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1. Introduction

Delamination type failures are often observed in carbon-epoxy composites, where catastrophic failure is
generally preceded by constituent level damage accumulation. Out-of-plane loading such as internal
pressure in a composite fuselage or out-of-plane deformations in compression-loaded post-buckled panel
may lead to debonding of the frame or stiffener from the panel. Therefore, much research has been
conducted on delamination initiation and propagation in composite structures. Extensive research on post-
buckling delamination of stiffened composite panels has been performed at California Institute of
Technology, USA, in the 80ties. S. Natsiavas et al. carried out a numerical and experimental study on a
stiffened composite panel subjected to in-plane compression to the collapse level [1]. The experimental
part of the investigation has been performed on a specimen provided by NASA Langley with dimensions
of 177.8 mm by 152.4 mm and total thickness of 2.24 mm. The stiffener had half of the thickness of the
panel and was located at a side of the specimen. A displacement controlled uniaxial compression loading
was applied to the panel, and in-plane and out-of-plane displacements at selected locations were
monitored. The load-displacement response was recorded until the specimen failed in the post-buckling
region. MSC/NASTRAN computer code was used for the numerical analysis. The structure was modelled
using CQUAD4 plate elements. The experimentally tested specimen failed due to delamination near the
longitudinal supports providing simply supported boundary conditions rather than the panel/stiffener
separation. A significant discrepancy between the experimental and numerical results was observed.
However, both experimental and numerical results show that the stiffened panel can exhibit a significant
post-buckling strength. From the experimental data, the failure load was about three times higher than the
buckling load.

K.-F. Nilsson et al. preformed a numerical and experimental investigation of delamination buckling and
growth in slender composite panels loaded in compression [2]. The investigated panels consisted of 35
plies of cross-ply lay-up with artificially embedded delamination at different depths. The tests consistently
showed that delaminated panels failed by delamination growth slightly below the global buckling load of
undamaged panel, while the undamaged panels failed in compression at global buckling. Features seen in
the tests were also captured in the computational analysis, and excellent agreement with tests was found
for loads at which delaminated members buckle, the load for onset of delamination growth and the
evolution of delamination.

A new model for the prediction of delamination growth and post-buckling behaviour of composite plates
with embedded delamination has been developed by P. Gaudenzi et al. at Universita di Roma La Sapienza
[3]. The incremental continuation method has been modified for the analysis of the non-linear behaviour
of damaged composites. Modified virtual crack closure technique and a general formulation of the
continuation method is used for evaluation of the delamination growth. The comparison of the numerical
results to the available experimental data shows the effectiveness of the proposed method.



More recently, A. Tafreshi from the University of Manchester has performed a series of finite element
analyses on the delaminated composite cylindrical shells subjected to combined axial compression and
externals pressure [4, 5]. The interactive buckling curves and post-buckling response of the shells has been
obtained, and in the analysis of post-buckling delaminations, the virtual crack closure technique has been
used to find the distribution of the strain energy release rate along the delamination front. The results
show, that under pure bending, laminated cylindrical shells are more sensitive to the presence of
delamination, than they are under pure axial compression.

The present investigation deals with evaluation of the buckling performance of two stiffened CFRP
panels, one with and the other without delaminations. One of the two torsion box face panels has been
damaged during torsion/buckling testing at POLIMI, Milan [6] and has been sent to RTU for ultrasonic
inspections of hidden delamination. Additionally, buckling tests of damaged and non-damaged panels
have been carried out. Quantitative comparison in terms of first buckling load and maximum load in post-
buckling region are performed to assess the amount of damage, which is acceptable within the safe
exploitation range of panel load carrying capacity. The obtained results can be used as guidelines for safe
structural design of stiffened composite structures, tolerant to damage that can occur due to impacts,
overload or some other unexpected circumstances.

2. Test specimens

The whole COCOMAT BOX A [7, 8] consisting of two face panels incorporating 5 ribs each, connected
by the flat side panels, was disassembled at POLIMI, Milan and delivered to RTU. COCOMAT BOX 6A
and 6B panels manufactured by IAI and tested under torsion loading at TECHNION/POLIMI were
provided to RTU for the non-destructive ultrasonic inspection to detect the hidden delamination damage
caused by torsion testing, see Fig. 1.
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Fig. 1
COCOMAT torsion box consisting of two face stiffened panels, connected by two flat side panels.

3. Ultrasonic inspections
An experimental set-up presented in Fig. 2 is used in this study and consists of a computer-controlled

ultrasonic flaw detector USPC 3010 Industrial, an immersion probe of 10 MHz, a glass water tank, and a
stepper motor-controlled XYZ-manipulator. An industrial PC with Hillgus software provides manipulation



and settings of the ultrasonic flaw detector, data storage and imaging of test results for A-, B-, C-, and D-
scans.

Fig. 2
USPC 3010 ultrasonic inspection equipment.

Scanning head holder with manually adjustable head angle, as seen in Fig. 3, was constructed and
manufactured for this task. The original one was capable of holding head in vertical direction and
scanning flat surfaces only. The new head holder allows scanning curved panels as well because of the
adjustable head that keeps the angle perpendicular to the scanning surface. The manufactured scanning
head holder allows head working angles from -10° to +90° from its original vertical position.

A

Fig. 3
Ultrasonic scanning head holder with head rotation capabilities.

The front of the panel has been scanned and the response graphs of backwall, defect depth and flaw echo
are presented in Fig. 4 to Fig. 6. The scanned area of the panel has been trimmed by 5 mm so the
ultrasonic probe does not hit the sidewalls of the panel.



