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Low velocity response of a complex geometry
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This paper describes an investigation into the low velocity impact response on complex
geometry sections taken from a pultruded glass/polyester product. The empirical impact
behaviour of the system was evaluated using instrumented falling weight impact testing
(IFWI) in conjunction with ultrasonic C-Scan, optical microscopy and thermal deply
techniques to detect delamination, matrix cracking, and fibre breakage. © 7999 Kluwer
Academic Publishers

1. Introduction performed between, near, and directly over a stiffener
Impact damage and the strength reductions which reand the extent of damage recorded. They concluded
sults even from low levels of damage is a major concerrthat the damage incurred depended on the impact loca-
in fibre reinforced composite materials. Understandingion and that whilst flat panel damage remained local to
complex and varied impact damage modes, includinghe impact location, damage remote to the impact site
matrix cracking, delamination and fibre breakage, andvas observed when the impacts were over a stiffener
interactions between the three, remains an area of higthue to high stress concentrations at the skin-stiffener
research interest[1, 2]. To this end much work has beemterface. Further work has been performed by Tabiei
performed on relatively simple plate coupons and in-et al. [10, 11] who investigated the impact behaviour
deed the impact response of simple coupons taken fromf pultruded box-beams for roadside safety structures.
the glass/polyester pultruded section which is the focuPue to fear of stiffener-panel debond, many manufac-
of this work, has been performed by the authors andurers are using mechanical joining techniques to avoid
is reported in detail elsewhere [3, 4] as is an investigathis problem, indicating the level of concern associated
tion into strain-rate effects [5]. However the researchwith this problem.
described here concentrates on the impact behaviour of
more complex geometry specimens. 2. Methodology

The product’s cross-section was double-skinned witt2.1. Impact testing
longitudinal webs which represents quite a complexThe tests were performed using the Instrumented
geometry. In general little work on impacts on com- Falling Weight Impact (IFWI) technique by employing
plex structures has been published, but the webs aet precision Impact Test Machine IFW 5 with a vari-
as stiffeners and some work on impacts on stiffenedible mass and geometry impactor. The impactor mass
panels has been performed. Dorey [6] reported that th€L0.8 kg) was kept constant throughout the tests and the
energy to cause BVID dropped significantly near theimpact energy altered by varying the impactor veloc-
stiffeners, where the structure was less compliant andty (by altering the drop height) from very low energy
that the stiffeners caused damage to spread asymmettip to final failure. The impactor had a 10 mm diame-
cally, as would be expected over an area of non-unifornter hemi-spherical impactor tip and at each energy ap-
stiffness. Davies and co-authors [7, 8] stated that improximately five test were performed. A second-strike
pact forces will be higher in the stiffened regions, butprevention system was employed, therefore it was pos-
that reduced deflections may lead to smaller strains ansible to perform a detailed damage analysis on all the
therefore less strain induced failure. At the edge of thempacted specimens.
stiffeners delaminations were formed, whilst impacts
directly over the stiffener caused debonding betweer2.2. Damage analysis
plate and stiffener. The damage tended to extend dow@®ptical microscopyinspection was performed on sec-
the stiffener which would have a serious effect for ations cut from the damaged area to provided quanti-
compression loaded panel. “Cratering” also occurredative and qualitative information on matrix cracking
due to the very high forces induced in the stiffened re-and delamination patterns. In order to obtain a three-
gions. Cheungt al. [9] performed impacts on thin flat dimensional map of matrix cracking and delamination,
and blade stiffened carbon/epoxy panels. Tests werthe impacted specimens were cut into transverse strips
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(asimilar approach is described by Hong and Liu [12]).the webs of the end boxes. Three separate series of tests
The specimens were cut, polished with progressivelywere performed on each section by altering the posi-
finer grades of silicon carbide, and then a highlightertion of the impactor strike as described below, along the
pendrawn across the polished surface and the excessisime principles as Phan and Kesack [13] and Cheung
removed by wiping with a clean cloth. The remaining et al.[9] in their work on residual strength and damage
ink highlighted the matrix cracks and delaminations.growth of impacted stiffened composite panels respec-
Specimen was subjected to altrasonic C-scan,ob- tively. For the “central” impact site tests, the impactor
tained via a 2.25 MHz alpha type transmitter employedstruck the box section precisely mid-way between the
with a Wells Krautkramer Flaw Detector USIP 12 sys-webs of the central box, which was therefore halfway
tem. The specimens chosentermal deply analysis  between the supports, and is shown as impactor posi-
were placed in a Eurotherm Muffle Furnace, situated irtion (a) in Figs 2 and 3. “Intermediate” impact site tests
a standard fume cupboard, to burn off the resin. Theonsisted of striking the box section precisely over the
technique was employed to obtain the extent of fibreaper-line which was one quarter of the distance from
breakage in the impacted specimen. theright centralweb to the left central web, and is shown
in the diagrams as impactor position (b). The taper-line
is the drop-off of the ply and which is wrapped around
2.3. Specimen geometry from the web onto the skin, forming the taper. For the
The sections tested were taken from the pultruded comweb” impact site series of tests, the impactor struck the
posite section as shown in Fig. 1. The primary mate$0x section precisely over the right central web, and is
rial components of the section were E-glass fibres anghown as impactor position (c) in Figs 2 and 3.
isophthalic polyester resin. The outer skins consist of
unidirectional fibres (UD) sandwiched between contin-
uous filament mats (CFM). 3. Results
The geometry of the test sections are shown in Figs Zhe continuous line plotted in the following graphs cor-
and 3 and consisted of either three- or five-box secresponds to a modified spring-mass model prediction of
tions cut from the pultrusion. The three-box sectionthe elastic relationship between peak force versus total
was 200 mm wide by 255 m long, whilst the five-box impact energy (TIE). The “term total impact energy” is
section was 200 mm by 425 mm. Both were simplydescribed in an earlier work by these authors [4, 5] and
supported on 16 mm diameter rollers midway betweerequals ¥2mvZ +mgs, (§ = max. central deflection)
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Figure 1 Simplified diagram of the pultruded section.
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Figure 2 “Three-box section” impact test geometry and support conditions.
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Figure 3 “Five-box section” impact test geometry and support conditions.

