
shown in Figure 4.5.9. The line of failure had some degree of skewing due to the
couplings between stretching, bending and twisting, of the asymmetric sublaminates,
The effect of these couplings became more noticeable due to the large size of
delamination. On the other hand, panel 412.52m (41.7 J) also buckled from the
beginning, but it did not shift to mode II. It failed at 57.34 kN with the failure located at
the far end. Probably the particularly extensive damage present on this panel triggered
failure before the mode shifting as a consequence of stress concentration, as shown in
Figure 4.5.11. It seems that in both panels the geometric change due to impact was

significant enough to trigger out-of-plane deformations at the centre of the panel. This
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was reflected on the fact that these panels tended to buckle right from the beginning of

the compressive loading, similarly to panels with local change of curvature.

Two additional features were observed from panels 411.5m and 412.52m. One was the
apparent stiffening of the panel, in particular at the location B as seen in Figures
4.5.8(b) and 4.5.10(b). Probably, the opening of delamination stretched the panel at this
location, affecting the strain response of the panel. The other feature was a probable
transition from buckling mode I to mode IT with a slight weakening of the back side
(similar to delamination bulging) around 40 kN and 29 kN for IKEs 21.1 and 41.7 ],
respectively, suggested by the observation of the longitudinal gauges at the centre and

side of the damage on the back side of the panel.

4.5.3 4-mm thick panels with quasi-statically-induced damage

Quasi-static tests with both hemispherical-nosed and flat-ended indentors were carried
out by transversely loading the plates either to the onset of delamination (QSIF-HW and
QSIH-HW) or to ultimate failure (QSIF and QSIH). For the former, smaller
delamination areas were contained within respective panels as shown in Chapter 3, for
the latter, delamination areas spread to the edges of respective panels. In addition,
severe local damage around the contact region with the indenter made bonding strain
gauges impossible. The two panels loaded until the onset of delamination failed in
compression with end crushing similar to the intact panel or panels with a small single
delamination. Figures 4.5.12(a-b) show the strain response curves of panel QSIF-HW
with no sign of buckling, similar to that of the panels containing a small single
delamination. Although local buckling developed initially from the beginning up to
about 5 kN in Figure 4.5.12(b), it reversed to compression beyond 22 kN and this was
found to be associated with local curvature change that resulted from the transverse
quasi-static loading. On the other hand the two panels fully loaded failed in the mid-
section region, as expected. Table 4.5.2 shows the compressive test results for panels

with damage induced by quasi-static transverse loading.
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4.6 Panels with open holes

The compressive behaviour of panels with open holes should present a low bound of
CSRF when compared to other types of preconditions. Material removal caused by
drilling a hole through the laminate strongly affects compressive properties. Previous
open-hole compressive testing [124] has revealed that main failure mechanisms are
governed by stress concentration and are fibre microbuckling and matrix cracking
followed by induced delamination caused by the interaction of the first two
mechanisms. Table 4.6.1 shows the compressive test results for panels containing open
hole. An additional feature studied was the effect on compressive behaviour of
changing the composite system from the usual T700 fibres to a less stiff one based on

T300 fibres.

Table 4.6.1 Summary of compression test results of 4-mm thick composite panels
containing open hole

Specimen Hole System® Thickness Length Ultimate Ultimate far field Ultimate comp.  Failure

Identity size load mean strain strength location ®
mm mm mm kN uE MPa

Hole20 20 T700 3.89 149.79 95.86 2,755.50 248.00 MS
Hole40 40 T700 3.96 149.36 84.77 1,009.50 212,70 MS
Hole60 60 T700 3.92 149.46 53.39 -377.50 135.68 MS
Contrcl OH1 - T300 3.99 149.64 105.86 3,787.00 269.13 LE
Control OH2 - T300 3.98 151.81 95.92 - 244.17 LE
Hole5 5 T300 3.99 150.50 88.63 4,299.50 224.19 LE
Holel0 10 T300 397 150.80 85.67 4,369.50 218.75 LE
Hole20 20 T300 4.00 150.00 77.52 3,750.00 195.76 MS
Hole40 40  T300 4.00 150.00 76.54 2,900.00 193.28 MS
Hole60 60 T300 4.00 150.00 57.06 2,300.00 144.09 MS

2 T300 and T700 denote for T300/LTM-45EL and T700/LTM-4SEL systems respectively. System T700
is the system normally used in the other specimens of this study.
® MS and LE denote mid-section and loading-end positions along a panel, respectively,

Open hole reduces the overall stiffness of the panel and lowers the ultimate failure load.
Figure 4.6.1 illustrates this for the composite system based on T700. It also includes the
load-displacement curve of a 4-mm thick intact panel (Control 2) as a reference. In the
case of the largest hole size (Hole 60, 60% of panel width) the reduction of in-plane
stiffness was 40% respect to the smallest hole (Hole 20, 20% of panel width).

Comparing the compressive strength of the same pair of panels the reduction was 45%.
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The effect of the hole on the internal stress and strain distribution is dramatic, since it
can increase several times the far-field value, close to the hole edge, as shown by [123].
However, the strain redistribution not only happened in the width direction, but also in
the longitudinal direction. In [123] the far-field strain value was reached at
approximately one diameter distance from the hole edge, in the width direction.
Longitudinally, this happened as well as shown for the far-field strain in Figure 4.6.2.
All three panels (system T700) were strain-gauged at distance of 25 mm from the
bottom edge, for far-field strain monitoring. The reading for the far-field location for
the panel Hole 20 can be considered as the real far-field value, since it is 40 mm (2 hole
diameters) distanced from the edge of the hole. If the size of the hole increases to 40
mm, then the far-field location is only 45 mm away, or half hole diameter. At this
distance there was stress and strain redistribution, with lower compressive stress below
the hole, and higher stress along the remaining material. The corresponding strain
readings showed lower compressive values than the previous panel. For the panel Hole
60, the far-field gauge was only 10 mm away from the bottom edge of the hole (1/6 of
the diameter away). The compressive strain vanished completely under the hole and the
strain gauge only picked up the Poisson’s ratio effect from the two parallel strips loaded
at either side of the hole, that in this case were compressing the central region laterally.
The strain gauge readings of the panel Hole 60 showed stretching (tensile) generated by
this lateral compression, with a negligible contribution from the compressive loading.
The distribution of stress and strain in the load direction is schematically shown in
Figure 4.6.3. Figure 4.6.4 shows photographs of the failed panel Hole 60, with the far-

field location marked.

Through-the-thickness strains were measured at two points on the free edge of the hole,
using strain gauges orientated parallel to the hole axis as explained in Chapter 2. The
two locations chosen were labelled as ‘top’ for the one on the loading axis and ‘side’ for
the one in the mid-section axis. Data measured by these gauges are shown in Figure
4.6.5. On the one hand, Gauge B at the side of the hole indicated a tensile strain for the
three panels, decreasing their slope when the size of hole increases. In other words the
interlaminar shear strain and stress were affected by the size of hole, the larger the hole
the larger the ILSS was for the same axial load level. Close to failure, the readings from

gauge at location B in panels Hole 20 and Hole 40 had a small disturbance, as the detail
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in Figure 4.6.5 shows. This probably reflects the combined effect of high in-plane
compressive strain and high ILSS near the hole, causing local delamination to occur and
propagate across the spectmen as the applied load increases [123, 124]. On the other
hand, SG at C was under compression, due to the complex deformation pattern around
the edge of the hole and interactions with the Poisson’s stretching effects. Similar

results were found by {123].

4.7 Mechanisms of delamination propagation

The general consensus in the investigation of RSC is that the existing delaminations
propagate sideways or transversely in the width direction during compressive loading if
their size is large enough [81, 87, 91-94]., Having established the strain response
characteristics for the panels without and with the preconditions, a subsequent
significant issue is whether or not such propagation triggers or precipitates catastrophic
failure. And if it does, whether the global buckling (mode I to II) load correlates with
RSC or not. Since it is extremely difficult, if still possible, to experimentally measure
interior ILS stresses, local ILS stresses or internal stress gradients within the panels can
only be deduced on the basis of strain response characteristics. Interrogation of
transverse strain responses in addition to longitudinal ones could be particularly helpful

to establishing physical mechanisms of delamination propagation.

For small delaminations, the occurrence of local buckling (mode-I) and local-to-global
buckling (mode-I) transition were found to be stable earlier with the strain divergences,
strain reversals and global buckling loads all appearing at the different load levels.
Therefore, the likelihood of inducing significant local transverse ILS stresses was small
and there was slim possibility for the delamination to propagate or reach the critical
state in those stages of loading. However, unstable global buckling-to-postbuckling
transition (mode I to mode II) could induce substantial variations of local ILS stresses
when the mid-section crescent of one half-wave becomes the nodal line in the
longitudinal direction. Contrastingly in the majority of cases, the transverse readings
exhibited some degree of bending caused by the couplings induced by two or more
asymmetric sublaminates. Since two balanced sublaminates in the delaminated section

are asymmetric, the extension-bending and bending-twisting couplings existed. That is,
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in-plane compressive force results in bending and twisting curvatures in addition to the
in-plane deformations leading to mid-plane strains. This was reflected on a to a skewed
fracture plane, consistent with the fracture plane of panel EH20 among many others, as
shown in a photograph in Figure 4.3.2. A similar finding by using holographic

interferometry was also reported in [125].

The lack of delamination propagation was found to be common among 2-mm thick
panels with either a single vertical elliptical delamination of any size or single circular
and horizontal elliptical delaminations of less than 40 mm wide. Similarly, panels with
impact-induced damage did not seem to show any indication of sideways propagation of
delaminations, as seen in panels 210.250 and 210.500 in Section 4.5.2. For relatively
large delamination sizes of 40 mm and beyond, the unstable global buckling-to-
postbuckling (mode I to mode II) transition triggered delamination propagation. In some
panels (CR40 and CR60), even the local-to-global buckling (mode I) transition led to
delamination propagation. For instance panel (EH60) with a 60-mm horizontal elliptical
delamination showed a clear split of mean strains in both directions (Figure 4.3.3(b))
particularly marked on the side of delamination (strain_ gauge B), which confirms that
such delamination may have propagated sideways in the postbuckling stage so as to
precipitate the catastrophic failure of the current panel at the load of about 38 kN. This
also suggests that the presence of the larger delaminations did cause some stress
redistribution around the delaminated areas. On the contrary, the impact-damaged
panels yielded very little clear sign to allow the similar deduction to be made due

partially to the limited number of SGs used.

In the case of 4-mm thick panels, the apparent lack of delamination propagation was
common even with the largest single artificial delamination (60-mm diameter). It was
not until multiple (C40x3S/AS) 40-mm diameter delamination were embedded, that the
strain reversals at the global buckling-to-postbuckling transition (mode I to mode II)
became unstable and indicated a likely delamination propagation, as shown for example
in panel C40x3S in Figure 4.3.13. In the case of panels with impact-induced damage,
the mode shifting was clearly unstable for IKE’s equal or greater than 21.1 J with a

projected delamination area of 5468 mm?.
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4.7.1 Analysis of panel in-plane compressive deformation

On the basis of all these established characteristics from the present panels, two cases of
the compressive and buckling behaviour can symbolically be depicted sequentially in
Figure 4.7.1 for the loading direction and in Figure 4.7.2 for the width direction.
Clearly, the longitudinal sequence of I>II-III—-IV—V in Figure 4.7.1 in conjunction
with the transverse sequence of i—ii or i—ii—iiia in Figure 4.7.2 represent the strain
response characteristics of 2-mm thick panels with no damage, small artificial
delamination, or little impact damage. Panel EH20 in Figure 4.3.1(b) is an example of
such behaviour. The key feature of the transverse sequences is that the delamination is
not large enough to be involved in the two transverse half-waves, irrespective of the
transverse mode shapes. Thus, local ILS stresses at the transverse fronts of the
delamination are likely to be small as if the mid-section region of the panels behaved as
long ‘beams’. On the contrary, the longitudinal sequence of I=II—III—V along with
the transverse sequence of i—ii—iiib represent the strain response characteristics of
both 2-mm and 4-mm thick panels with large artificial delamination(s) or substantial
impact damage. The transverse fronts involving the two transverse half-waves are very

likely to promote delamination propagation as it was observed in panel CR40 in Figure
4.3.4(c).

In panels with artificial delamination it was observed that the extensional-twisting
coupling induced a skewed deformation. This was observed in the transverse direction
as illustrated in Figures 4.7.2(iiia-iiib). Depending on the size of delamination, the
delamination propagation may be influenced by the ILSS concentration at the edge of
delamination due to the transverse deformation in conjunction with the longitudinal
buckled shape. A preconditioned 2-mm thick panel (CR40) containing a 40-mm circular
delamination seems to demonstrate the mixed effect of bifurcation and high ILS stress
concentration. Figure 4.3.4(c) shows the transverse strain gauge readings at the centre
(E) and side locations (C). It shows two probable delamination propagations, one after
20 kN and the other with increased magnitude at 30 kN. Then strain bifurcation and ILS

shear concentration might have triggered delamination opening.
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For 4-mm thick panels, intact panels and panels with delamination area lower than 1257
mm? only underwent a longitudinal sequence given by I—II along a transverse
deformation i or in some cases i—iiia, like in the intact panel Control 3 (Figure 4.2.7).
However, panels with higher cumulative areas of artificial delamination such as panel
C40x3S followed the longitudinal sequence I->II—III—V with the transverse sequence
i—ii—iiib. This sequence was slightly altered in panels with asymmetrical distribution
of delamination, such as panel C40x3AS. The longitudinal sequence in this case was
I-II-HI-IIb—YV, so that frontal bulging of the thinner sublaminate was included. To
summarise, the transverse deformation sequences derived from the transverse SGs
readings are i—ii for panels C60QS, C20x3AS, 4I10.5m; i—ii—iiia for panels
C40x3AS, C60x3AS; and i—ii—iiib for panels C40x3S, C60x3S, 411.0m, 4I1.5m and
412.52m.

The in-plane deformation step in the longitudinal sequence was not present when the
dent left by the impact in 4-mm thick panels was significant, inducing local change of
geometry. Panels with such characteristics were 411.5 and 412.52, impacted at 21.1 and
41.7 J respectively. These panels had buckling (mode-I) from the start of compressive
loading, as reported in Section 4.5. They also had bulging of the thinner sublaminate,
since their damage distribution was asymmetrically distributed through the thickness.

The longitudinal deformation sequence for these panels was III—-IIIb—V.
4.7.2 Poisson’s effect

Clearly the global buckling and postbuckling in both loading and width directions
interacted to each other and to the existing delamination as well. This interaction
seemed most significant at the unstable global buckling-to-postbuckling transition. As
monitoring the Poisson’s effect of the mid-section of the panels during loading presents
a collected response of four SGs, thus it would logically be more instructive to the
mechanisms of delamination propagation than interrogating individual SG pairs. This is
demonstrated in Figures 4.7.3(a-¢) for five representative 2-mm thick panels. Once
proper contact was established at the beginning of prebuckling, respective Poisson’s

ratios from the two mid-section SG pairs rapidly approached about 0.25, which is
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reasonably close to v, of 0.3 predicted by the classical lamination theory. While slowly
increasing for intact panel B and panel EH20 with small delamination, they more or less
remained constant during local and global buckling (mode-I} for the two panels EH60
and CR40 with large delaminations. Beyond the global buckling (mode I to II) loads,
the Poisson’s ratio of panels with small or no damage rapidly decreased with the same
rate shown in Figures 4.7.3(a-b). In panels with medium damage it increased as shown
in Figure 4.7.3(c) (210.500ii).

For panels with significant damage, the Poisson’s ratio exhibited a dramatic divergence
as shown in Figures 4.7.3(d-¢). As discussed earlier, there was little evidence found for
delamination propagation in the former. In the latter, this distinctive divergence could
promote a critical state of local ILS stress at the delamination fronts in the width
direction and thus the existing delamination could have propagated. This suggests that
the unstable transition of buckling modes at the global buckling loads precipitated the
propagation of the existing delamination of a substantial size. Among all the tested 2-
mm panels, only four panels (EH60, CR40, CR60 and 211.000) have large respective
delamination areas of 942 mm?, 1256 mm?, 2827 mm? and 676 mm?> They are much

greater than the transitive area of 455 mm®, which was observed in Section 4.3 earlier.

For the same token as Figure 4.7.3(a-e) for 2-mm thick panels, the Poisson’s ratios of 4-
mm thick panels can also be examined in Figure 4.7.4(a-e). It is clear that the panels
(C20QS, 4EH20 and QSIH-HW) with little damage show the dominant and well-
defined Poisson’s effect in Figure 4.7.4(a-c) with little sign of local or global buckling
(mode-I) and no sign at all for postbuckling (mode-1I), thereby giving no evidence for
delamination propagation. When the size and intensity of delaminations grew, the
existing delaminations in Figure 4.7.4(d) for panel C40x3S propagated in a dramatic
manner, similar to 2-mm thick panel in Figure 4.7.3(d). This simply confirms that the
progressive transition of the buckling modes at global buckling (mode I to II) load

triggers propagation of the large existing delamination.
In the case of impact damage, a close examination of strain gauge readings of the panel

411.5m in Figure 4.5.8 suggests delamination propagation beyond 45 kN, The Poisson’s

ratio plot in Figure 4.7.4(e) shows an initial decreasing trend for both central and side
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locations from 40 to 45 kN, followed by an opposite trend with the central location
increasing and the side location decreasing. This load level coincides with the detection
of delamination bulging by the longitudinal gauges, biased towards the back side of the
panel. Thus, the transition from local to global buckling (mode-I) with delamination
bulging is in this case what triggered delamination propagation. In this case it was not
the mode shifting that triggered the propagation, since the global buckling (mode I to II)

load was reached in a later stage at 58.9 kN, as shown in Figure 4.5.8.
4.8 Concluding remarks

The compressive load range of 4-mm thick intact panels was within the denominated in-
plane compressive stage, characterised by linear strain response from the panel. On the
other hand all the 2-mm thick panels failed in the post-buckling (mode-II) stage,
characterised by a failure location at the mid-plane, and triggered by a high ILSS

concentration.

A damage threshold was found for 2-mm and 4-mm thick panels. On the one hand, for
2-mm thick panels the damage threshold was found at the 25% panel width or 455-mm>
damage area, imrespective of shape, orientation or nature of damages. The panels failed
soon after the unstable global buckling-to-postbuckling (mode-I to mode-II) transition
and lost most postbuckling resistance. Some evidence was found for the sideways
propagation of the delaminations. On the other hand for 4-mm thick panels, there was
also a damage threshold that separate two types of compressive failure, in-plane failure
and shear failure due to panel buckling. This threshold was 1257 mm?, which includes

all elliptical delaminations and single circular delaminations up to 40-mm diameter.

The degree of RCS’s reduction of panels with a semi-spherical dome was up to 55% of
the intact panel CS. The failure was related with ILSS concentration around the dome

and flexural bending at the centre.
Post-impact compressive strength and compressive behaviour depends on the severity

of the damage induced by impact loading. For low IKE (panels 410.5, 411.0) the damage

inflicted onto the panel consists mainly of intermal delaminations. Therefore the
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behaviour is similar to the panels with multiple artificial embedded delaminations, with
local buckling on the damage area and bulging of the thinner sublaminate. When the
IKE increases, the effect of the local change of geometry become significant (panels
4I1.5 and 4I12.52). The compressive behaviour of impact-damaged panels can be
consideréd as a combined action of local change of geometry and internal

delaminations.

The effect of open hole on the RCS of a panel is dramatic. The effect of removing
material is not only to lower the CS but also to determine the strain distribution around

the hole up to one diameter distance in all directions.

The key issue in the determination of delamination propagation and its relationship with
compressive behaviour and failure is whether the ILSS concentration at the transverse
edge of delamination is large enough or not to trigger propagation. The ILSS state at the
edge of delamination is determined by the size of delamination and by the degree of
skewing (in one or two half-sine waves) of the panel caused by the stretching-twisting

and stretching-bending couplings of the sublaminates in the damaged region.
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Figure 4.2.5 Photographs of a failed 4-mm thick intact panel (Control 0) (a) front view
and (b) side view
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Figure 4.2.10 Panel deformation during loading stages (a) in-plane compression, (b)
buckling mode I and {c¢) buckling mode I1
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Figure 4.2.11 Classical laminate theory prediction during the in-plane compressive
stage for 2-mm thick panel, compared with experimental results from Control A
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Figure 4.2.12 Classical laminate theory prediction during the in-plane compressive
stage for 4-mm thick panel, compared with experimental results from Control 3
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Figure 4.2.13 (a-b) Normal and (c) shear stresses in principal ply coordinates for 16
and 32-ply panels (values for 16-ply panel are in brackets)
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Figure 4.2.14 Variation of Tsai-Hill criterion factor with in-plane compressive load for
16 and 32-ply panels (values for 16-ply panel are in brackets)
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Figure 4.3.1 (a) Load-longitudinal strain, (b) load-transverse strain, (c) load-mean
strain and (d) load-bending strain response of a 2-mm thick panel with a 20-mm
horizontal elliptical delamination (EH20)

Figure 4.3.2 Photographs of a failed 2-mm thick panel with a 20-mm horizontal
elliptical delamination (EH20)
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Figure 4.3.3 (a) Load-strain, (b) load-bending and (c) load-mean strain response of a 2-
mm thick panel with a 60-mm horizontal elliptical delamination (EH60)
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Figure 4.3.5 Photographs of a failed 2-mm thick panel containing a 40-mm circular
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Figure 4.3.7 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with a
single 40-mm circular delamination at the mid-plane
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Figure 4.3.8 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick
panel with a single 60-mm circular delamination at the mid-plane
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Figure 4.3.9 Photographs of a failed 4-mm thick panel containing a 60-mm
circular delamination at the mid-section through-the-thickness (C60MS)

181



C40QS ]
160 -
Z A front 1407 cpack |, Ciiont
—g’ 120 —
-2 100 -
g c— | 60
& 40 1 — A front
—— 4 — Cfront
. — Cback
T T T T T T T T G T T T
-10000  -8000 -6000 -4000 -2000 0 2000 4000
Individual strain, pe
(a)
040QS 10U ]
160 -
Z D back D front 140 1 Efont , Eback
]
=]
2 —
) ' +E |
O N —D front
—Dback
PR — ——E front
o —— B back
T 1 F 1 T 1 T 1 Ll U 1 T T

-10000 -8000 -6000 -4000 -2000 0 2000 4000
Individual strain, pe

()

Figure 4.3.10 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with a
single 40-mm circular delamination at one quarter position
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Figure 4.3.11 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with a 60-
mm circular delamination at one quarter position (C60QS)
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Figure 4.3.12 Photographs of a failed 4-mm thick panel containing a 60-mm circular
delamination at one quarter location (C60QS) (a) side view and (b) front view
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Figure 4.3.13 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with three
40-mm circular delaminations in a symmetric arrangement (C40x3S)

Figure 4.3.14 Photographs of a failed 4-mm thick panel containing three 40-mm
circular delaminations in symmetrical arrangement through-the-thickness (C40x38S)
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Figure 4.3.15 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with three
20-mm circular delaminations in a asymmetric arrangement (C20x3AS)
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Figure 4.3.16 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel with three
40-mm circular delaminations in a asymmetric arrangement (C40x3AS)
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Figure 4.3.17 Photographs of a failed 4-mm thick panel containing three 40-mm
circular delaminations in asymmetrical arrangement through-the-thickness (C40x3AS)
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Figure 4.3.18 Individual strain response curves of (a) longitudinal and transverse
central and (b) longitudinal and transverse side strain gauges from a 4-mm thick panel
with three 60-mm circular delaminations in an unsymmetric arrangement
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Figure 4.4.1 Geometric variables of semi-hemispherical dome related with (a) bending
moment, (b) shear and (c) curvature
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Figure 4.4.2 Individual strain response curves of (a) longitudinal and transverse central,
(b) longitudinal and transverse side strain gauges and (c) far-field from a 4-mm thick
panel with a 20-mm diameter circular dome
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Figure 4.4.3 (a) Centre-longitudinal and (b) far-field strain gauge response from 4-mm
thick panels with 20, 40 and 60-mm diameter circular dome with a constant curvature
radius of 62.9-mm
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Figure 4.4.4 (a) Centre-longitudinal and (b) far-field strain gauge response from 4-mm
thick panels with 20, 40 and 60-mm diameter circular dome with a constant
depth of 0.8-mm
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(b)

Figure 4.4.5 Photographs of failed specimens with a hemispherical-shaped dome of (a)
20-mm diameter (CD20) and (b} 60-mm diameter (CD60CC) with similar curvature
radius of 62.9 mm

Figure 4.4.6 Model simplification for analytical prediction of central strain of panels
with local change of geometry
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Figure 4.4.7 Centre-longitudinal strain prediction compared with the strain gauge
response from 4-mm thick panels (a) CD20, (b) CD40CC, (¢) CD60CC, (d) CD40CDii

and (e) CD60CD
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Figure 4.5.1 Load-strain response curves form far-field and transverse side strain
gauges from a 2-mm thick panel impact-damaged at 3.7 J (210.250) [104]
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Figure 4.5.2 Load-strain response curves from far-field and transverse side strain
gauges from a 2-mm thick panel impact-damaged at 7.8 J (210.500) {104]
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Figure 4.5.3 Load-far-field strain and transverse side strain response curves
from a 2-mm thick panel impact-damaged at 15.8 J (211.000) [104]

198



OL

Chback = - 410.5m
80
- C front
70 e
2 - T
[=] SR e
o 50 A
.z ] ]
g 0
8, A pair of SGs .
g |
o T — A front
201 - & back
10 ——Cfront
n ——Chback
-6000 -4000 -2000 0 2000 4000 6000 3000
Individual strain, KE
(2)
410.5m =
D front D back 3 1 | Efront
O -]
Z i
'g‘ 6
e - Eback
o 50 -
2z ———— .
g c‘\"ﬁl;\"": 0 .:
E J S 30
8 0 -'.:E gs 1 ——D front
" ] —Dback
) 1 _1 e B frONE
N ——Eback
-8000 -6000 -4000 -2000 0 2000 4000 6000
Individual strain, pe
(b)

Figure 4.5.4 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel impacted
at IKE of 6.9J (0.5 m height)
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Figure 4.5.5 Photographs of a failed 4-mm thick panel (410.5m) containing impact
damage (IKE 6.9J, 0.5 m height)
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Figure 4.5.6 Individual strain response curves of (a) far-field and transverse side and
(b) longitudinal and transverse central strain gauges from a 4-mm thick panel impacted
at JKE of 13.73 (1.0 m height)

s

Figure 4.5.7 Photographs of a failed 4-mm thick panel (411.0m) containing impact
damage (IKE 13.7J, 1.0 m height)
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Figure 4.5.8 Individual strain response curves of (a) longitudinal and transverse central
and (b) longitudinal and transverse side strain gauges from a 4-mm thick panel
impacted at IKE of 21.1 J (1.5 m height)
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Figure 4.5.9 Photographs of a failed 4-mm thick panel (4I1.5m) containing impact
damage (IKE 21.1 J, 1.5 m height)
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Figure 4.5.10 Individual strain response curves of (a) longitudinal and transverse
central and (b) longitudinal and transverse side strain gauges from a 4-mm thick panel
impacted at IKE of 41.7 J (2.52 m height)

Figure 4.5.11 Photograph of the cross section of a failed 4-mm thick panel (412.52m)
containing impact damage (IKE 41.7 J). Interestingly, impact site could still be
identified by the location of the shear cone.

204



186
QSIFHW -
160 -
) 140 -
5 L 7
+ T 120 -
R -
] ;-1.._,\_"3 B
‘ g ? 100 I
g 80 -
£ 60 -
=3
S i
0 -
— A front 2
— A back n
-10000 -8000 -6000 -4000 -2000 0 2000 4000
Farfield stram, g
(a)
186
OSIFHW 1
160
140
% i
5 120
8 Dback D front Efront Eback
o 100 -
=
17 20 -
g" -'\Jpv\\‘-d‘
<Vp"7?
C.o) —Dfront g +E >
——Dback bt
——Efront
 I——
——Ebac N
-8000 -6000 -4000 -2000 0 2000 4000 6000
Individual strain, pe
(b)

Figure 4.5.12 Individual strain response curves of (a) far-field and (b} longitudinal and
transverse central strain gauges from a 4-mm thick quasi-statically-damaged panel
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Figure 4.6.4 Photograph of a failed panel Hole 60
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S5 Damage Tolerance determination

Impact damage can significantly reduce the load bearing capabilities of a composite
structure, in particular compressive properties such as strength, ultimate strain and
stiffness. This reduction depends on parameters related to damage characteristics,
specimen geometry and composite system. This chapter focuses on the effect of such
parameters on the different metrics used for damage tolerance assessment, with special

emphasis on the residual compressive strength (RCS).

5.1 Factors affecting residual compressive strength

The compressive behaviour of panels with preconditions has been studied in Chapter 4.
In this section, the compressive strength retention factor (CSRF) of panels with
embedded delamination, local change of geometry and open hole are compared with
panels with impact and quasi-static damage. In this way, it is possible to ascertain the

significance of individual preconditions on the ultimate compressive failure.

5.1.1 Effect of compressive response on RCS

Figures 5.1.1(a-b) summarises the results from Chapter 4 of local buckling (mode-I),
global buckling (mode I to II) and failure loads of all the tested 2-mm thick panels in
terms of transverse damage size and damage area. The overall trend of the local
buckling (mode-I) loads is seen to be more or less constant, irrespective of shape,
delamination size, or the other preconditions. The overall trend of the panel
compression stiffness data in this stage shown in Figure 5.1.2 also show little
degradation, though the variation of the data appears in a narrow band with an increase
of damage size. Therefore the preconditions of whatever nature had little effect on the
local buckling {mode-I) loads. Similar findings were observed in [91] where the strain
field in the delaminated region prior to buckling was unaffected by the presence of
delaminations. The global buckling (mode I to II) load data also appear in a narrow
band and show the size-dependent degradation trend in Figures 5.1.1(a-b). When the
transverse damage size is less than about 25% panel width or the damage area is less

than about 455 mm?, the global buckling (mode I to ) loads seem to be insensitive to
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the preconditions and thus their reduction is small. However, beyond those respective
thresholds, the degradation of the global buckling (mode I to II) loads and RCS values
becomes noticeable but still in a slow trend. At the 60% panel width or the largest
damage area, a 24% reduction was found for elliptical delaminations and 35% for
circular delaminations in Figure 5.1.1(a-b). The greater reduction for the circular
delaminations corresponds to the bigger delamination areas at the same transverse size.
Three artificial delaminations of the same size for the present 16-ply laminates seem
(symbols with an over-laid plus sign) to represent the worst conditions. Figure 5.1.1 (a-
b) also includes the results of buckling (mode-I), global buckling {mode I to II) and
failure loads, for 2-mm thick panels with impact-induced damage. Impacted panels had 7
a constant trend of local buckling (mode-I), which is a little surprising, since the interior
damage in these panels could degrade extensional stiffness. Panels with impact-induced
damage had a decreasing trend of global buckling {mode I to II) and failure loads
respect to the area of delamination. Such trend was not in a way different from that of

the artificially preconditioned panels.

Figures 5.1.3(a-b) summarise the results of local buckling (mode-I), global buckling
(mode I to II) and failure loads of all the tested 4-mm thick panels with artificial
embedded delamination(s), in terms of transverse damage size and damage area. Figure
5.1.3(a) uses the delamination transverse width on the x-axis, mixing single and
multiple delaminations with the same abscissa. To visualize the effect of delamination
number, Figure 5.1.3(b) was plotted using the cumulative delamination area, which is
the result of multiplying projected delamination area by the number of defects
embedded. Failure location on the panel was taken in account to determine whether a
panel had failed during the pre-buckling stage (failure at either the loading or far end) or

postbuckling (mode-II) stage (failure at the mid-section),

On the one hand, the failure of panels that failed during the pre-buckling stage was
similar to those of 4-mm thick intact panels. The failure occurred in end-crushing, as it
was the case for panels with small delaminations, up to 1257 mm?, which includes all
elliptical delaminations and single circular delaminations up to 40-mm diameter. On the -
other hand, the failure of panels that failed during the postbuckling (mode-II) stage at

the mid-section was markedly different than intact panel failure. The ultimate failure
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was governed by the ILSS concentration at the mid-section, due to the panel global
deformation. This was reflected in a more predictable trend, than the one exhibited by
first set of panels. The failure patterns were similar to those of 2-mm thick panels.
Buckling (mode-I) started locally at the delamination centre, remaining constant
indistinctly of delamination size, a similar feature than 2-mm thick panels. Postbuckling
(mode-II) was present in panels with large multiple delaminations, and just prior to the
final failure. Both global buckling (mode I to -II) and failure loads showed a steady
decreasing trend with the increasing of delamination number and area. For the global
buckling (mode I to IT) load the critical area was 3770 mm?, starting a steady reduction
of 15% and 23% when increasing from 40 to 60-mm delamination size, for symmetrical
and asymmetrical distributions respectively. The degrading trend for the ultimate failure
started at 1257 mmz, with a maximum reduction of CS of 39% and 33% for 60-mm
multiple circular delamination, symmetrical and asymmetrical distributions

respectively.

A particular local weakening of the frontal thin sublaminate was detected from the SG
readings of 4-mm thick panels with asymmetric through-the-thickness (TTT)
distribution of delaminations. This phenomenon was catalogued as frontal bulging and
occurred between the local buckling (mode-I) and the global buckling (mode I to II)
loads, as shown in Figure 5.1.4. The panels that presented it were the one with the
largest single delamination (C60QS) and all the multiple delaminated panels (C20x3AS,
C40x3AS, C60x3AS). Although it did not affect the overall failure of the panel, it
evidenced both the presence of unbalanced sublaminates and asymmetric delamination
TTT distribution. The trend of the frontal bulging respect to the delamination area is

decreasing, as shown in Figure 5.1.4,

Figure 5.1.5 (a-b) summarises the results of local buckling (mode-I), global buckling
(mode I to II) and failure loads of all tested 2-mm and 4-mm thick panels with impact
damage in terms of IKE. The local buckling (mode-I) stress did not follow a constant
trend, as a consequence of the buckling deformation right from the beginning of panels
impacted at high energies. This was a difference respect to panels with embedded
delamination (Figure 5.1.3) and to 2-mm thick panels with impact-induced damage

(Figure 5.1.1). The bulging of delamination on the back side followed a decreasing
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trend, similar to the one from panels with asymmetric distribution of delaminations
(Figure 5.1.4). It was a phenomenon linked with the asymmetric distribution of damage
inside the panel. The influence of this effect on panel behaviour can be related to the
size of damage and with the level of eccentricity that this damage has inside the panel.
Therefore panels impacted with higher IKE developed delamination bulging at lower
compressive loads than panels with lower IKE. Also thick panels seemed prone to
develop delamination bulging more than thin panels. In this study, 2-mm thick panels
did not develop delamination bulging, whereas 4-mm thick panels with large damage
did. Finally, global buckling (mode I to II) and failure loads followed a similar trend,
which suggest that failure was closely related with the shifting of buckling mode, as it

was also observed in panels with artificial delamination.
5.1.2 Effect of damage characteristics on RCS

Discussion in the previous section seems to suggest that the global buckling (mode I to
II) stresses of 2-mm thick panels with large damage are close to, if not equal, the
baseline compressive strength, as shown in Figure 5.1.1. This is also likely to be true for
4-mm thick panels with multiple delamination as shown in Figure 5.1.3, the RCSs from
individual panels that failed in the mid-section region seem to correlate with respective
global buckling (mode I to II) stresses. Therefore, the preconditions that affect global
buckling (mode I to IT) stress are likely to degrade RCS.