which corresponds to the total energy absorbed by the
specimen on a rebound test. The standard spring-mass
model gives the following relationship between peak

20 .
force and impact energy:
am I:max =V (2UOK) (1)
5151) where Ug =impact energy (J)K =initial stiffness
0 measured from the force-deflection graphs (N/m).
0 10m When this is inserted into Equation 1, it becomes

Frmax= /(2 TIE - K) (2)
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Figure 5 Peak force versus TIE for the central impacts from the three-box section and modified spring-mass model prediction.
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peak force upto 8 J, aless steep rise betvdedand 21 J Fig. 7b shows that upper interface delamination
and a flattening off thereafter, to the 38 J tests whichgrowth was relatively linear with TIE up to 21 J, at
penetrated the upper skin. With respect to the modiwhich point lower interface delamination was initiated
fied spring-mass model predictions, it is clear that onlywhich then increased linearly to penetration. The up-
lowest energy impact approached an elastic responseper interface delamination, which was first detected
The first macroscopic damage was transverse craclkat 5 J, was usually accompanied by a vertical (trans-
ing of the lower CFM layer, which was initiated above verse) or inclined (shear) UD crack at or near its edge.
2 J and grew with TIE to approximately 150 mm at (Fig. 6). The shear cracks in the UD layer, induced by
which point penetration occurred. This crack initiatedthe high shear forces generated by the double skin/web
upper interface delamination as the crack propagatesection, initiated lower interface delamination as shown
through the UD layer up to the upper interface (Fig. 6).in Fig. 8.
Fig. 7a shows the close relationship between lower Fig. 9 shows a diagrammatic plan view of the typi-
CFM crack length and upper interface delaminationcal upper and lower interface delamination shapes for
area and gives the CFM crack length required for uppea high energy impact, with the upper interface delam-
interface delamination as 25 mm approximately. Theination following the CFM crack and the lower inter-
relationship was less consistent at the highest energidace delamination forming outside the upper. The clas-
due to both the penetration threshold being reached argic “peanut” shape was observed, with upper interface
the crack length approaching the width of the specimendelamination suppressed directly under the impactor

Figure 6 Photograph of UD cracking associated with upper interface delaminati@dnJd|E central impacts from the three-box section.
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Figure 7 Upper interface delamination area versus lower CFM crack length (a) and delamination areas versus TIE for the central impacts from the
three-box section.
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Figure 8 Shear cracking and delamination in central impacts from the three-box section.
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Figure 9 Upper and lower interface delamination shapes in central impacts from the three-box section.

due to the high compressive through-thickness stresse impact site upper CFM ply  UD ply (outer skin)
under the impactor. J]
Other forms of damage which occurred were shear 7
cracking of the upper CFM layer and UD fibre break- /
age on penetration. The shear cracking was initiated ir
the 8 J set of tests and by 27 J the upper CFM layer lower CEM ply

was completely cracked through, therefore this form of vyap-around ply

damage also contributed to the lower peak forces abovt

these energies. _ _ _ UD ply (web)

The central impacts from the five-box section series

of tests were very similar to the three-box section re-Figure 10 Typical transverse section through web-skin join.

sults described above, except that there was no lower

interface delamination present. OM inspection revealed

the absence of shear cracks in the UD layer from whickynergy response correlated well with the elastic re-

lower interface delamination would be induced. This isgponse prediction.