Delamination shape and orientation

In this section the effect of a single delamination on RCS is examined through the
variation of delamination shape (circular and elliptical) and orientation of elliptical

delamination for both 2-mm [104] and 4-mm thick panels.

It is clear from Figure 5.1.6(a) for 2-mm thick panels (open symbols) that delamination
shape did not have a noticeable effect on CSRF when the transverse size of
delaminations is small, say, less than 20 mm. However, when the transverse
delamination size is large or greater than 40 mm, horizontal elliptical delaminations

caused just fractionally less amount of degradation than circular ones, although their
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respective areas for the same transverse size are three times less, as shown in Figure
5.1.6(b). However, when comparing the preconditioned panels using the damage area,
the decreasing trend is much more clear, for 2-mm thick panels. The damage area
threshold for 2-mm thick panels is around 314 mm?® Beyond this figure, the damage

area is significant enough to cause some reduction in the CS.

The variation of the major-axis orientation of elliptical delamination did not have a
noticeable effect on CSRF, as shown in Figure 5.1.7(a). For elliptical delaminations
oriented vertically, there was a steady reduction in CSRF for transverse damage sizes
larger than 10-mm, whereas for the horizontal case, the reduction was present for sizes
larger than 20-mm. At the transverse damage size of 20 mm, the delamination area (942
mm?2) of the vertical ellipse is actually nine times greater than that of the horizontal one
and is three times greater than the circular one. Thus its corresponding CSRF (open
triangle symbol) shows moderate degradation as expected. However, the opposite seems
true when the orientation of major axis of elliptical delaminations is examined in Figure
5.1.7(b). At the same delamination area, respective CSRFs of elliptical delaminations
being either parallel (vertical) or perpendicular (horizontal) to the loading direction
exhibit roughly the same amount of degradation, although the transverse size of
horizontal elliptical delaminations is three times greater than that of vertical elliptical

delaminations,

It was expected that elliptical delaminations with horizontal orientation would have
greater stress concentrations at the two ends of major axis associated with greater
curvature than the vertical orientation. The results are not conclusive in this respect.
Examining Figure 5.1.7(b), no evidence is found about the orientation effect in CSRF
reduction. Instead there was one decreasing trend in the reduction of CSRF and it was a
function of the damage area only. Consequently, the size of the delamination in the
width direction is not a good measure of the amount of damage, since it masks the real
extent of the damage area. Additionally, the previously defined damage area threshold
of 314 mm? for circular delamination (Figure 5.1.6(b)) is also valid for the CSRF

reduction for elliptical delamination.
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Examining Figure 5.1.6(a-b) for 4-mm thick panels (filled symbols), it can be seen that
the shape of a single mid-plane delamination had no effect on the respective CSRFs at
any transverse size, apart from the largest size (60-mm) in circular shape, with a 10%
reduction. In the other cases, the damage area was not large enough to affect the CSRFs,
this finding is supported by the fact that all these panels with single delamination {apart
from the 60-mm circular shape) failed prematurely in end-crushing, as it is shown in
Chapter 4. The threshold value for the damage area is determined as 1257 mmz, for a
single embedded delamination at the mid-plane in the TTT direction. Beyond this value

the CSRF reduces if the damage area increases.
Delamination number and through-the-thickness (TTT) location

In this section the effect of a single and multiple circular delaminations on RCS are
examined for 4-mm thick panels. In addition, the effect of the TTT distribution of

delaminations on RCS is also studied.

The effect of delamination number is shown in Figures 5.1.8(a-b). It is observed that
that the CSRF of panels with multiple delaminations (triangle symbol) is on average
28% less than the CSRF of panels with single delamination (circle symbol), irrespective
of delamination size. Therefore, the projected delamination area cannot fully describe
the extent of damage. If the internal damage state is known, the cumulative
delamination area is a much reliable indicative of the damage extent, as shown in Figure
5.1.8(b). The cumulative area is defined as the sum of areas from individual
delaminations. Examining data beyond the single delamination threshold previously
found (1256 mm?), it is clear that there is a decreasing trend in CSRF with respect to
cumulative area. Such trend started with the panel with a 60-mm single delamination
and continued with the panels with multiple delaminations. There was no damage
threshold for panels with multiple delaminations; even delaminations of the smaller

diameters (20-mm diameter) were enough to degrade the CSRF.
Shifting from symmetric to asymmetric distribution of delamination did not have any

significant effect on the CSRF. For 4-mm thick panels in Figure 5.1.8(a-b), two

different TTT distributions of three artificial delaminations were found to have no
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anticipated effect on respective CSRFs. As a matter of fact, the panels with three
symmetric delaminations seemed to have suffered fractionally more than the panels
with three unsymmetric delaminations. This was expected as the thickest sublaminate
consisted of 16 plies in the former and of only 10 plies in the latter. The additional
contributing factor could be from the extension-shear and extension-bending couplings
as all four sublaminates in the symmetric arrangement were asymmetric and
unbalanced. All these results clearly confirm that it is the combined effect of projected

damage size/area and intensity that dictates RCS.

Local change of geometry characteristics

Figure 5.1.9 summarises the compressive strength of all 4-mm tested panels with local
change of geometry. Compressive failure strength of panels with constant dome
curvature exhibited a steady decreasing trend with the increment in dome in-plane
diameter. This may be attributed to the higher flexural stress at the centre for panels
with larger eccentricity (i.e. dome depth). On the other hand, compressive failure
strength of panels with constant dome depth had a minimum value for the intermediate
dome diameter, while reaching a maximum in both the largest and the smallest defect.
This behaviour is clearly due to the superposition of two different trends. The first one
is inversely proportional to the dome diameter and it is related to the area of geometrical
damage, the more the area of the geometrical damage is, the more reduced is the panel
ultimate compressive strength. The second trend increases proportionally with the
radius of curvature (i.e. diameter), the larger the radius of curvature is, the closer the
panel is to the complete flatness, reducing the ILS along the dome boundary and

increasing the load bearing capabilities of the panel.

Types of preconditions

CSRFs of 2-mm thick impact-damaged panels are examined along with that of panels
with artificial delamination, both single and multiple, in Figure 5.1.10(a), as impact
damages usually contain multiple delaminations. Again the CSRF data of the impact-
damaged panels exhibit a very similar trend to that of the single delaminations with the

same transverse size or damage area threshold. Moreover, the overall CSRF data band
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seems slightly narrower, with the data of the impact-damaged panels appearing as the
lower bound of the band. In particular, panels with three identical delaminations
suffered slightly more than the impact-damaged ones at either the same transverse size
or damage area. One (CR20X3S) was embedded with three 20-mm circular
delaminations whereas the other (EH40X3S) had thrge 40-mm horizontal elliptical
delaminations. As in both cases, the four sublaminates were non-balanced and
asymmetric so that a Poisson’s ratio mismatch of the sublaminates induced by the
couplings may have contributed to the degradation, as also discussed in [86]. CSRFs of
the impact-damaged panels were reduced by as much as 40%. The similar result of 16-
ply laminates with seven circular artificial delaminations was reported in [90]. In
addition, these results also show that the delamination number is as important as the
delamination size when the CSRF of panel CR20X3S came out lower than that of panel

CR60 with a single 60-mm delamination.

For 4-mm thick panels, the CSRFs of panels with impact-induced (or quasi-statically-
induced) damage is examined along multiple artificial delaminations in an asymmetric
TTT arrangement, local change of geometry in the means of a circular dome (constant
curvature) and panels with open hole in Figure 5.1.10(b). Only these preconditions were
considered because the damage produced by impact or quasi-static loading is
characterised by multiple delaminations, asymmetrically distributed in the TTT
direction, as seen in Chapter 3. Additionally in Chapter 4 it was observed that the
compressive behaviour of thick impacted panels was a combination of characteristics
from panels with multiple delaminations in an asymmetric TTT arrangement and panels

with local change of geometry.

A reduction of the CSRFs in 4-mm thick panels with different preconditions is related
to the compressive failure mode and the severity of the effect on the compressive
response. Two trends in CSRF vs. damage area were observed from Figure 5.1.10(b).
The first one offers a higher bound of CSRF and corresponds to panels with artificial
delamination. The second trend exhibited a sharper initial reduction, offering a lower
bound of CSRF and it corresponds to panels with open holes. These two trends can be
explained based on the difference in compressive failure. On the one hand, panels with

artificial delaminations large enough to cause a reduction of CS had a characteristic
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compressive failure linked with the shifting in buckling mode-I to mode-II, that follows
a similar decreasing trend as explained in Chapter 4. On the other hand, the compressive
failure for open holes was linked with stress redistribution due to the reduction in cross

sectional area.

The trends for panels with local change of geometry and impact damage were a
combination of the two trends described above. On the one hand, small domes caused a
reduction in the CS similar to multiple artificial delaminations. However for the larger
sizes of domes (i.e. large eccentricity) the central region of the panels no longer carried
a substantial amount of compressive load (as explained in Chapter 4), and the panels
tended to behave more like a panel with open holes as shown in Figures 5.1.9 and
5.1.10(b). On the other hand, panels with impact-induced damage featured
characteristics from artificially delaminated panels and panels with local change of
geometry. At low IKEs, with small delamination area, the shifting in buckling mode-I to
mode-II precipitated failure. However, the effect of geometric change due to the impact
event became critical for the larger IKEs, thus the panel failure was increasingly
triggered by stress concentration. This probably justifies why the panel impacted at the

largest IKE did not fail at the mid-section but in end-crushing (panel 412.52).

5.1.3 Effect of panel thickness on RCS

In a qualitative sense, doubling the panel thickness seems to increase flexural rigidity
and buckling stress by eight times. This contributed to a two major effects. One was that
the difference in the mechanisms that govern damage generation during transverse
loading. For thin panels, damage was dominated by membrane effects and it mainly
consisted of a localised shear cone around the impact site. For thick panels, the damage
was more dominated by ILSS, consisting of a main large delamination near the mid-
section alongside a less dominant shear cone. The second effect was the significant
difference in the compressive behaviour of individual panels, as seen in Chapter 4, to
such an extent that the character of the response of 4-mm thick panels was no longer the
same than 2-mm thick panels. That is, the 4-mm thick preconditioned panels simply
failed with end crushing when contained either a single delamination of any size or

shape, or three circular delaminations of 20-mm diameter in any TTT arrangement. In
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addition, with the increase of panel thickness, the increased presence of transverse shear

deformations could result in added flexibility, which may be substantial.

The thickness effect on the post-impact compressive response is summarised in Figure
5.1.5(b) by the local buckling (mode-I), global buckling {mode I to IT) and failure loads.
The stress was normalised using the compressive strength of the respective intact panel.
Since delamination area was used to show the extent of damage, 2-mm thick panel data
were grouped close to the y-axis, having smaller damage areas than 4-mm thick panels.
The trends in local buckling (mode-I), global buckling (mode I to II) and failure stress
of 4-mm thick panels are extrapolations of the trends from 2-mm thick panels.
Additionally failure modes were similar for all the impacted panels, all of them failed at

the mid-plane during the postbuckling stage.

Figure 5.1.11 shows the combined results of 2-mm and 4-mm thick panels, in which
normalised data for each panel thickness are indicated by one symbol without
distinguishing types of the preconditions. It is interesting to note that the 2-mm thick
panel data seem to appear in a small cluster whereas the 4-mm thick panel data spread
out quite a bit at a particular transverse damage size or damage area as expected. This is
because the intensity of delaminations has a much greater effect on 4-mm thick panels
than on 2-mm thick panels. The results in terms of damage area seem to be biased
against 2-mm thick panels when damage area is relatively small. However, when a
damage area is relatively large, both 2-mm and 4-mm thick panels suffered about 40%
reduction in CSRF, providing that the damages were contained within respective panels.
Findings in the literatures in [17, 49, 79, 80, 126] are not completely consistent but
more CAI strength data seem to favour thicker panels. Nevertheless, it must be
remembered that the baseline compressive strength of the thicker panels can be
underestimated due to premature crushing failure at one of the loaded ends, as in the
present investigation. Consequently, CSRF of the thicker panels may well be

overestimated.
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5.1.4 Effects of impact and quasi-static tests parameters on RCS

The main impact variables such as IKE, absorbed energy (AE), impactor-nose shape
and maximum transverse force have a direct correlation with the extent of damage,
resulting in a reduction of CS. This section studies this relationship for 2-mm and 4-mm

thick panels.

Impact energy level

The top frame of Figure 5.1.12 shows the CSRF diagram in terms of delamination area
for 2-mm and 4-mm thick panels. This figure shows that the behaviour of 2-mm and 4-
mm thick panels with impact-induced damage may be considered as a single trend.
However this diagram masks the difference in the AE vs. damage area trends between
thick and thin panels, as observed in the central frame of Figure 5.1.12. Such difference
lies on the fact that flexural stiffness determines the damage size along with the IKE
level, as explained earlier. The relationship between damage area and absorbed energy
is initially linear for both 2-mm and 4-mm thick panels, as discussed in Chapter 3.
However, beyond 1.34 J/mm (correspondent to panel 210.625m, IKE 9.9J) the damage
area does not seem to show the same increase rate with IKE for 2-mm thick panels,
whereas for 4-mm thick panels the damage area carries on with the increasing trend.
Beyond this energy level, 2-mm thick panels suffered fibre breakage (Chapter 3) and
increased the proportion of IKE that was absorbed. This is reflected on the CSRF
diagram when it is plotted in terms of the normalized absorbed energy, in the side frame
of Figure 5.1.12. The initial reduction in CS for both sets of specimens, 2-mm and 4-
mm thick panels, was similar, but beyond the mentioned energy level (1.34 J/mm) the
CS did not reduce further than 35% for 2-mm thick panels. On the other hand, 4-mm
thick panels carried on with the CS reducing trend up to 51% corresponding to an
energy level of 2.75 J/mm (panel 411.5m, IKE 21.17).

The relationship between IKE and AE is highly dependent on the panel flexural rigidity
as shown in Chapter 3. For 2-mm thick panels, the initial linear trend of AE was only
21% of the IKE, whereas for 4-mm thick panels the proportion was 55%. Therefore,

when IKE is used as a measure of damage extent, the thickness should be specified as
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well as the proportion of IKE that goes into AE. Figure 5.1.13 shows the CSRF diagram
in terms of the normalized IKE for both 2-mm and 4-mm thick panels. The top of the
diagram is the same than in Figure 5.1.12. However, the central frame of Figure 5.1.13
uses the normalised IKE instead of the AE to show the linearity of IKE with the
delamination area. The thicker panels contain larger delamination areas for the same
normalised JKE level than the thinner panels, resulting in a lower CSRF as shown in the

side frame of Figure 5.1.13.

Loading rate and impactor-nose shape

This section studies the effect of the applied transverse force and the effect of the
impactor nose shape on CSRF using the CS results from panels with damage induced
either by impact or by quasi-static transverse loading and using either hemispherical or

flat-ended impactor nose shape.

Impact and quasi-static tests results could be considered as equivalent due to the
similarity in damage mechanisms and in the deflection-load response from the panel, as
shown in Chapter 3. Additionally the amount, location and type of damage that
occurred in impact and quasi-static loading tests correlated well with applied force.
When CSRF is plotted in terms of the transverse force, the difference between the two
types of loading (impact and quasi-static) is negligible as shown in Figure 5.1.14(a),
which presents the CSRF results in terms of maximum transverse force. The applied
transverse force measured for impact panels has a decreasing trend that also covers the

data of the quasi-static loading force when the hemispherical-ended indenter was used.

The impactor nose shape determines contact pressure distribution and the onset of
damage, as discussed in Chapters 1 and 3. Thus the equivalence between impact and
quasi-static load induced damage is valid providing that a similar indenter is used in
both tests. If the hemispherical-ended indenter is replaced by a flat one, the force relates
differently with the damage content and consequently with the CSRF, The CSRF trends

for flat and hemispherical indenters are shown with dashed lines in Figure 5.1.14(a).
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Figure 5.1.14(b) contains the CSRF for both quasi-static and impact damaged panels in
terms of delamination area. The effect of the impactor-nose shape is evident; there are
two different decreasing trends of CSRF when increasing the damage size. The first
trend corresponds to the panels loaded with the flat-ended indenter and it has a less
reduction with a 40% for the largest delamination. The second trend includes the
damages induced by a hemispherical-ended indenter both in quasi-static and impact
loadings. A larger reduction in CSRF of about 60% is exhibited by the largest
delamination area. The change of local curvature of the panel around the hemispherical
indenter seemed to have more dramatic effect on the CSRF than the flat indenter, at

similar delamination areas.
5.2 Different metrics for damage tolerance assessment

The damage tolerance is determined by the degree of retention of mechanical
properties, such as strength and ultimate strain. This section investigates the
relationships between the different metrics used to express the damage tolerance, based
on the compression of intact and preconditioned panels (Chapter 4) in terms of the

extent of damage.
5.2.1 Damage measures

The extent of damage can be represented by the damage area, IKE and depth of surface
dent. A state of damage represented by one of these parameters is related to a reduction
of CS as discussed in the firs part of this chapter, The reason that all three seem
necessary is that neither of the first two can accurately represent the damage state. In the
case of the projected delamination area, it does not quantify the effect of number and
TTT distribution of internal delaminations, neither individual shapes nor delamination
orientation. Nevertheless it is costly and time consuming to get information about the
internal delamination distribution, so the projected delamination size is often the only
measure of damage available. The additional advantage of area is that other
preconditions such as artificial embedded delamination and open hole can be easily

represented in an accurate way.
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~ In the case of IKE, different strength retention factors can be linked with the same
energy level, depending on the mass/incident velocity combinations. Also the panel
flexural rigidity determines the mechanism governing damage generation during
transverse loading, affecting the proportion of IKE that is absorbed in addition to the
damage area (Chapter 3). This is reflected on the variation of CS reduction for similar
IKE levels on panels with different rigidities, i.e. different panel dimensions and

composite systems (Chapter 4).

In the case of dent depth, it offers an immediate tool for damage assessment in
particular for preventive maintenance purposes. However, the dent depth does not
necessarily have a relationship with the delamination area, as shown in Chapter 1.
Additionally, the CS reduction due to the effect of surface topology is the consequence
of different mechanisms of compressive failure than in the case of internal
delaminations (Chapter 4). Therefore the use of dent depth to measure impact damage is

limited, in particular when the major damage is predominantly internal and invisible.
5.2.2 Tolerance assessment metrics

In conventional damage tolerance assessment, mainly RCS and residual compressive
strain are assessed in terms of delamination area, IKE, AE or force. Other material
properties such as in-plane stiffness could also be evaluated, but it is not always feasible
to use it due to differences in compressive failure mode. This study includes the ratio of
initial threshold force to maximum transverse force as an additional indicator of the

panel post-impact load bearing capabilities [13, 127].
Compressive strength/strain retention factor

Figures 5.2.1 and 5.2.2 show the variation of strength and strain retention factors in
terms of damage area for 2-mm and 4-mm thick panels, respectively. The strain was
determined in two different ways. One used the mean strain reading from the gauge at
the far-field location and the other used the strain derived from the axial displacement
reading (measured by a LVDT) of the loading moving head. After comparing the strain
with the strength data, it was observed that if damage does not affect the far-field
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location (i.e. the gauge is truly in the far-field) then the strain reading is a precise
measure of the strength reduction. On the other hand, axial strain retention factor is not
always a good indicator of the damage tolerance, in particular when the compressive
failure is in premature end-crushing. Such type of failure indicates that the damage did

not interact with the compressive load.

Retention factors derived both from far-field and axial strains are shown in Figure
5.2.1(a) for 2-mm thick panels with embedded delamination. Far-field strain retention
factor (filled symbols) followed the same trend of the strength retention factor (open
symbols) for both types of delamination, circular and elliptical. Strain retention factor
data are within 13% and 8% of the strength retention factor for circular and elliptical
delaminations respectively. However if the axial strain from the displacement (partially
filled symbols) is used instead of the far-field strain, the strength retention factor trend
is either overestimated by up to 23% for circular delamination or underestimated by up
to 14% (elliptical delamination). It seems that far-field strain is more precise than axial

strain for estimating the retention factor.

In the case of 2-mm thick panels with impact damage in Figure 5.2.1(b), the trend of the
residual far-field strain was much higher than the residual strength data, up to 41%
overestimated. Although the material damage (internal delamination and fibre breakage)
did not reach the far-field location, it suggests that the far-field stiffness was reduced by
the damage. On the other hand, if the axial strain is used instead of the far-field strain,
the retention factor is underestimated but by a closer value, up to 27% of the strength
retention factor. The difference between the compressive strain retention factor and
CSREF is due to the higher sensitivity of strain towards the presence of local change of
geometry. This also explains the marked difference between axial and far-field strain
retention factors. The effect of local change of curvature was reflected only on the axial
strain because SGs at locations away from the impact site were unaffected, as it was the

case for the far-field strain.
Figure 5.2.1(c) shows a comparison of all the preconditioned 2-mm thick panels in

terms of the axial strain retention factor, There is a clear division between data of

impact damage and artificial delamination. Impact damage in terms of strain retention
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factor seems to be much more detrimental than single artificial delaminations when
compared to CSRF. Thus impact-damage data provide a lower bound whereas single
artificial-delamination data give an upper bound. Discussion of both compression
tolerance metrics can be found in [128, 129]. The effects of damage characteristics on
RCS can be presented by compressive strain retention factor in the case of 2-mm thick
panels, because all the 2-mm thick panels failed in the mid-section region. For the same
reasoning, axial strains are used for only few 4-mm thick panels as a large number of
them failed in end crushing so that validity of axial strain measurements is deemed to be
questionable. Similar difficulty associated with using far-field strains was reported in

[17, 28], although no information on the tested panel failure modes was provided.

Figures 5.2.2(a-d) show the variation of strength and strain retention factors for 4-mm
thick panels in terms of damage area. The majority of the panels failed at the mid-
section. Retention factor of panels with multiple embedded delaminations in an
asymmetric distribution is shown in Figure 5.2.2(a). Similar to 2-mm thick panels with
circular delamination, comparing strength with strain data, the retention factor was
underestimated by the far-field strain up to 28% and overestimated by the axial strain up
to 16%.

Figure 5.2.2 (b-c) shows the retention factor derived from axial strain, far-field strain
and strength for panels containing local change of curvature (constant curvature
approach) and open hole. On the one hand, the axial strain retention factor followed the
trend of the strength data remarkably well for the panel with local change of geometry
and overestimated the strength data in the case of panels with open holes without any
apparent reason found to explain such behaviour. On the other hand, the far-field strain
retention factor was only close to the strength data for small damage areas. For the
larger areas, the concept of retention factor was not applicable any longer since the
location chosen for far-field was not truly far-field, being directly affected by the stress
concentration around the region with damage. For panels with local change of
geometry, the apparent far-field strain retention factor was 61% lower than the
correspondent strength data. For panels with open hole, the effect of damage in the far-
field location was so dramatic that the apparent strain retention factor changed sign for

the largest hole diameter, being 119% lower than the strength data.
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Strain retention factor of 4-mm thick panels with impact damage did not correlate well
with strength data, as shown in Figure 5.2.2(d). On the one hand, the far-field strain
retention factor underestimates the strength retention factor. The far-field strain was
affected by two factors. One was that the influence of stress redistribution around
damage, particularly significant for large delaminations with local change of curvature
(i.e. high IKEs). The other factor was that global buckling (mode-II) developed as a
result of the interaction between compressive loading and intermal delaminations
alongside topology change. Since this was not an issue for the far-field strain of the
intact panels, the strain retention factor determined in this way was affected
significantly. On the other hand, the axial strain and strength retention factors were
close only for two panels (delamination area of 1697 and 7854 mm?). In the other two
cases (914 and 5468 mm?) the difference between strength and axial strain retention
factor was considerable, 18% and 29% for the smaller and the larger damage area

respectively. No justification was found for such behaviour, apart from data scatter.
Initial threshold to maximum force ratio

In a recent study [13, 127], an observation of experimental results indicated that the
RCS of a panel with damage induced by transverse loading is proportional to the.
amount in which the transverse peak load has exceeded the initial threshold force for the
onset of delamination. Initially, the damage resistance of a transversely loaded is
determined by the onset of delamination easily identifiable on a force-history or force-
deflection plot. After this load level the amount of induced damage seemed to depend
on the transverse peak load reached. Guided by the same idea, the ratio of peak
transverse loads to the initial threshold force for delamination onset was obtained from
force-history and force-deflection curves in Chapter 3 and compared with the CSRF in
Figures 5.2.3(a-b) for 4-mm thick panels with impact and quasi-static indentation

damage.
In the case of panels with impact damage, the trends of force ratio and CSRF in terms of

damage area were remarkably close, as seen in Figure 5.2.3(a). The force ratios and the

CSRFs were very close, in particular for damage areas larger than 913 mm?. In the case
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of quasi-static loading in Figure 5.2.3(b), the estimation of CSRF done by the force
ratio was poor for partially loaded panels (until the onset of delamination) and slightly
better for panels fully loaded (until transverse failure). For the former, the value of the
force ratio at the onset of delamination was obviously unity, but the delamination area
was 206 and 4734 mm? for hemispherical and flat-ended respectively. As a result, the
RCS was reduced, but the effect was not picked up by the force ratio. For the latter, the
force ratio underestimated the CSRF. This was attributed to an increase in peak load not
reflected in the reduction of CS. The fact that the delamination area had reached the
panel boundaries and the fact that the excessive friction forces induced at the stage of
laminate perforation become significant at substantially large deflections support this

assumption.
5.3 Concluding remarks

The preconditions that approximated better the CSRF of panels with impact damage
were artificial delamination and hemispherical-shaped domes. 4-mm thick panels with
multiple (x3) delaminations of large size had a reduction of CS of about 40%. Panels
with localised curvature change had a reduction of CS of 55%. These two results can be

compared to the final reduction in CS due to impact damage of about 50%.

The effect of damage area on the RCS is cumulative, particularly for 4-mm thick panels.
The difference between single and multiple (x3) delaminations of the same projected
area was around 30%. Therefore it is necessary to assess the TTT size distribution of
internal delaminations when feasible. Similarly, this difference in 2-mm thick panels

with single and multiple delaminations was around 25%.

The difference between CSRF and compressive strain retention factors was significant,
due to the additional effect of local curvature. A difference of up to 60% between CSRF
and compressive strain retention factors was present in 4-mm thick panels with impact
damage. Similarly the difference in compressive strain retention factor between flat

panels with artificial delaminations and panels with impact damage was around 40%.
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6 Analytical Models for Predicting Residual Compressive Strength

The effect of impact damage and its individual mechanisms on the compressive strength
reduction has been experimentally studied in previous chapters. However a complete
understanding of the damage tolerance on the basis of experimentation would be very
expensive. Therefore development of an analytical model for predicting the residual
compressive strength (RCS) becomes very desirable. The first section of this chapter
presents an overview of previous work, concerning analytical and empirical predictions
of the RCS. In the second section, an analytical model is developed on the basis of
equating the compressive strength retention factor (CSRF) to the ratio of initial

threshold force to maximum transverse force,

6.1 Overview of previous work

The theoretical prediction of the residual compressive strength (RCS) is still under
development due to the complexity of impact-induced damage (Chapter 3), despite the
large body of experimental observations and data regarding the post-impact
compressive strength behaviour of composite panels. Theoretical investigations have
been devoted to predicting the influence of low-velocity impact on the in-plane
compressive strength of composite laminates. Four main approaches have been
identified, namely blister model, model of ply strain mismatch, soft-inclusion model

and empirical predictions.

6.1.1 One-dimension and two-dimensions blister models

The major damage mechanism induced by impact loading is delamination, as it was
shown in Chapters 3 and 4. Consequently many authors have based their analytical
models only on internal delaminations. The sublaminates created by internal
delaminations can be studied separately in terms of compressive behaviour, stability and
failure. For a single delamination a thinner sublaminate is called the blister whereas the
other thicker sublaminate is called a solid substrate. Such thin blister is usually less stiff
than the substrate and more prone to buckling, Depending on the blister’s geometry, the

analytical models can be divided into one-dimensional (1-D) and two-dimensional (2-
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D). This type of blister models was originally developed by [130]. Other further
developments could be found in [131, 132]. These models studied both a general case of
the buckling of two sublaminates of equal thickness and a particular case of a thin
sublaminate acting as a blister attached to a very thick substrate. Also the effect of the
sublaminate thickness on the buckling load was studied and some specific results were
tabulated, ds shown in [131]. Additionally, a special postbuckling solution was derived
for the panel displacements [132]. The results of these studies are compiled in [133].
Delamination propagation of the blister models was studied through the associated
energy release rate. In [132, 134, 135] the compressive axial load of a delaminated
beam was assessed using the energy release rate criteria. The critical fracture load
becomes significant for certain delamination depths. The major limitation of all the 1-D
blister models was the assumption of the longitudinal propagation of delamination. In
contrast a realistic delamination in compression tends to propagate in the width
direction as mentioned in [81, 87, 91-94, 136, 137].

Refinement was made by extending the 1-D models to the 2-D. However, the buckling
of circular sublaminates was treated as a special case of the 1-D models in [138, 139].
The basic assumption was that the buckling deformation of the base plate was small
compared to that of the delaminated layer as well as to the thickness of the plate, so the
sublaminate behaved as a 2-D blister. It was found that the size and depth .of the
delamination significantly affected the critical buckling load. However the delamination
growth was still aligned with the load direction, in opposition to the experimental
observations. Consequently this model provided a good prediction only in the case of

panels with a through-the-width delamination.

The limitation of exclusive longitudinal growth of delamination is removed by using 2-
D blister models [140]. In this model the sublaminate buckled prior to propagation and
the stress state at the tip of the crack drove the crack growth in both directions.
However the determination of the buckling load of 2-D sublaminates was more complex
than the 1-D case. The growth conditions and behaviour of the delamination were
studied by breaking the overall problem into an elastic stability problem and a fracture
problem. The sublaminate stability was determined using a solution based on the

Rayleigh-Ritz (R-R) method. Then the fracture criterion was applied to the buckled
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sublaminate, to determine whether or not the delamination had propagated. A similar
model was presented in [141]. However, failure and delamination propagation are not
necessarily linked, as observed experimentally in Chapter 4. Rather than triggering a
catastrophic failure, the presence of a delamination reduces the global stability of the
panel, reducing particularly the global buckling (mode I to II) load. The panel failure
was linked to shifting in buckling mode-I to mode-II more than delamination

propagation.

The determination of the sublaminate stability using the R-R method was studied in
[142] for varicus shapes such as circular, strip, rectangle and elliptical blisters. An
additional finite element analysis (FEA) was carried out to compare the results of both
models. Generally, the R-R method uses a basic function for the transverse deflection of
the sublaminate, and through minimization of the potential energy its coefficients are
determined. It was found to be simple, inexpensive and accurate, except for highly
anisotropic delaminated regions. The effects of delamination shape and orientation,

material anisotropy and lay-up on buckling strains were examined.

Some of 2-D blister models were extended for the RCS prediction in [36, 143, 144].
That was carried out in five basic analytical steps. The first step was to simulate the
characteristic damage state (CDS) as a sublaminate with ply stacking sequence and
thickness representing an average of those appearing in the real CDS. Secondly, a
sublaminate stability analysis was performed using damage diameter as an independent
variable characterising the planar size of the CDS. This was done using a corrected
version of the model presented in [142]. The correction took in account the asymmetry
of sublaminates layup. Thirdly, the effective reduced stiffness of the impact damage
zone was calculated using the results from the sublaminate stability analysis. Fourthly,
the in-plane stress concentration associated with the reduced stiffness was determined,
using FEA to account for size of damage/width interactions. Finally, the fifth step was
the application of a maximum-strain failure criterion to predict CAI, based on the stress
state determined in the fourth step. A similar methodology was presented in another
model [145] with the difference that the damage/width interactions (4™ step) were

worked out using a closed form expression rather than FEA.
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Failure is generally more sequential and less catastrophic, especially when there are
more than two sublaminates. A sequential failure model was developed in [85] to find
failure loads of individual sublaminates in an iterative manner until global failure was
predicted. Three different calculations were done for every iteration, namely global
buckling load, local buckling load [142] and compression failure load. These three
values were then compared to determine which sublaminate has failed. The failed
sublaminate was retired and the calculation was repeated, using a ‘reduced’ laminate
with reduced stiffness. A similar sequential model was presented in [57] where each
individual sublaminate was analysed for compressive failure through laminate theory
and for stability through buckling analysis. Once a sublaminate buckled, it was assumed
that it did not carry any load and the calculation was repeated for a reduced laminate,
until a ultimate failure of the laminate was reached. This model showed remarkably
good predictions. In [86] two issues were studied in addition to the analytical sequential
model. One was the possible bending-stretching coupling behaviour of the delaminated
region and the other one was the effect of Poisson’s ratio mismatch between the
delaminated and the base region. Both effects were observed experimentally in Chapter
4,

6.1.2 Soft inclusion and open hole models

The relationship between the damage state and the soft inclusion is, in the majority of
the models, an empirical relationship that depends on the specimen configuration and
on the laminate properties. To estimate the RCS of panels with impact damage with a
soft inclusion model is necessary to link the IKE with the geometry of the inclusion by
examining experimentally the damage characteristics. Nevertheless, the degree of
precision that these models can provide is high, despite the simplifications and

analogies that are assumed.

Impact loading creates a region of reduced stiffness. Some studies have focussed on the

local change of mechanical properties to predict the RCS. The damage region has been
| modelled a ‘soft inclusion’, meaning a region with reduced stiffness [77, 146, 147]. It
has also been modelled as an open hole of equivalent size to the damage region, as seen

in [50, 99, 148]. The presence of a region with reduced stiffness creates a stress
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rearrangement and concentration in the surroundings of the impact site during
compression. This can eventually trigger failure, as shown experimentally in [147, 149].
The stress and displacement field around a soft inclusion can be analysed similarly to
panels with open holes {150}, defining a stress/strain concentration factor (SCF) that
relates the intact far-field properties to the ones of the damaged region [123]. The SCF
has been determined analytically [146, 151] and experimentally [149].

The stiffness reduction of the damaged area was represented by a semi-empirical
expression [77]. The expression coefficients and the parameters of the soft inclusion
were determined from experimental results and damage characterisation. Subsequently,
the stress and displacement ficlds were obtained using the inhomogeneity model shown
in [146). The stresses along the inhomogeneity were compared with a critical value for
compressive failure, so that the prediction of the RCS was based upon the concept of

stress concentration.