due to the lower aspect ratio (span: depth) in the five- “the first form of visible damage was a longitudinal

box section tests generating lower shear forces throughy5ck petween the wrap-around ply and the lower CFM

the skin/web structure. layer — a taper-line crack. The thermal deply (TD) ex-
ercise showed that there was no lower CFM crack at
this point. The taper-line crack was not vertical and so

3.2. “Intermediate” impact tests did not directly initiate a matrix crack through the UD

The force-deflection and force-time curves for the inter-layer. Instead, it travelled between the CFM and needle-

mediate and web impacts were similar to those in Fig. 4nat layers (Fig. 12) contributing towards the reduction

and so have not been repeated. The structural respongepeak force from elastic predictions up ® J TIE.

and resulting damage progression of these specimeridg. 11b shows that the taper-line crack grew linearly

was more complex due to the non-symmetry of geomwith TIE. This form of damage initiated a debond be-

etry and lay-up. In order to understand the results it isween the wrap-around ply and lower CFM layer, but

first necessary to study the exact lay-up at the web/skieven with optical microscopy it was not possible to

join (Fig. 10). The fibres of the lower CFM ply and the identify the interface and so it was not possible to fol-

wrap-around ply made of needle-mat do not intermeshlow the crack growth. This form of damage will greatly

so the bond is dependent on the resin strength and wasduce the compressive stiffness and strength of the

therefore an area of weakness. section as stated by Davies and Robinson [7].

Fig. 11a shows the peak force rising linearly to 9 J, Optical microscopy revealed that both upper and
flattening off thereafter at approximately 2.2 kN with lower interface delaminations were initiated above 2 J
penetration occurring for 38 J TIE tests. Only the lowestand both increased steadily up to penetration though the
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Figure 11 Peak force (a) and crack lengths versus TIE for the intermediate impacts from the three-box section.
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Figure 12 Damage progression in the intermediate impacts from the three-box section.

area of lower interface delamination was much lowerimpact site was outside the wrap-around ply then lower
than the upper (Fig. 13). The delaminations were initi-CFM cracking occurred earlier, and behaviour tended
ated by a single shear crack in the UD layer under théowards that observed for the centralimpacts. When the
impactor at approximately 4%ointing down towards impact site was over the warp-around ply, the damage
the web (Fig. 14). The UD shear crack was present iforms discussed above postponed lower CFM cracking
the 2 J test specimens but with little or no associatedintil later in the damage process.
delamination. Due to the non-symmetrical geometry A C-scan of a specimen from the highest energy set
and the much stiffer response on the web side of thef tests is shown in Fig. 15, and Fig. 16 shows how
impact site, high shear stresses were developed whidhe upper and lower interface delamination areas devel-
initiated the shear crack and upper and lower interfaceped at higher energies. Clearly the damage was non-
delamination. symmetrical along the impact site (i.e. the taper line),

The upper interface delamination grew at a greatedue to the non-symmetry of the geometry and therefore
rate above 18 J (Fig. 13) whilst thermal deply showedstiffness in the impact locality.
that lower CFM cracking was first obseds/® J and The non-symmetry of structural and damage re-
18 J (Fig. 11b). Due to the taper, the lower CFM cracksponse was also seen on the impacted surface. Little
could not be observed visually. The lower CFM crack,damage was induced on the CFM layer under the im-
induced a UD matrix crack, which further promoted thepactor on the side furthest from the web up to 22 J,
propagation of the upper interface delamination. Lowelbut on the stiffer side nearest the web, shear cracking
CFM crack growth and greater rate of upper interfaceoccurred and this side of the impact site collapsed at
delamination correspond to the reduction in stiffnessl8 J, which contributed to the flat curve above this TIE
present in Fig. 11a betwe® J and 18 J TIE. in Fig. 11a.

The initiation of lower CFM cracking was very de-  For the five-box section tests, the damage was gen-
pendent on the exact location of the impact. If theerally of the same form as for the corresponding tests
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Figure 13 Delamination areas versus TIE for the intermediate impacts from the three-box section.

Figure 14 Photograph of upper interface delamination initiated by a UD shear craekSd TIEintermediate impact from the three-box section.