The impact damage region can also be modelled as an equivalent open hole. Initially a
model was developed [124] for predicting the compressive kinking failure of laminated
coupon specimens containing an open hole. This model was later extended for impact
damage in panels [50] to predict the RCS. Despite the difference in compressive failure
and damage mechanisms between panels with impact damage and open hole (Chapters
3 and 4), the concept of the equivalent hole diameter was introduced to link impact-
induced damage and open hole. In the model predictions the damage width used as
equivalent hole diameter was mainly obtained from X-radiographs, by measuring the
size of the darkest region and excluding the outer, lighter regions. The theoretical
predictions agreed with the experimental results, with an error in most cases less than
10%. The concept of equivalent hole diameter was further elaborated in [99, 148].
Based on damage characterisation it was assumed that the entire fibres within the
elliptic contour of the developed dent could no longer sustain any load, therefore the
damage region was simplified as an elliptic hole, where the major and minor axes were
equal to the damage width and the initial dent diameter respectively. Then the stress
distribution was calculated using the complex potential method and the classical
lamination theory. Finally a lay-up independent failure criterion was used to predict the

RCS. The model predictions showed good agreement with a wide variety of materials.
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6.1.3 Semi-empirical and empirical models

Generally, semi-empirical and empirical models have an expression for predicting the
RCS of impacted panels. This expression have to be calibrated every time for a specific
material and laminate configuration, therefore its precision relies on a strong
experimental basis. The use of such models has to be carefully confined to the intended

scope, in particular for fully empirical predictions.

A semi-empirical method was developed based on the assumption that the
tensile/compressive strength degradation of a laminated plate containing multiple
delaminations is proportional to the flexural stiffness degradation [152, 153]. This
model used the concept of bending stiffness mismatch coefficient M developed in [21]
(for two ply laminates) and its proportionality to the extent of delamination. The RCS
was estimated as a function of the impact energy U and the bending mismatch
coefficient M by using an extended formula that covered laminates with n-ply and
multiple internal delaminations, all of them grouped in a new term m. The resulting
expression had two unknown coefficients d and ¢ that were determined experimentally.
These predictions had good agreement with experimental results, showing a strong

dependence on the lay-up configuration

=m— (6.1.1)

In [76] a basic relationship was formulated in terms of the RCS, oz, the untouched CS,
oy, the impact energy E, the critical energy for initiation of strength reduction, E;. and
the limiting energy beyond which RCS decreases only marginally, E;. Two linear
equations were used to describe this relationship over two energy ranges. The critical

values and coefficients, m; and m;, were obtained from the experimental data

o, =(E~E_ Jm +0, forE,<E<E] (6.1.2)

o =(E-E,)m,+0, forEL<E
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An exponential relationship was formulated in [154] to relate the impact energy U with
the reduction of CS. The coefficients of the model, Uy and ¢, were calibrated using

coupon specimens.

m:G&) (6.1.3)

The empirical model presented in [155] has the widest scope, due to the large amount of
experimental work that is backing up the formulas. In this model, an empirical
relationship between the CAI strength and the impact parameters was obtained from
extensive data correlation. A total of six parameters were used, namely laminate layup,
full-penetration stress, laminate thickness, material toughness, impact energy and

impactor size parameter. The failure stress, 0y, was expressed as

0.0
O'f:
1+C,C,C,C,C,W,

(6.1.4)

6.1.4 Limitations of previous analytical models

It has been shown that the majority of the previous analytical (non-empirical) models
are based on the compressive behaviour modelling of a damaged panel. They try to
determine the stress state at critical locations and analyse the failure on each ply.
However, the development of such stress-based models has some limitations. A first
limitation is imposed by the simplification of impact damage as internal delaminations.
It disregards other types of damage such as matrix cracks and local change of geometry
that may have a significant effect on the RCS for high IKEs. A second limitation lays
on the difficulty to include all the parameters involved in the complex relationships
between IKE, AE and the damage state, such as the flexural rigidity of the panel and the
governing damage mechanisms. A third limitation is dictated by the difficulty of
modelling the compressive response of damaged panels after local buckling (mode-I).
Since only some basic cases offer an analytical (closed form) solution, the majority of

cases require numerical approximations, hence depending on model refinement to get
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an acceptable degree of precision. Finally, there is a limitation on defining the
compressive failure as the direct result of delamination propagation. As seen in Chapter
4, not always compressive failure can be linked to delamination propagation or global
buckling, There are also particular factors such as delamination size, damage

mechanisms and panel dimensions that determine the type of compressive failure,
6.2 Proposed model

The model proposed in this section is based on the experimental observation [13, 127]
of the existing similarity between the ratio of initial threshold force to transverse peak
load and the CSRF. This similarity was also observed Chapter 5 for 4-mm thick panels.
The model does not analyse either the compressive response nor the compressive fatlure

of panels containing damage.
6.2.1 Initial threshold force calculation

The threshold force for the onset of delamination has been obtained [30, 42] on the
basis of an extension of a 1-D beam fracture model to a 2-D circular plate. The

expression was

22 V2
thzsh = [8” Eh G”C ] (6.2. ].)

ofl-v?)

where E is the Young modulus, 4 is the plate thickness, Guc is the critical energy
release rate in mode II and vis the Poisson’s ratio. However a more accurate expression
can be obtained if the derivation is based on strain energy release rate of a 2-dimension
circular plate. In general, an energy balance for a panel transversely loaded without

fibre shear-out, is given by [156]

EQSE =Epr =Ep +Egp = (Emc +Eq+ Epd)+ Epp = (Emc + GHCA)+ Epe (6.2.2)
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in which Egsg denotes the external work performed by the transverse force, Ejxr = IKE
is the incident kinetic energy, Esr= AE is the absorbed energy, Ege = RE is the rebound
energy or stored elastic strain energy, Eme, Eoq and Eyq are the energies dissipated as
matrix cracks, onset of delamination and propagation of delamination, respectively. The
last two terms were grouped in the critical energy release rate term Gy multiplied by
the delamination area A, Assuming that the energy dissipated by the creation and
propagation of delamination is significantly higher than by matrix cracks, Eq. (6.2.2)

can be rearranged as

_ EQSE - ERE

Gye =—2 (6.2.3)

If the delamination propagates an infinitesimal area dA, the energy balance can be

rewritten as

dE dE
Gye = dff -— (6.2.4)

Figure 6.2.1 shows the particular case of a thin circular plate of thickness #, containing
a concentric delamination of radius a; at the middle plane. The delamination is growing
from a radius @) to a radius a; + da, creating a new infinitesimal concentric area, shown
by the shaded region in the figure. Consequently, Eq. (6.2.4) with the infinitesimal

second order terms neglected becomes

dEQSE —dE _ dEQSE ~dE

G = -
e :fr((.f.ll +da)’ -a? ) - 27a,da

(6.2.5)

The energy terms in Eq. (6.2.5) are given by the force-displacement relationships before
and after the propagation of delamination. If both stages are referred to as 1 and 2 in

subscript respectively, a change in work performed by external forces is given by

dEys =[3(Px8),] - [3(Px4),] (6.2.6)
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And a change in elastic strain energy (i.e. rebound energy) is given by

dE,, = %[Z (Px3),) -% > (pxs),] 6.2.7)

Substituting Eq. (6.2.6-7) into Eq. (6.2.5) leads to

S[Epxo)] -3 [ pxa)]

2rma,da

(6.2.8)

Gue =

The critical load for delamination propagation can be obtained from Eq. (6.2.8) and the
respective expressions for the central deflection in terms of applied force. From
Appendix B, the central deflection & of a clamped plate of radius a; with a concentric

circular delamination of radius a; at the mid-plane is given by

- P azz—a12+4a12(3+v) (6.2.9)
67| D' D(1+v) o

in which D’ is the flexural rigidity of the intact plate defined in Eq. (3.1.3). The
expression for deflection in Eq. (6.2.9) can be used in the energy balance expression in
Eq. (6.2.8) to predict the critical load value for delamination propagation. Before

delamination propagation, the first term of Eq. (6.2.8) becomes

_P'|aj-al 4a(3+v)
[Z(PXJ)‘]'_mn[ - +D,(1+V)] (62.10)

After the infinitesimal propagation of delamination da, the second term in Eq. (6.2.8),

after neglecting the high order terms, becomes
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[Z(PX§)1 ]2 _Pa —(a, +da)’ . 4a, +da)2(3+v)}

167 D' D'(1+v)
- (6.2.11)
_ P?|a}- (af + 2a,da) + 4(al2 + 2a1dax3 +v)
167 | D' D'(1+v)

Combining both Eq. (6.2.10) and (6.2.11) with Eq. (6.2.8) yields

327 D' D'(1+v) 2 D'{1+v)
2ma da

fic

P? {[ a; - (af1 + 2alda)+ 4({1,2 + 2a1daX3 + v)] _[aé —al N 4al(3+ v)]}
(6.2.12)

Rearranging the above yields

P> [4(3+v) 1
= - 6.2.13
3077 [D‘ (1+v) D’} ¢ )
thus the critical force for delamination growth is given by
32D'n*G 21+v)D'G
P = T_THC = 4x\/——-—”c 6.2.14
critical 4 3 +v _ 11+ 3V ( )

1

Table 6.2.1 Prediction for critical transverse load for crack onset in a circular plate

Property Units Equation 16 plies 32 plies
D' GPamm’  3.1.3 39.30 314.40
Plate thickness, 4 mm - 2.048 4.10
Engng. flexural modulus, E GPa 3.1.16 53.12 52.92
Radial Poisson's ratio, v, - - 0.31 031
Critical energy release rate, Gpe Jim? - 940 940
Initial threshold force, Ppres kN 6.2.1 2.04 5.76
Initial threshold force, Piyes kN 6.2.14 1.13 3.20
Experimental impact avg.?, Pyyesn kN - 1.53 3.88
Experimental QSI avg.®, Pyess kN - 1.07 3.64

* The average result is derived from force history data of impact tests in Chapter 3.
® The average result is derived from load-displacement curves of quasi-static
transverse Joading using hemispherical-ended indenter in Chapter 3.
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Table 6.2.1 shows predictions of critical loads for delamination propagation in 16- and
32-ply QI laminates, using both Eq.(6.2.1) and Eq. (6.2.14). The flexural modulus E and
the flexural stiffness D’ are shown in Table 3.1.5 in Chapter 3, whereas the critical
strain energy release rate for mode II, Gyc, is taken from [104]. The agreement between
the experimental and predicted values is fortuitous, as two major assumptions were
involved in the derivation for simplicity. One was that matrix cracking had a negligible
contribution to the energy balance. The other one was that there was only one

delamination located at the mid-plane.
6.2.2 Force-based model for predicting CSRF

This section shows an attempt to develop an analytical model on the basis of the ratio of
the initial threshold force for delamination onset to the maximum transverse force. The
link to RCS was an experimental observation in [13, 127] and Chapter 5. It postulated
that the percentage by which the peak transverse loads exceeded the initial threshold
forces is not only a good measure of the amount of damage but also a good indication of
the residual strength of laminate plates. However, this relationship seemed to be valid
only for relatively thick panels with thickness of 4 mm (Chapter 5) and 10 mm up to 25
mm in [127]. In the case of the thinner laminate, 16-plies, there was little resemblance
between the CSRF values and the force ratio, probably due to the difference in the

mechanisms governing the damage generation.

The basic assumption of the present model is that the CSRF and the ratio of initial
threshold force to maximum force can be considered equivalent, for Pa: > Priresn
P

thresh .. O-CAI = CSRF (6,2.15)
P O,

max
Where Ocar is the compressive strength of the panel after impact, and Oy is the

compressive strength of an intact panel. In the case of Py < Payess, there is not internal
damage in the panel and the CSRF value is equal to 1. On the one hand, the initial
threshold force, Puea, i8 worked out using Eq. (6.2.14). On the other hand, the
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maximum force, P,,,, can be obtained based on the AE of the plate during transverse

loading.

Figure 6.2.2 shows a schematic load-displacement transverse response both in loading
and unloading, with the enclosed area hatched representing the AE by the panel
{Chapter 3 and [41]). On the one hand the area under the loading path A-B-C represents
the energy transfer from the impactor to the laminate, either elastic or dissipation in
internal damage and local indentation. This energy can be measured using the area
under the curve A-C. Initially, the panel response (A-B) is elastic up to the delaminating
onset. After this load level (B-C) the force-displacement curve reflects damage growth,
with drops in flexural strength due to the appearance of thinner sublaminates. On the
other hand the unloading path C-D represents all the elastic energy that the damaged
laminate is passing back to the impactor, as rebound energy (RE). The unloading
response of the panel is determined by the membrane and flexural stiffness of the
damaged laminate. The IKE, AE and RE are related by the energy balance in Eq.
(6.2.2).

The peak load (Pnx) can be estimated using the elastic transverse response of the
damaged laminate and the RE, provided that the peak load and the load for maximum
displacement are relatively close. The transverse elastic response of a panel with
multiple delaminations is mainly membrane governed, as a result of the low flexural
stiffness of individual sublaminates. Thus, the elastic response can be approximated by
the membrane response only, without considering negligible flexural contributions. For
a damaged panel the transverse force-displacement response (Eq. (3.1.19b)) can be

approximated by

kwl =P (6.2.16)

in which £, is given by Eq. (3.1.13b) in Chapter 3. The RE is the area under the curve
determined by the path C-D in Figure 6.2.3, so that it can be expressed in terms of Eq.
(6.2.16) as
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RE = [Pdw= [k, wjdw (6.2.17)
0 0

The unknown in Eq. (6.2.17) is the maximum displacement x corresponding to the

maximum force. Solving the Eq. (6.2.17) for x it yields

4re\"
x=( kEJ (6.2.18)

m

Therefore, the maximum load is given in Eq. (6.2.16) by replacing wg = x as

AN
km[ ) ~P_ (6.2.19)

Finally, the prediction of CSRF in Eq. (6.2.15) can be expressed now in terms of the
initial threshold force and the maximum force in Eqgs. (6.2.14) and (6.2.19) respectively

CSRF =1 M for Puax < Pthresh

a [PEVIDGg
F:hresh = 1143y

Pmax 34
L [ 4RE
k

m

= CSRF ; fOI‘ an_x > Pthrgsh (6.2.20)

The predicted values are plotted in Figure 6.2.3(a-b) as function of the IKE and of the
RE. In the case of IKE, the prediction was based on the assumption that the proportion
of AE energy was 55% so the RE was 45% of the total IKE, as found experimentally in
Chapter 3 for 4-mm thick panels. Figure 6.2.3(a-b) also includes the experimental
results of 4-mm thick panels with impact-induced damage for CSRF and the ratio of
initia] threshold to maximum force, The model estimates the ratio of initial threshold to
maximum force well and it is expected to predict the CSRF with reasonable precision if

there is a resemblance between CSRF and the force ratio.
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The initial threshold, maximum force and CSRF values are listed in Table 6.2.2 for
analytically estimated and experimental results. Both set of results for 4-mm thick
panels show good correlation. Contrastingly, experimental results for the 2-mm thick
panel were significantly different from the analytical estimation, as a result of the

difference between the experimental force ratio and the experimental CSRF.

Table 6.2.2 Experimental and analytical prediction results for initial threshold and
maximum force ratio and CSRF

Panel Energy Experimental results Analytical prediction
IKE AE RE  Initial Max. Force CSRF [Initial Max. Forceratio
thres. force ratio thres.  force / CSRF
J J J KN kN % % kN kN %
4105m 69 4.2 2.7 373 427 873 602 320 356 90.0
4I110m 137 7.3 0.4 383 735 521 430 320 595 53.8
4115m 21.1 112 9.9 407 857 475 481 320 822 38.9
412.52m 417 22.9° 188" 3.88 1341 289 417 320 1371 234
2[05i 79 21 5.8 1.53 473 323  80.8 1.13  5.05 22.4

? AE for the panel 41 2.52m was determined using the average absorption ratio of
55% of the IKE, since the experimental result was missing

The expression in Eq. (6.2.20) allows the calculation of the critical energy level for

damage onset. If the CSRF is set to 1, the equation can be solved in terms of the RE

3272 (1 +V)D'G,e
11+3v
RE

eritical = /3
4k,

(6.2.21)

The critical level of RE for damage onset for 4-mm thick panels is 2.70 J, given by Eq.
(6.2.21). If the absorbed energy is 55% of the total IKE, then the critical IKE for
damage onset is 6.00 J. Fortuitously, this value correlates well with the experimental of
6.14 J, found in Chapter 3.

Figure 6.2.4 shows the effect of indenter size on the CSRF prediction trend. Increasing
the indenter size is reflected in a reduction of the membrane stiffness via the loading
area factor LAF (Eq. (3.1.13b)). Thus, the CSRF and the critical energy for damage
onset are also lowered when the indenter size is increased. The indenter size was varied

only from 0% to 50% of the total plate radius. The model estimation of the CSRF has
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reasonable precision within this range. A significant error is introduced for larger
indenters, for two main reasons. The first one is that the derivation of the membrane
stiffness for deflection in Chapter 3 only accounts the elastic energy stored in the outer
part of the plate surrounding the indenter. When the indenter covers a significant area of
the panel, the model underestimates an important amount of elastic energy stored under
the indenter. In order to account this contribution, the membrane effect has to be
worked out in a different way that is not covered in this study. The second source of
error is that the initial threshold force value is determined assuming that the applied

transverse load is concentrated at the panel centre for the simplicity in the derivation.
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Figure 6.2.2 Schematic force-displacement diagram indicating the loading path A-B-C
and the unloading path C-D. The absorbed energy (AE) is the hatched area enclosed by
the hysteretical loop. The rebound energy (RE) is the area under C-D

268



Ratio of initial threshold to max force

Ratio of initial threshold to max force

1.4

1.2

1.0

0.8

0.6

04

0.2

0.0

1.4

1.2

1.0

0.8

0.6

04

0.2

0.0

a  Intact 4-mm
X Impact - Force data

25

; o Impact - Strength data
) Analytical prediction
E-1
T
— 0
o X
7] o
X
0 10 20 30 40 50
IKE,J
(@
a Intact 4-mm
X Impact - Force data
7 o Impact - Strength data
) Analytical prediction
.
0 5 10 15 20
RE,J
(b)

Figure 6.2.3 Analytical prediction for CSRF compared with the experimental initial

threshold to maximum force ratio and experimental CSRF of 4-mm impacted panels in

terms of (a) IKE and (b) rebound energy, RE
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Figure 6.2.4 Indenter size effect on the analytical prediction of CSRF in terms of the
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Conclusions and Recommendations

The use and design of composite structures has to consider the effect of impact damage
on the residual compressive strength, Due to the complexity of impact damage, a clear
understanding of the mechanisms leading to this reduction requires an alternative study
of all the types of damage involved. In this thesis a three ‘bounding’ approach was
taken to simulate impact damage, using simplified well-defined damages. The first one
used open holes as the representation of ultimate material damages. The second one
used embedment of artificial delaminations to experimentally simulate as many
elements of impact damage characteristics as possible, including size, shape, number (of
the same size), TTT distribution and TTT location. The third one considered the effect
of local curvature change by introducing hemispherical-shaped domes of different
curvatures and depths into panels. The effect of impact damage was expected to fall
among these three bounds. Panels with the three preconditions described above plus
panels with impact- and quasi-static transverse loading-induced damage were tested in
compression. The respective compressive behaviour and failure were obtained
expertmentally by in-plane compressing 4-mm thick quasi-isotropic T700/LTM45-EL
carbon/epoxy preconditioned of 150x100 mm in a universal testing machine. The panel
was fitted into a specially designed anti-buckling jig that provided simply supported
boundary conditions on the unloaded edges. Epoxy potted ends were added to the
loading ends to increase the contact area and prevent hinge-like rotation. In this way the
loaded ends were effectively close to clamped condition but without clamping surface
pressure. Load, displacement and local surface strains were monitored during the
compressive test for subsequent analysis and cross-examination. Data of 2-mm thick
panels with impact damage and artificial delaminations were available mostly from a

previous study [104] and were also included in the analysis.

The following conclusions could be drawn;

(A ) The approximation of impact damage through artificial delamination proved to be
extremely useful. The validity of this approach was examined by comparing

compressive strain responses of impacted and preconditioned panels in Chapter 4.

In the case of 2-mm thick panels, impact damage was well represented by a single
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delamination of equivalent projected area. Both types of preconditioned panels
followed the sequential behaviour of in-plane compression (or pre-buckling), local
buckling (mode-I), global buckling (mode-I), global post-buckling (mode-II) and
ultimate failure in the mid-section region. The validity of the approach was
reinforced by the existence of a common damage threshold, at the 25% panel width

or 455-mm” damage area, irrespective of shape, orientation or nature of damages.

(B ) The validity of simulating impact damage with artificial delamination had some
noticeable limitations for thicker 4-mm thick panels. Panels with a single
delamination had a completely different response from impacted panels with
equivalent damage area. Moreover, these panels tended to behave like the intact
panels, as they were crushed at one end. A reduction in CS was observed only
when damage area became greater than 1257 mm?, or when multiple delaminations
of medium and large sizes were embedded. In addition, the compressive response
and failure of artificially delaminated panels resembled those of panels with impact
damage of the same area. Moreover, for these panels, the compressive behaviour

characteristics were similar to that of 2-mm thick panels.

{C) The compressive failure of panels with internal delaminations is not necessarily
linked to delamination propagation. After the damage threshold for CS reduction,
the compressive failure seemed to be related to the mode shifting (mode I to II) at
the global buckling load. As observed in Chapter 5 both RCS and global buckling
(mode I to II) followed a similar trend. However, global buckling (mode I to II)
was not necessarily a synonym of delamination propagation. The delamination
propagation was estimated in Chapter 4 on the basis of panel deformation
sequences in the longitudinal and width directions. Depending on the size of
delamination, the delamination propagation may be influenced by the ILSS
concentration at the edge of delamination due to the transverse deformation in
conjunction with the longitudinal buckled shape. An observation of the Poisson’s

ratio data provided a good indicator of delamination propagation.

(D ) The area of delamination tends to follow a linear relationship with the IKE for low

and intermediate energy levels. Within this IKE range the simulation of impact
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damage through artificial delamination was accurate. However at higher 1KEs,
other types of damage became more dominant (as shown in Chapter 3) such as
local curvature change and fibre breakage. In particular local curvature change had
a significant effect on the compressive response of impacted panels at high IKEs,
as shown in Chapter 4. The effect of local curvature change was also reflected on
the lower residual compressive strain of impacted panels at high IKEs (Chapter 5)
compared to the residual compressive strength. Residual strain tends to be more
sensitive to local change of geometry than strength, Panels with artificial
delaminations alone cannot completely simulate the features unless local curvature

change is included.

(E ) Impact damage induced at high IKEs was represented by material damage and
local change of curvature. Panels with hemispherical-shaped domes (Chapter 4)
provided basic information on the interaction between local curvature change and
compressive load. Their compressive response and failure was governed by
flexural stresses and ILSS concentration at the centre and along the boundary of the
dome, respectively. The flexural stress was induced by the inherent eccentricity
introduced with the hemispherical-shaped dome. The ILSS concentration was
induced by the abrupt change of fibre direction that acted as a softer region in the

panel, similarly to panels with open holes.

(F) The damage initiation and propagation as well as the energy absorption
characteristics during transverse loading (Chapter 3) were dependent on panel
thickness. Relatively flexible 2-mm thick panels had small projected areas of
delamination with a dominant and localised shear cone induced by membrane
effects. The energy absorbed by delamination was around 20% of the given IKE.
On the contrary, damage of stiffer 4-mm thick panels was dominated by a large
delamination near the mid-plane induced by high ILSS alongside a small shear

cone. The energy dissipated by delamination was around 50% of the given IKE.
(G ) Alongside the experimental observations, two analytical models were developed

for the prediction of panel deflection and CSRF. The comparison between

predictions and experimental results of panel deflection showed the importance of

273



the membrane stretching effect, particularly in thin panels. The influence of

boundary conditions on the membrane response was not considered in the model.

The comparison also showed that the effect of local indentation effect could be

significant for thick panels.

(H ) The predictions of CSRF from the analytical model developed in Chapter 6 were in

good agreement with CSRF of 4-mm thick panels. This may seem fortuitous, since

major assumptions were made during the derivation. The model was based on an

experimental observation of the correlation between the degree of reduction in CS

and the ratio of maximum transverse load to initial threshold for damage initiation.

In addition, the model provides a method to estimate the initial threshold force for

damage initiation and the energy threshold for the reduction in CS.

The main recommendations can be made for future research work in this area;

1)

(i)

(I11)

In the experimental aspect, the method to simulate impact damage with artificial
delaminations can be further refined. The refinement should focus on multiple
delaminations (more than 3) and their TTT distribution of different delamination
sizes, simulating both damage states of thin and thick panels. Therefore not only
the shear cone should be simulated but also a small shear cone alongside a large
delamination near the mid-plane. The largest delamination could be located at
various TTT locations to observe the effect on the compressive response and

failure.

The method of simulating impact damage can also incorporate the effect of local
curvature change by embedding artificial delaminations and introducing
hemispherical-shaped domes in the same panel. The resulting panel could
resemble more panels impacted at high IKEs. However this will imply technical

problems in the panel manufacturing that needs to be solved in advance.
The analytical model for predicting CSREF is still in embryonic state. There is a

large potential to further develop the concept proposed in this thesis. A major

issue would be to establish an analytical basis so that the force ratio (initial

274



Iv)

threshold force to maximum transverse force ratio) can be linked to the reduction

in CS.

The relationship between panel transverse deformation (skewing), delamination
size and propagation can be further studied, to find experimental and analytical
relationships for a given composite system and panel geometry. This would
entail the use of additional SGs in the transverse direction or Moire
interferometry. An analytical relationship could be obtained through the
combination of deformation simulation of a damaged panel, ILSS distribution

and critical energy release rate for fracture.
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Appendix A

Panel dimensions were measured by using a digital calliper at several locations on

panels.

A.l Control panels

Coordinates  Thickness in mm
X Y Control0 Control3 Control 2 Control Control Control
holes1® holes2?® holes3?
0 25 4.07 3.94 4.44 3.97 3.94 3.98
0 50 4.07 3.88 4.44 3.97 3.99 4.03
0 75 4.04 3.87 441 3.98 4.00 4.00
0 100 4.05 3.87 441 3.98 3.99 3.96
0 125 4.00 3.83 4.47 3.97 3.98 3.92
100 25 4.10 3.94 4.43 4.00 3.94 3.98
100 50 4.10 3.86 4.44 4.02 3.99 4.00
100 75 4.09 3.88 4.45 4.01 3.99 4.00
100 100 4.08 3.92 4.45 4.01 4.00 4.00
100 125 4.06 3.89 4.47 3.97 3.98 391
Average 4.07 3.89 4.44 3.99 3.98 3.98
Standard dev 0.03 0.04 0.02 0.02 0.02 0.04
Coordinates  Length in mm
X Y Control 0 Control 3 Control 2 Control Control Control
holes1® holes2?® holes3?
0 - 146.73 148.89 NA 149.64 151.83 151.36
25 - 146.76 148.92 NA 149.64 151.81 151.26
50 - 146.76 148.87 NA 149.66 151.80 151.16
75 - 146.77 148.87 NA 149.63 151.81 151.11
100 - 146.80 148.94 NA 149.65 151.78 151.04
Average 146.76 148.90 NA 149.64 151.81 151.19
Standard dev 0.03 0.03 NA 0.01 0.02 0.13
Coordinates Width in mm
X Y Control0 Control 3 Control 2  Control Control Control
holes1® holes2? holes3?
- 25 99.92 100.44 99.55 98.80 98.76 99.12
- 50 99.93 100.27 99.66 98.76 98.80 99.15
- 75 99.94 100.29 99.65 98.63 98.75 98.98
- 100 99.95 100.23 99.67 08.47 98.60 98.94
- 125 99.95 100.21 99.70 08.50 98.61 98.96
Average 99.94 100.29 99.65 98.63 98.70 99.03
Standard dev 0.01 0.09 0.06 0.15 0.09 0.10

* Panels were made of T300/epoxy composite system rather than the usual T700/epoxy
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A.2 Panels with single delamination

Coordinates Thickness in mm
X Y C20MS C40MS C60MS C20QS C40 QS C60 QS
0 25 3.79 4.10 4.09 4.05 4.23 4.30
0 50 3.79 4.09 4.06 4.08 4.16 4.21
0 75 3.78 4,12 4.08 4.17 4.20 4.20
0 100 3.78 4.14 4.08 4,16 4,21 4.19
0 125 3.78 4.17 4.09 4.20 4,19 4.18
100 25 3.84 4.07 4.10 4.08 4.22 4.13
100 50 3.86 4.08 4.13 4.10 4.23 4.15
100 75 3.86 4.10 4.15 4.15 4,20 4.14
100 100 3.84 4,12 4.14 4.18 4,21 4.12
100 125 3.83 4.13 4.14 422 4.20 4.09
Average 3.82 4,11 4.11 4.14 4,21 4,17
Standard dev 0.03 0.03 0.03 0.06 0.02 0.06
Coordinates ~ Length in mm
X Y C20MS C40MS CO60MS C20Q8S C40 QS C60 QS
0 - 145.16 147.54 147.57 147.64 149.14 147.42
25 - 145.18 147.58 147.61 147.63 149.14 147.44
50 - 145.18 147.56 147.60 147.64 149.13 147.43
75 - 145.17 147.57 147.57 147.63 149,15 147.44
100 - 145.14 147.55 147.56 147.63 149.15 14743
Average 145.17 147.56 147.58 147.63 149.14 147.43
Standard dev 0.02 0.02 0.02 0.01 0.01 0.01
Coordinates Width in mm
X Y C20MS C40MS C60MS C20QS C40 QS C60 QS
- 25 94.44 98.74 9941 99,20 99.39 99.56
- 50 94.43 08.64 9942 90.18 99.35 99.55
- 75 94.43 98.57 9941 99.19 99.35 99.57
- 100 94.38 98.59 99.42 99.20 99.33 09.52
- 125 94.37 08.61 9941 99.18 99.34 99 .47
Average 94.41 98.63 99.41 99.19 99.35 99,53
Standard dev 0.03 0.07 0.01 0.01 0.02 0.04
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A.3 Panels with multiple (x3) delaminations

Coordinates Thickness in mm

X Y C20x38 C40x3S C60x3S C20x3AS C40x3AS C60x3AS
0 25 393 3.87 3.96 3.83 3.92 3.80
0 50 3.90 3.88 3.99 3.84 3.94 3.80
0 75 3.90 3.90 3.99 3.85 3.92 3.80
0 100 3.91 3.90 3.99 3.84 3.91 3.83
0 125 3.94 3.91 3.94 3.86 391 3.88
100 25 3.95 3.95 3.88 3.82 3.92 3.82
100 50 3.95 3.97 3.89 3.84 3.90 3.82
100 75 3.95 3.97 3.88 3.85 3.94 3.83
100 100 395 3.99 3.88 3.85 3.91 3.84
100 125 3.95 3.98 3.88 3.86 3.91 3.84
Average 3.93 3.93 3.93 3.84 3.92 3.83
Standard dev 0.02 0.04 0.05 0.01 0.01 0.02

Coordinates  Length in mm

X Y C20x3S  C40x3S  C60x3S  C20x3AS C40x3AS C60x3AS
0 - 149.00 148.75 148.57 148.18 148.84 147.62
25 - 148.98 148.74 148.57 148.20 148.86 147.67
50 - 148.96 148.75 148.58 148.20 148.86 147.65
15 - 148.97 148.75 148.58 148.21 148.87 147.67
100 - 148.96 148.75 148.60 148.22 148.87 147.68
Average 148.97 148.75 148.58 148.20 148.86 147.66
Standard dev 0.02 0.00 0.01 0.01 0.01 0.02

Coordinates Width in mm

X Y C20x3S  C40x38  C60x3S C20x3AS C40x3AS C60x3AS
R 0 - R - - - R
- 25 98.52 10067 10042 10023  99.92  100.27
- 50 9848 10070 10026  100.13  99.93  100.22
- 75 98.43  100.69 10023  100.20 9996  100.22
- 100 9844 10066  100.15 10021  99.99  100.18
- 125 98.81 100.62 10025 10031 10001  100.15
- 150 - - : - - -
Average 98.54  100.67 10026 10022 9996  100.21
Standard dev 0.16 0.03 0.10 0.06 0.04 0.05
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A4 Panels with local change of geometry

Coordinates Thickness in mm

X Y CD20 CC CD40 CC CD60CC CD40DC CD60 DC
0 25 3.96 3.88 3.66 3.83 3.80
0 50 3.95 3.99 3.75 3.91 3.86
0 75 4.02 4.03 3.77 3.97 3.87
0 100 3.99 4.00 3.74 3.92 3.85
0 125 3.87 3.93 3.66 3.86 3.73
100 25 3.95 3.82 3.61 3.82 3.84
100 50 4.04 3.93 3.76 3.89 3.99
100 75 4.10 3.98 3.81 3.90 4.00
100 100 4.08 3.89 3.84 3.88 3.96
100 125 3.97 3.71 3.87 3.80 3.84
Average 3.99 3.92 3.95 3.88 3.87
Standard dev 0.07 0.10 0.08 0.05 0.09

Coordinates  Length in mm

X Y CD20CC CD40CC CD60CC CD40DC CD60DC
0 - 149.12 149.18 149.30 149.24 149.99
25 - 149.10 149.11 149.13 149.25 150.01
50 - 149.09 149.04 149.01 149.23 150.01
75 - 149.06 149.00 148.93 149.16 150.07
100 - 149.05 149.04 148.80 149.17 150.15
Average 149.08 149.07 149.03 149.21 150.05
Standard dev 0.03 0.07 0.19 0.04 0.07

Coordinates Width in mm

X Y CD20CC CD40 CC CD60 CC CD40DC CD60DC

- 25 99.72 99.53 99.84 99.80 100.07

- 50 99.87 99.54 99.85 99.80 100.02

- 75 99.88 99.47 99.88 99.75 99.72

- 100 99.88 99.42 99.92 99.89 100.01

- 125 99.60 99.50 99.93 100.09 100.07
Average 99.79 99.49 99.88 99.87 99.98

Standard dev 0.13 0.05 0.04 0.14 0.15
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A.5 Panels with impact-induced damage

Coordinates Thickness in mm
X Y 410.5m 411.0m 411.5m  412.52m
0 25 4.09 4.09 3.95 4.27
0 50 4.13 4.11 4.00 4.30
0 75 4,15 4,16 4.05 4.34
0 100 4.18 4.19 4.07 4.32
0 125 4.19 4.18 4.07 4.32
100 25 4.00 3.93 4.08 4.07
100 50 4.03 4.02 4.12 4,13
100 75 4.03 4.02 4.14 4.14
100 100 4.06 4.05 4,17 4.14
100 125 4.07 4.07 4.18 4.16
Average 4.09 4,08 4.08 422
Standard dev 0.07 0.08 0.07 0.10
Coordinates  Length in mm
X Y 410.5m 411.0m 4I1.5m 412.52m
0 - 149.32 146.21 147.93 149.26
25 - 149.35 146.21 147.92 149.23
50 - 149.33 146.21 147.92 149.24
75 - 149.30 146.21 147.90 149.27
100 - 149.30 146.20 147.90 149,28
Average 149.32 146.21 147.91 149.26
Standard dev 0.02 0.00 0.01 0.02
Coordinates Width in mm
X Y 410.5m 411.0m 4I1.5m  4I12.52m
- 25 100.00 100.50 100.13 99.99
- 50 100.02 100.49 100.07 99.69
- 75 100.90 100.47 100.30 100.02
- 100 99.92 100.49 100.26 100.05
- 125 100.08 100.50 100.14 100.04
Average 100.18 100.49 100.18 09.96
Standard dev 0.40 0.01 0.10 0.15
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A.6 Panels with quasi-static transverse loading damage