on the three-box sections. Shear cracking occurred firghdicating an entirely different response. The graph also
in the UD layer, which induced upper interface delam-shows that the peak force steadily departed from the
ination and, at a higher energy, lower interface delami-elastic response curve, and flattened off above 40 J TIE
nation. The lower interface delamination area was low(~ 5 kN).
due to the lower shear forces as explained previously. For a strike directly over the web, due to the web
itself, penetration cannot take place, whilst the impact
damage was unpredictable because the response was
3.3. “Web"” impact tests critically dependent on the exact strike location, as there
The impacts performed directly over the webs from thewas a very large stiffness variation over a few mm’s
three-box sections elicited a completely different dam-either side of the web.
age response from the central or intermediate impacts In all the previous tests, local deformation under the
tests. Due to the nature of the damage the results havmpactor was superimposed on the global bending of
been treated descriptively rather than quantitativelythe entire structure. For the strike location directly over
Fig. 17 contains the peak force versus TIE graph for althe web, due to the high stiffness directly under the im-
three test locations for the three-box section and clearlpactor very little local deformation occurred. Instead
the forces generated in the web specimens were mudtigh stresses were transferred from the impact site on
greater than either the central or intermediate impactthe upper skin throughout the structure via the webs.
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Figure 15 C-Scan of 40 J TIE showing damage area blending into the area indicating the web for an intermediate impact from the three-box section.

was permanently bowed due to the extent of this remote
—— web damage. Cheung and colleagues [9] identified the peel-
| ing stress on the skin/stiffener join due to bending as the
L reason for the remote delamination which they identi-
5 o fied. Inthis work it was the tensile forces across the joins
upper interface delamination  due to shear distortion of the boxes, which generated
the cracking. The tensile forces caused matrix crack-
lower interface delamination  ing whilst the compressive forces on the opposite join
caused surface fibre buckling seen as fibre whitening.
impact site On one of the specimens at 20 J TIE, there was a
crack along the taper-line to the right of the impacted
web due to a lay-up problem through the section at this

____,_._/ taper-line point. One of the 70 J specimens for which the impact
' was directly over the web, had no local damage on the
ki '5mml>| web/skin join under the impactor, but instead the web

buckled along its length about halfway down its height.
Figure 16 Delamination areas at high energy for intermediate impactBOth these examples illustrate how these impacts ex-
from the three-box section. ploited local or remote weaknesses to a much greater
degree than the others impact configurations.
For the five box-section series of tests no damage
Because there was little local deformation and therewas visible local to the impact site except for a lit-
fore very low strains directly under the impactor, theretle local cracking at the skin/web join in a few of the
was less local damage initially. The first damage, visi-specimens. No upper CFM shear cracking occurred due
ble on the lowest energy tests, was a small permanend the slightly lower contact forces than were present
indentation under the impactor which arose due to thén the three-box section. The majority of the damage
very high contact force. energy was therefore absorbed by cracking along the
The global deformation was responsible for absorbskin/web joins throughout the section, though there was
ing the impact energy and therefore the damage, ratheto particular pattern to report, strengthening the argu-
than originating and growing from under the impactor mentthat this form of damage was material/lay-up qual-
as previously, was initiated at remote sites as reporteity dominated. Due to the higher deflections recorded
by Cheung [9]. The web/skin sections act as shear boxake cracking and creasing along the joins was more
and therefore the web/skin joins were particularly suswidespread than for the three-box sections. The peak
ceptible to damage. In addition to the geometry makingorces generated in the shorter specimens (the three-
these joins areas of stress concentration, the tight radiiox section) were, for each impact site, higher than for
resulted in poor material and/or lay-up quality. Oftenthe longer specimens in the same location, due to the
resin rich or poorly wetted out fibres were found in theselonger specimens being less stiff. The deflections at a
areas. Due to being both areas of high stress and oftagiven impact energy were therefore that much greater
poor material quality, it was along these joins where thefor the five-box section, which resulted in the impacts
second form of visible damage occurred-matrix crack-at all three locations causing more remote damage than
ing (Fig. 18) and/or fibre whitening. At 50 J each sectionfor the three-box sections.
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Figure 18 Photograph of matrix crack along skin/web join for a web impact from the three-box section.

4. Conclusions poor material/lay-up quality. In the latter case the
o When impacted between the webs, the impact re- damage sites were unpredictable and far reaching,
sponse could be defined by superimposing a local ~ which has grave implications for residual strength
deflection directly under the impactor on top of a of the whole structure and makes post-impact re-

global deflection of the whole section. Due to the pair virtually impossible.

local deflection, damage was only initiated directly e The box sections introduced shear forces due to the
under the impactor. The central impacts from the  double skin/webs design, with the span-to-depth

three-box section exhibited damage which couldbe  ratio dictating the shear force levels, and therefore

related to the response of the simple couponiests the modes of damage induced under impact loads.
because there was no local complex geometry.

e Animportanttransition inimpactresponse was ob- Overall, this experimental impact test programme
served when the impact site was varied from be-has provided a great deal of information regarding the
tween webs (simple geometry) to impacts over ofimpact response of the complex geometry structure of a
near a web (complex geometry). As the impact sitetypical double-skin/web pultrusion. The damage anal-
neared the web the response changed from localses have the danger of remote, extensive and unpre-
damage initiation, to a response dominated by resdictable damage resulting from impacts in the vicinity
mote damage at locations of stress concentration asf the webs.
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