Coordinates ~ Thickness in mm
X Y QSIF  QSIFHWii QSIH QSIHHW
0 25 4.28 4.14 4.12 4.16
0 50 4.32 4.19 4.16 4.14
0 75 4.36 4.25 4.22 4.12
0 100 4.35 4.31 4.19 4.11
0 125 4.36 4.33 4.18 4.10
100 25 4.14 4.17 433 433
100 50 4.20 4.17 4.30 4.30
100 75 4.34 4.20 4.34 4.26
100 100 4.33 4.23 431 4.24
100 125 4.28 4.23 4.35 4.21
Average 4.30 4.22 425 4.20
Standard dev 0.07 0.06 0.08 0.08
Coordinates  Length in mm
X Y QSIF  QSIFHWii QSIH QSIHHW
0 - 148.24 149.19 148.68 147.42
25 - 148.16 149.19 148.69 147.46
50 - 148.19 149.20 148.67 147.45
75 - 148.16 149.22 148.68 147.47
100 - 148,18 149.21 148.67 147.46
Average 148.19 149.20 148.68 147.45
Standard dev 0.03 0.01 0.01 0.02
Coordinates  Width in mm
X Y QSIF  QSIFHWii  QSIH  QSIHHW
- 25 100.68 101.12 100.79 100.69
- 50 100.31 100.81 100.51 100.59
- 75 100.50 100.97 100.47 101.02
- 100 100.46 100.62 100.19 100.83
- 125 100.74 100.86 100.29 101.20
Average 100.54 100.88 100.45 100.87
Standard dev 0.17 0.19 0.23 0.25
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A.7 Panels with open holes

Coordinates Thickness in mm

X Y HOLE 20 HOLE 40 HOLE 60
0 25 3.84 3.97 3.91
0 50 3.85 3.95 3.78
0 75 3.83 3.94 3.80
0 100 3.82 393 3.80
0 125 3.76 392 3.82
100 25 3.97 3.99 4.05
100 50 3.97 4.00 4.06
100 75 3.96 3.99 4.01
100 100 3.94 3.97 3.97
100 125 3.92 3.95 4.00
Average 3.89 3.96 3.92
Standard dev 0.07 0.03 0.11

Coordinates  Length in mm

X Y HOLE 20 HOLE 40 HOLE 60
0 - 149.70 149.36 149.48
25 - 149.68 149.37 149.45
50 - 149.77 149.33 149.45
75 - 149.88 149.35 149.46
100 - 149.94 149.40 149.46
Average 149.79 149.36 149.46
Standard dev 0.11 0.03 (.01

Coordinates Width in mm

X Y HOLE 20 HOLE 40 HOLE 60

- 25 09.42 100.58 100.22

- 50 99.49 100.62 100.25

- 75 99.41 100.61 100.31

- 100 99.48 100.64 100.42

- 125 99.52 100.60 100.71
Average 99.46 100.61 100.38

Standard dev 0.05 0.02 0.20
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A.8 Repeated tests

Coordinates Thickness in mm

X Y C20MSii  C20x38Sii CD60CCii CD40CDii
0 25 3.97 4.00 3.69 3.78
0 50 3.92 3.96 3.70 3.88
0 75 3.95 3.98 3.74 3.88
0 100 3.93 4.03 3.80 3.88
0 125 3.94 4.05 3.75 3.84
100 25 391 3.90 3.48 3.81
100 50 3.93 3.91 3.65 3.89
100 75 3.92 3.91 3.64 3.90
100 100 3.95 3.94 3.61 3.89
100 125 3.95 3.96 3.57 3.82
Average 3.94 3.96 3.66 3.86
Standard dev 0.02 0.05 0.09 0.04

Coordinates ~ Length in mm

X Y C20MSii  C20x3Sii  CD60CCii CD40CDii
0 - 149,72 149.73 149.21 149.09
25 - 149.73 149.72 149.20 149.10
50 - 149.71 149.72 149.21 149.09
75 - 149.72 149.71 149.21 149.10
100 - 149.73 149.71 149.26 149.12
Average 149.72 149.72 149.22 149.10
Standard dev 0.01 0.01 0.02 0.01

Coordinates Width in mm

X Y C20MSii  C20x3Sii CD60CCii CD40CDii

- 25 99.66 100.30 100.03 100.35

- 50 99.64 100.26 100.06 100.36

- 75 99.64 100.18 100.16 100.36

- 100 99.40 100.21 99.82 100.28

- 125 99.41 100.22 100.14 100.32
Average 99.55 100.23 100.04 100.33

Standard dev 0.13 0.05 0.14 0.03
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A.9 Two-mm thick panels

Coordinates  Thickness in mm
X Y 210.51i  2QSIHHW 2EH40x3S  2C20x3S
0 25 1.90 1.96 1.86 1.86
0 50 1.96 2.00 1.84 1.88
0 75 2.00 202 1.86 1.88
0 100 2.02 2.02 1.86 1.88
0 125 2.02 2.02 1.90 1.88
100 25 1.87 1.86 1.95 1.82
100 50 1.91 1.89 2.00 1.85
100 75 1.94 1.91 1.99 1.88
100 100 1.95 2.08 1.96 1.85
100 125 1.98 1.95 1.91 1.87
Average 1.96 1.97 1.91 1.87
Standard dev 0.05 0.07 0.06 0.02
Coordinates  Length in mm
X Y 210.5ii 2QSIHHW 2EH40x3S 2C20x3S
0 - 147.09 149.50 149.72 149.89
25 - 147.10 149.56 149.42 149.50
50 - 147.11 149.56 149.27 149.34
75 - 147.10 149.50 149.40 149.46
100 - 147.10 149.47 149.53 149.50
Average 147.10 149.52 149.47 149.54
Standard dev 0.01 0.04 0.17 0.21
Coordinates  Width in mm
X Y 210.5ii 2QSIHHW 2EH40x3S 2C20x3S
- 25 99.60 100.49 100.26 100.22
- 50 99.79 100.37  100.23 100.07
- 75 100.06 100.30 100.20 100.06
- 100 09.89 100.25 100.27 100.05
- 125 100.02 100.24 100.29 100.03
Average 99.87 100.33 100.25 100.09
Standard dev 0.19 0.10 0.04 0.08
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Appendix B

B.1 Deflection of a clamped intact plate with a distributed load over a concentric

area
B.1.1 Small deflection analysis

Timoshenko [109] obtained the central deflection of a simply supported plate under a
distributed load on a concentric area. In the following the same method is followed to
obtain an analogous expression for a clamped composite plate. The governing equation

of a symmetric orthotropic thin laminated plate in bending is expressed by [109]

DyW e +2(Dyy + 2D W, + Dpyw,, =—q (B.1.1)

A proven solution for circular anisotropic panels with uniformly distributed load is

2

2 2

qa - F
wlr) = B.1.2
() 64D’ .12

Radius r is related to the Cartesian coordinates by # = x? + y°. To satisfy Eq. (B.1.1),
the equivalent flexural stiffness [109, 117] is given by

D'= %[310“ +2(Dy, +2D)+2D,,] (B.1.3)

For different loading cases, the deflection expression might not have an exact solution,
when composite anisotropic materials are analysed instead of isotropic materials. In
reality composite materials undergoing non-uniform loading deflect in a non-
axisymmetric way [157]. Nevertheless in the quasi-isotropic lay-up case, an expression
using the equivalent flexural stiffness with isotropic analysis can be adopted with
reasonable accuracy, as demonstrated by [157]. Consequently, the analysis carries on

using D’ as the equivalent flexural modulus.
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Plate deflection under any axisymmetric distributed load is found by the superposition
of the concentric ring load case, repeated for different values of radius b, as shown in
Figure B.1.1. The deflection of the outer unloaded region b<r<a of a clamped plate

loaded by a distributed force P along a concentric ring of radius b, is given by

w(r)=%[(b2 + 72 )log(r/a)+ (@2 =rtJa? +b 2)J (B.14)

2a°

For the inner loaded region of the plate O<r<b, a deflection is given by

w(r)= %l:(bz +r* log(b/a)+ la+ ’”2(2‘2 =b 2)} (B.L.5)

Superimposition of the above deflections for different values of radius & can be
obtained through the integration over the load application area, as shown in Figure
B.1.1. The deflection can be worked out for two regions in an independent way, on the
one hand the unloaded region of the plate and on the other hand the central and loaded
region of the plate. For the integration, the force P distributed over an infinitesimal area,

so that the distributed load is g=P/A27bxdb).
Deflection expression for the outer unloaded region of the plate
Superimposing the outer deflections produced by all the ring loads within the loading

area, we obtain a valid expression valid over the outer unloaded part of the plate from

Eq. (B.1.4) for c<r<a as

=%]{(b2 +r? log (r/a)+ (az _rzxaz +b2)}?(’)bdb (B.1.6)

2
3 2a

If the load function for the external distributed load g(r) is considered constant (i.e.

there is no influence of the nose-shape), the integration gives, for c<r<a
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w(r):i[[£+ bzleog(r/a)+ (az "'2)(1921112 +£):| ] (B.1.72)

2
2a 2 4 -

After evaluating Eq. (B.1.7a) within the integration range and replacing the distributed

load by g=P/(7?) for c<r<a, it yields

w(r) = _P_[(i+ czzrz ]log(r/a)+ (a;_z’”z )[czaz +§le (B.1.7b)

4

This equation can be rearranged in terms of the Loading Area Factor (LAF) defined in
Chapter 3, as

o= {i(2) [1o() Jostra (S A2 | @

Deflection expression for the central loaded region of the plate

Obtaining an expression for the deflection over the loaded sector of the plate, O<r<c, is
more complicated; because both inner and outer deflections have to be considered on
the integration. The disturbing term is related to Eq. (B.1.4), since it tends to infinite
when the radius of application tends to zero. Therefore, for simplicity, only the central
deflection is obtained. The central deflection w,,,(0) at the centre of the panel is
obtained by setting r to 0 in Eq. (B.1.5) and superimposing the central deflection by

integrating
- Z-I_Jbz log(b/a)+1/2(a® - b* )lg(r )b (B.1.82)

Multiplying by b and considering the load function g(r) as constant, it yields
w(0) = 4—% :j[b3 log(b/a)+1/2(a?b)-1/3(b* )lab (B.1.8b)
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After integrating Eq. (B.1.8b) and using g=P/7c*} we have

b=¢
g | b* b* a** b P |c? 3 a°
0)=_9_| 2 b SN Y B K 22 B9
w(0) [ og(b/a) + yr og(c/a) ” + 2 ( )

This expression can be rearranged as

w(0) = 2L {1+|:(C/a)2[log(c/a)—§ﬂ}= Pa’ o 1AF (B.1.10)

167D 4 167D"

Eq. (B.1.10) expresses the central deflection of a plate uniformly loaded over a
concentric area, as shown in Figure 3.1.17. The term in curly brackets was defined in

Chapter 3 as the Loading Area Factor, LAF.
B.1.2 Large deflection analysis

The deflection equation is defined using the method of virtual displacements [109], in

terms of strain energy due to bending and strain energy due to membrane stretching as

d(V-l-Vl)(S.%:dVerV,

ow, =27 |gowrdr B.1.11
dw, aw, 0 Jq ¢ )

In the following part of the analysis expressions are derived for each individual term in
Eq. (B.1.11), focusing on the membrane stretching effect term. First, the strain energy

due to bending is defined from
1 :
av =M, +M w,, Mixdy (B.1.12a)

If the classical laminate theory is used, together with a change of the coordinate

systems, Eq. (B.1.12) can be rewritten as
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dav = %{(Dllw,rr + D12 lw.r ]w.rr + (Dlzw,rr + D22 lw.rjlw,r }drdg (B'1'12b)
¥ r r

Integration over all the plate area gives the strain energy due to bending for circular

- plates

2na
V= J I{(Duw‘n + Dy lw.r ]W +(DnW,,, + Dy, lw,,le‘,}afrda (B.1.13)
00 r r

r

r | —

The second term V; in Eq. (B.1.11) is for the strain energy due to membrane stretching

as
V, =27 [If2(N, &, + N, )rdr (B.1.14)
0 .

Using the classical laminate theory for a quasi-isotropic laminate with Aj; = A2z, we

have

Vi =7 [((Aue, + A8, )e, +(AnE, + A8, )E, Jrdr (B.1.15)

0

The relationship between strain-displacement relationships is given by [109]

du l(dwj2
£, =—+=| —
dr 2\ dr (B.1.16a,b)
i
£ =—
r

Definition of the displacement field u is approximated by a series and neglecting the

high order terms
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u= r(a - r)(CI +Cr+Cyr’ + )= rla- r)(C1 +C,r) (B.1.17)

Combining Egs. (B.1.16a,b&B.1.17) with Eq. (B.1.15) yields

V, =74, T[((u‘, +1/2w? )2 +(u/r) )rdr +27A,, i[(u'r +1/2w? Xu/ rirdr  (B.1.18)
0

0

For the outer part of the plate the deflection w(r) can be approximated by the small
deflection analysis for the entire plate, as in Eq. (B.1.7c). This approximation regards
the energy contribution of the region under the applied load as small quantity compared

with the outer part of the plate, especially for a small indenter.

Adding Eq. (B.1.13) and (B.1.18)

1
D,w, -{~D22 ',)—w’,}drd8+....
r

V+V, = uzﬂ{(puw +D, —w' )

..Jm“].((u.,+1/2wf,) (u/r) )rdr+2m&l2‘]u +1/2w? u/r)rdr

0

(B.1.19a)

Using Eq. (B.1.7c) and its derivatives, we get a 4™ degree polynomial expression for wy

as given by

V+V, =T,w§ +T,W, (B.1.19b)
where T; and T are polynomial coefficients. Due to their length they are not fully
expanded. After replacing distributed load g by P/ 7®) and using the results from Egq.

(B.1.19b), Eq. (B.1.11) yields

Tow, +T, w2 = T,P (B.1.20)
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The term T can be considered similar to the counterpart small deflection analysis given
by Eq. (3.1.2) as

T, =167 (B.1.21)
LAF

Terms 7T, and T3 are obtained after a lengthy derivation. In the case of T3, it is equal to
the square of plate radius a®. The other term, T accounts the membrane stretching

effect. It can be obtained by combining Eq. (B.1.11) and Eq. (B.1.19a) and grouping the

coefficients for w;

T,w; = di(m” fya wf,rdr} (B.1.22)
W, 4

0

The term inside the integral is defined in terms of the first derivative of the deflection w.

Differentiating Eq. (B.1.7c) respect to r yields

w,(r)= id) [:—Z(log(r/a)-—l/Z—(c/a)2)+-}‘-(c/a)2:| (B.1.23)

" LAF

and replacing Eq. (B.1.23) into Eq. (B.1.23) we obtain

T,wy = ﬁ[ml, 1/4LA’”"—;5:4 j[% (log(r/a) -1/2- (c/a)2)+ %(c/a)z:l rer (B.1.24)

0 0

Differentiating respect the central deflection wy, we have

3 a 4
Tyw, = A, % J{% (log(r/a)~1/2- (c/a)?)+ };(C/a)z] rdr (B.1.25)

0

Therefore T3 is given by
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T, = 7A,, #pﬂ%(log(r/a)—l/z—(c/a)2)+%(c/a)2] rdr -(B.1.26)

0

The solution of the integral is

(0217 + (c/a)*[- 0.465]+ (c/a)* [- 0.140] +

(c/a) [0.466 —2.2591log(c/a)-1.2401og*(c/a) + 316~10g3 (c/a) +—é—log4 (c/a)} +
(c/a)® [0.183 —1.13910g(c/a)—%10g2 (c/a)+ log"‘(c/a)} +

T, =7, —— | -
> T LAF* |(c/a)®|0.029 —%log(c/a)—%logz(c/a)] +

(c/a)® :0.003 +%log(c/a)] +

-1 ]

1536

.

(B.1.272)

The contribution from the high order terms to the final solution is small. If only the first

two terms are taken in to account, 73 can be approximated by
T, =m, — 102170 465(£J2 | (B.1.27b)
2 11 LAF4 : - a "

The central deflection can be expressed in terms of 77, T2 and T3 as

16(17le I_jF Wo ¥+ 7?2“ LAIF“ {0-217 +(c/ay[-0.465]w; = P (B.1.28)
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B.2 Deflection of a clamped plate with a circular delamination at the mid-plane

centrally loaded

The plate loading conditions are shown in Figure B.2.1. For simplicity,. the plate is
assumed to be transversely loaded at the centre by a concentrated force. The deflection
of a panel containing a single delamination at the mid-plane can be obtained by adding
the correspondent deflections of the outer intact region and the delaminated region,
indicated as BA and AQ regions respectively in Figure B.2.1. Thus, the total deflection

is given by
O =Ops + 5Ao B.2.1)

The deflection of an intact plate due to a central load is (Eq. 92 in [109])

wir)= 16I:ID [azz - rz[l +2 ln(—af-n] (B.2.2)

The contribution of the region BA to the central deflection is obtained by evaluating Eq.

(B.22)atr=a;

Soy =) = ; [ag —af(l+ 2In[glm (B.2.3)
BA 1

where the flexural rigidity D’ of the plate is defined in Eq. (B.1.3). On the other hand,
the flexural rigidity Dsp of one of the sublaminates of the region AO can be
approximated by using the proportionality between the plate thickness and the cubic
root of the flexural rigidity (rigorously speaking this proportionality is only true for
isotropic materials). Assuming that the delamination is located at the mid-plane, then

the flexural rigidity D40 can be approximated by
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D, (h/ 2)3 (B.2.4a,b)

The deflection analysis for the delaminated region AO is similar to that shown in
Chapter 3 of [109] for a clamped plate loaded at the centre by a concentrated force. The
total deflection of the plate AO, Wagont, 18 the superimposition of the deflection of a
simply supported plate centrally loaded, wagss, and the deflection produced by an
applied moment M at the panel boundary, wsgo m. Thus. the deflection of the region AO

is given by
W40 toral (O) =Wiom (0)+ W,0.s5 (0) (8.2.5)

where the subscripts M and SS stand for the applied moment and simply supported,
respectively. The applied moment, M, can be obtained based on the slope continuity at
radius a; between regions BA and AQ. The slope & is obtained by differentiating Eq.
(B.2.2) respect to the radius

Z—w = Q(r) = 4_11; rln[fz—) (B.2.6a)
r 71

substituting r = a;, Eq. (B.2.6a) becomes

-P a
Ola,)=——=a,In| 2+ B.2.6b
(@)=7—a ‘{al] | (B.2.6b)

The correspondent moment M applied at the boundary of the plate AO that produces the
slope given in Eq. (B.2.6b) is obtained using the Eq. (46) in [109]

6(a,)=—a,=—F——a (B.2.7)
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Combining Eq. (B.2.6b) and Eq. (B.2.7) it yields

—P | %] Ma g (B.2.8)
4zD' a, ) D, (l+v)

And solving for the applied moment M

M= 11@(&_@1{&} - p(l_"“‘f_)ln(“_ZJ (B.2.9)
4z. D' a, 327 a

The central deflection induced by M can be obtained through the expression derived in
[158] (table 24, case 13)

waon (0) =2 3 (L + h{iD (B.2.10)

Where D, Mo, ro, and a are the flexural rigidity, applied moment, radius at which
moment is applied and plate radius respectively. Replacing by the corresponding values

of moment M and radius ay, for the circular plate A0, Eq. (B.2.10) becomes

2
Woo (0) = 22 h{ﬁJ (B.2.11)

The second term in Eq. (B.2.5) corresponds to the central deflection of a simply
supported plate loaded at the centre, wapss(0). It can be obtained through Eq. (88) in
[109]. However, the load used in this expression should be only half of the total applied
load P, since two identical laminates are loaded simultaneously in the delaminated

region BA. Deflection wag,ss(0) is given by

PY a® 3+v
0)=|— L B.2.12a
Wa0.35 0) [2)167ID1+V ( )
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Replacing with the values for plate AQ at the centre r=0

Pal 3+v
w 0)=—L>— B.2.12b
AO.SS( ) A 1+ v ( )
The total deflection of the delaminated region AQ in Eq. (B.2.5) becomes
Pal 3+v Pal (a
5,40 = W0 ot (0) =Wao.ss (0)"' Waom (0) = 47-‘11)' Tty + 87211)' ln(a_?J (B.2.13)

The total deflection of the complete plate, including regions BA and AQ, is given by Eq.
(B.2.1). Replacing with the deflection expressions (B.2.3) and (B.2.13) it yields

2 2
Ororat = Po 3+v, Pay (), P a—a?|1+2In| £2 (B.2.14a)
47D'1+v 82D \ a, | 162D a,

Rearranging Eq. (B.2.14a) yields

2 _ .2 2
et = Plo-a | e 3:+v) (B.2.14b)
16z| D' D'(1+v)
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Figure B.1.1 Concentrically loaded plate: superposition of deflections
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Figure B.2.1 Circular plate transversely loaded with a concentric crack at the mid-plane
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Appendix C

C.1 Matlab script for analytical model of transverse deflection with indentation

effect in Chapter 3

C.1.1 First function: data post-processing

function(]l=dispforce()

$INPUT DATA
$MATERIAL PROPERTIES for Graphite Epoxy system

% km membrane stiffness GPa.mm"-1
km=0.17202;

% ki contact stiffness GPa.mm™(1l/n)
ki=47.2;

% kbs bending and shear stiffness GPa.mm
$Flat indentor kbs=5.2411;
$Hemispherical indentor kbs=4.5592;

kbs=5.2411;

% n exponential constant

n=1,83;

% p applied force kN, initial wvalue
p=10;

$Algorithm to plot the force-displacement graph
dispforce=zeros{200,2);
for index=1:200

% disp displacement of the indentor mm
disp=0+40.05*index;
p=10;

%Calling the main algorithm
[forcel=ecusolv({km,ki,kbs,n,disp,p):;
digpforce{index, :)=[disp force];
end
dispforce=[0 0; dispforce]
plot (dispforce(:,1),dispforce(:,2))
axis([0 10 0 601)
xlabel ('Displacement mm', 'FontName', 'Times New Roman', 'FontSize',18);
ylabel {'Load XN', 'FontName', 'Times New Roman', 'FontSize',18};
set{gca, 'Fontname', 'Times New Roman'};
set{gca, 'Fontsize',18);
set{gct, 'colox',(1,1,11};

grid on;
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C.1.2 Second function: main algorithm

function{popl=ecusclv(km,ki,kbs,n,disp,p)

% p initial value for x

% exit conditions for the iterations
tol = 0.001;

Itera= 100;

Newton-Raphson

P P of

it

0;

g e

e=
0;
0;

while ite<Itera,
[D]=deriv(km, ki, kbs,n,disp,p):
[F]=gzmodel (km, ki, kbg,n,disp,p):;
pn=p-F/D;
if abs({p-pn)<tol
ite=Itera;
else
ite=ite+l;
end
Pp=pn;
end

pop=p;

C.1.3 Third function: calculation of first derivative

function[D]=deriv{km, ki, kbs,n,disp,p)

% derivative of function F

%

%

delta=le-3;
[F]=gzmodel (km, ki, kbs,n,disp.p);

pd=p;
if p<=le-30
pd=p+0.001;
else
pd={l+delta) *p;
end
[Fd) =gzmodel (km, ki, kbs,n,disp,pd);

if p<=le-30
D=(Fd-F)/0.001;
else
D=(Fd-F)/ (p*delta);
end

pd=p;
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C.1.4 Fourth function: main equation based on analytical model:

function[F]=gzmodel (km, ki, kbs,n,disp,p)

% function([Fl=gzmodel (km, ki, kbs,n,disp,p}

% Relationship between force and displacement, taking account of

% indentation, membrane, shear and flexural response from the laminate
% km membrane stiffness GPa.mm™-1

% ki contact stiffness GPa.mm™{1l/n)

% kbs bending and shear stiffness GPa.mm

% disp displacement of the indentor mm

% D applied force kN

F=-km*p~ (3/n) /ki*(3/n);
F=F+3*disp*km*p~{2/n})/ki"(2/n);
F=F-(km*3*disp~2+kbs})*p~(1/n})/ki~(1/n);
F=F+km*disp~3+kbs*disp-p;

C.2 Matlab script for in-plane compressive failure prediction in Chapter 4

function[P_applied, factor_md45, factor_ 0, factor_45, factor_ 90]=admatrices
(plies)

$function([]= admatrices(plies)

%1f plies = 32 then is a normal QI laminate of 32 plies with layup: (-
45,0,+45,90)4s

$If plies = 16 then is a normal QI laminate of 16 plies with layup: {-
45,0,+45,90)2s

$Extensional stiffness matrix A in GPa-mm
switch plies

case 32

A=[224.,88 67.42 0;67.42 224.88 0;0 0 78.73);
case 16

A=[112.44 33.71 0;33.71 112.44 0; 0 0 39.36];
end

$Inverting the matrix A in (kN/mm)~"-1
ainv=A~-1;

%¥Transformed reduced stiffness matrix Q bar in GPa

Qmd5=[41.28 30.08 -29.68; 30.08 41.28 -29.68; -29.68 -29.68 32.84];
Q0=[127.88 2.84 0; 2.84 9.16 0; 0 0 5.60];

Q45=[41.28 30.08 29.68; 30.08 41.28 29.68; 29.68 29.68 32.84];
Q90=[(9.16 2.84 0; 2.84 127.88 0; 0 0 5.60];

%Generating the mean strains

%Force vector in kN

if plies==16
Py=-{0:1:100]1./100;

elseif plieg==32
Py=-[0:2:2001,/100;

end

Px=zeros{size(Py)};

Pz=zeros{size(Py)};

P=[Px; Py; Pz];
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%Strain vector

strain=zeros (size(P});

for i=1:length(Py}
strain(:,i)=ainv*pP(:,1i);

end

%Stress for each ply in globkal panel coordinates, in MPa
stress_global_md5=zeros(size(strain));
stress_global_O=zeros(size({strain));
stress_global_45=zeros(size(strain));
stress_global_90=zeros(size(strain));
for i=1:length{Py)
stress_global_m45(:,1)=Qmi45*strain(:,1) *1000;
stress_global_0(:,1)=Q0*strain(:,1i)*1000;
stress_global_45{:,i)=045*strain(:,i)*1000;
stress_global_90{:,1)=090*strain(:,1)*1000;
end

%Stress in local ply coordinates, in MPa

$Angles in rad

amd5=-45*pi/180;

a0=0*pi/180;

a45=45*pi/180;

ag80=90*pi/180;

$Matrix T for angle transformation

Tmd5=[cos (am45) 2 sin{am45} "2 2*cos{amdb) *sin(amd5); sin(amd5)~2

cos(amd5) ~2 -2*cos{amd5) *sin({amdb); -sin{am45)}*cos{amd’)

sin{amd5) *cos{am45) cos{am45)"2-sin{amd45)~2];

TO0=[cos(al)"2 sin{al)~2 2*cos(al)*sin(al); sin{al)}"2 cos{al)"2 -

2*cos(al)*sin{al); -sin(al)*cos(ald) sin(al)*cos(al) cos{ald)"~2-

sin{a0)~2];

T45=[cos(ad45)"2 sin{adb})"2 2*cos{adb)*sin(ad5); sin{ad5)"2 cos(adb)"2

-2*cos{ad45)*sin(adb); -sin(ad5)*cos{ad5) sin(ad5)*cos({ads) cos(ad5)"2-

sin({adb)"2]);

T90=[cos(a%90) "2 sin(a%0) "2 2*coeos(a’%0)*sin(alf0); sin(a90)"2 cos(a’0)"2

-2*cos{a%90)*sin{a90); -sin{af%0)*cos(a90) sin(af%0)*cos{a%90) cos(a90)"2-

sin(af%0)~2];

%Local stress arrays

stress_local_m45=zeros{size (strain});

stress_local_ 0O=zeros(size({strain}};

stress_local_45=zeros(size(strain)});

stress_local_90=zeros{size(strain));

for i=l:length{Py)
stress_lcocal_m45(:,i)=Tmd5*stress_global_m45(:,1i);
stress_local_0{(:,i)=T0*stress_global_0(:,1i);
stress_local_45{:,i)=T45*stress_global_45(:,1});
stress_local_90(:,1i)=T90*stress_global_90(:,1);

end

¥Tesai~-Hill criteria for each ply
%Critical compressive strength values in MPa
stress_lc=1032;

stress_2¢c=130;

stress_12c=66.30;

$Calculation of the failure factoxr
factor_mdS=zeros(size(Py)};
factor_(O=zeros(size(Py}};
factor_45=zeros(size(Py});
factor_90=zeros(size(Py));

for i=l:length(Py)
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factor_md5(i)=stress_local_mia5{(1,1i)"~2/(stress_1c"2)-
stress_local_md5(1,i) *stress_local md45(2,1i)/{stress_lc 2}+
stress_local_md45(2,1i) "2/ (stress_2¢c"2)+stress_local_m45(3,1i)~2/
(stress_12c*2);

factor_0(i)=stress_local_0(l,i)"2/(stress_lc"2}-
stress_local_0(l,i}*stress_local_0(2,1i}/(stress_1lc"2)+
stress_local_0(2,1)"2/(stress_2c"2)+stress_local_0(3,1i)~2/
{stress_12c"2);

factor_45(i)=stress_local_45(1,1i)"2/(stress_1c"2)-
stress_local_45{1,1i)*stress_local_45(2,1)/(stress_1c™2)+
stress_local_45(2,1i)"2/(stress_2c"2)+s8tress_local_45(3,1)"2/
(stress_12¢"2);

factor_S%0({(i)=stress_local_80(1,1i)"2/(stress_1c~2)-
stress_local_90(1,1i)*stress_local_90(2,i)/{stress_lc 2)+
stress_local_90(2,1i)"2/(stress_2c”2)+stress_local_90(3,1i)"2/
{stress_12¢"2);

end
P_applied=Py*100;

$Postprocessing the outputs
P_applied=P_applied';
stress_local_md45=stress_local_md5';
stress_local_O=stress_local_0';
stress_local_45=stress_local_45';
stress_local_90=stress_local_90';
factor _md5=factor_m45"';
factor_O=factor_0';
factor_45=factor_45"';
factor_90=factor_90';

$Saving the stresg in local ply coordinates in text files
stress_out=[P_applied stress_local _md5 stress_local_0 stress_local_45
stress_local_90];

if plies==16

save stregs_l6.txt stress_out -ASCII
elseif plies==32

save stress_32.txt stress_out -ASCII
end

%Saving the tsai hill factors in text files
output=[P_applied factor_mi45 factor_0 factor_45 factor_9%0];
if plies==16

save tsai_hill_16.txt output -ASCIT
elseif plies==32

save tsai_hill_32.txt output -ASCII
end
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Appendix D

D.1 Determination of extensional stiffness matrix A

The reduced stiffness matrix is given by

E, Vi, E, 0
1- VoV 1- VsV
[o]=| ks By (D.1.1)
1- VgV 1- ViaVay
0 12

Substituting by the material properties given in Table 2.1.1, the reduced stiffness matrix

becomes

12788 284 0

[0]=| 2.84 916 0 (D.1.2)
0 0 5.0

The transformed reduced stiffness matrix could be given by using Eq. (4.3.8) as

[0,]= 0, cos* 0+ 2(Q,, + 20, sin® Bcos? O+ Q,, sin* &

[_Q; =(Qy + @y, —4Q,)sin* Bcos? 8+ Q,, (sin* @ +cos* 9)

[Q__z]= Q,,sin* 8+ 2(Q,, +20Q,,)sin* Bcos* G +Q,, cos* & ©.13)
[Qm__ =(0Q,, -0\, —20,)sin G cos® 8 +(Q,, — Oy, +2Q,)sin’ Bcosd

0 |= (011~ 0 =20 )sin’ B0 6+ (0, - 0y, +20,)sinfcos’ 6

O |= (G + 0y — 20, — 20, )sin? B cos® 6+ O, (sin 6 +cos* 6)

As lay-ups were (-45°/0°/+45°/90°);s for 16-ply laminates and (-45°/0°/+45°/90°),s for

32-ply laminates, the transformed reduced stiffness matrix are given by
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41.28  30.08 -29.68
[0l =| 3008 4128 -29.68| GPa for-45° plies (D.1.3a)
~29.68 -29.68 32.84

127.88 284 0
[0], =| 284 916 0 |GPa for0°plies (D.1.3b)
0 0 5.60

41.28 30.08 29.68
[0)., =130.08 41.28 29.68| GPa for 45° plies (D.1.3c)
20,68 29.68 32.84

9.16 284 0
@90 =12.84 12788 0 |[GPa for90° plies (D.1.3d)
0 0 5.60

The extensional stiffness matrix A is given by
Ay = Z [Qij]k (Zk - zk—l) (D.1.4a)

where z; and z;.; are the distances measured from the mid-plane to the bottom and top
surfaces of the k-ply. For laminates with constant ply thickness, Eq. (D.1.4a) can be
rearranged by taking advantage of ply thickness # for the convenience of computation

as follows
Ay = Z[arj ]ktk (D.1.4b)
k=1

in which the ply thickness # is 0.128 mm, as indicated in Chapter 2. Combining Eqgs.
(D1.3a-d) with Eq. (D.1.4b) yields
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11244 3371 0
[A]=]| 3371 11244 0 |GPa-mm for 16-ply laminate ' (D.1.53)
0 0 3936

22488 6742 0O
[A]=] 67.42 22488 0 |GPa-mm for 32-ply laminate (D.1.5b)
0 0 7873

The corresponding inverted matrices (i.e. compliance matrices) are

0.0098 -0.0029 O
[A]" =[A]=|-0.0029 0.0098 0 | (GPa-mm)"' for 16-ply laminate (D.1.6a)
0 0 00254

0.0049 -00015 0
[A]" =[A]=]|-0.0015 0.0049 0 | (GPa-mm)! for 32-ply laminate (D.1.6b)
0 0 0.0127

D.2 Determination of bending stiffness matrix D

The bending stiffness matrix is defined by

n

D, =300, ] (-2 (D2.13)

Similarly to the extensional matrix [A], Eq (D.2.1a) can be rearranged by taking

advantage of ply thickness as follows

1<h—
D, = 5;[&; | Lk (tf +3zkzk-1) (D.2.1b)

After carrying out all the calculations, the bending stiffness matrices are
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4444 1361 -448

[D]=]13.61 3050 -4.48|GPa-mm’ for 16-ply laminates (D.2.22)
—448 —-448 15.59

33696 101.58 -16.93

[D]=]101.58 27721 -16.93|GPa-mm® for 32-ply laminates  (D.2.2b)
~-1693 ~16.93 117.38

The corresponding inverted matrices (i.e. compliance matrices) are

| 0.0263 —00111 0.0044
[D]" =[D]=|-00111 0.0380 0.0080 [ (GPa-mm?)’’, for 16-ply laminate (D.2.3a)
0.0044  0.0080 0.0677

0.0033 —0.0012 0.0002
[D]* =[D]=|<0.0012 0.0041 0.0003 | (GPa-mm®)?, for 32-ply laminate (D.2.3b)
0.0002  0.0003 0.0057
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