Fig. 4

Fig. 5
Ultrasonic flow echo response of the COCOMAT 6A panel



According to the acquired ultrasonic responses (Fig. 4 to Fig. 6), explicit skin-stiffener delamination has
occurred. Visual inspection approved that the second stiffener has detached from the skin of the panel.
Detailed pictures of the delaminated area between the skin and stiffeners are shown in Fig. 7.
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Fig. 6
Ultrasonic flaw depth response of the COCOMAT 6A panel

The other delamination areas discovered by ultrasonic inspection were undetectable by visual
observations. Moreover, comparison of the COCOMAT 6A and 6B panel ultrasonic inspection test results
shows that the panel 6B has been subjected to lower load level than the panel 6A and therefore avoided
the intensive delamination growth before the collapse of the structure and has no significant damage.

4. Buckling experiments

After the ultrasonic inspections of the panels and detection of the hidden delaminations, the panels were
assembled for buckling tests. Testing was carried out on INSTRON 8802 servo-hydraulic testing machine,
with maximum load capacity of 250 kN. For the verification of testing procedure both clamped and simply
supported loading conditions have been used. In particular, hinge type sphere with radius of 300mm is
used to investigate the buckling/post-buckling behaviour change due to different boundary conditions.
Both hinged and clamped support tests indicated virtually the same load-shortening responses [1].
Buckling mode shapes, see Fig. 8, have been captured by camera through moiré¢ fringe and strain gauge
data has been acquired. Clamped support tests with evolving of buckling and post-buckling mode shapes
are presented in Fig. 9 and Fig. 10. Ultrasonic scanning was repeated after the buckling tests and the



results show that delamination does not propagate in the panel with large delamination zone, when loaded
up to 200% of the skin buckling load.
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Fig. 7
Delamination presence between the skin and stiffeners COCOMAT 6A
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Fig. 8
Deformed shape of non-damaged (a) and damaged (b) panels at 115 kN load

As seen in Fig. 8, the panel without damage (a) has more regular buckling mode shape pattern than the
one with stiffener delaminations (b). This indicates that the load distributes less uniformly across the panel
width in the damaged specimen, thus resulting in stress concentrations, which can lead to further
delamination growth or material failure. Stress misbalance can considerably decrease the load carrying
capacity of the panel, especially in the post-buckling region.

4.1 Data acquisition

Strain gauge data has been acquired using HBM MGCplus data acquisition equipment employing multi-
channel amplifier designed for capturing data from single, half bridge or full bridge strain gauge setups.
Back to back single strain gauge technique was used for detection of buckling initiation. Several strain
gauges on the one side of the panel are compared against corresponding strain gauges on the other side of
the panel. Pre-buckling phase is clearly identifiable as constantly growing parallel strain slopes, where
strains on the both shell sides are equal and only axial compression is observed. At the buckling point,
bending of the shell wall is indicated by the change of the strain direction or even sign. Bending of the
shell unloads the strain gauge on the tensioned side and adds more strain on the compressed side. During
the post-buckling phase strains can suddenly change their signs, this indicates the mode shape change or
mode shape movement along the surface of the panel. Load-shortening curves for both damaged and non-
damaged panels are presented in Fig. 11.

Strain gauge readings have been taken at the lower edge of the damaged panel between the stiffeners on
both sides of the skin and in the middle sections of the non-damaged panel. Strain gauge readings for both
panels are presented in Fig. 12 and Fig. 13.



Fig. 9
Evolvement of buckling and postbuckling mode shapes for damaged panel



Fig. 10
Evolvement of buckling and postbuckling mode shapes for non-damaged panel
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Fig. 11
Load vs. Shortening comparison for damaged and non-damaged panels.
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Fig. 12

Strain gauge measurements in RTU tests of damaged panel
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Fig. 13

Strain gauge measurements in RTU tests of COCOMAT 5 (BOXA) non-damaged panel

Comparison of the panel performance at the 114.5 kN maximum load in post-buckling region and the skin
buckling loads is presented in Table 1. Approximately 16 % of the overall stiffener flange area of the
damaged panel had delaminated, as detected by ultrasonic inspections, resulting in decrease of skin
buckling load and post-buckling stiffness. At the maximum load applied to the specimens, the damaged
panel had shortened 20 % more than the undamaged panel. This is the result of the 35% decrease in the
post-buckling stiftness and 35% decrease in the skin buckling load.

Despite the decrease in the stiffness characteristics of the structure for the damaged specimen, the
buckling occurs at almost identical strain level for both panels, which stays the same through the whole
loading range. At the maximum load, the strains recorded by the strain gauges are 6% lower in the
damaged panel than they are in the undamaged one. This can be partly explained by different locations of
the strain gauges on the specimens, as explained in the chapter 4.1.



Table 1
Comparison in buckling performance of the undamaged and the damaged panel

Case Undamaged Damaged
Load, kN Shortening, Strains, Load, kN Shortening, Strains,
mm pm/m mm pm/m
Maximum 114.50 1.83 1950 114.50 2.19 1830
load
Skin
buckling 63.00 1.20 540 41.00 0.80 500
load

5. Conclusions

Two curved, stiffened carbon fibre composite panels have been inspected using non-destructive ultrasonic
scanning technique during this study; the amount and locations of the delaminations have been detected.
The panels have been loaded with 200% of the skin buckling load, their post-buckling behaviour has been
recorded.

The results of the present investigation show that stiffened composite structures can be successfully
exploited up to the buckling load as well as in the post-buckling region of up to 200% of the skin buckling
load, as in case of stiffened panels, which were experimentally tested during this study. Even the
previously damaged panel, having 16% of the stiffener flange area delaminated, carried twice the skin
buckling load of the undamaged structure, and no propagation of the delaminations has been observed
during the repeated ultrasonic inspection after the buckling test. However, both the skin buckling load and
the post-buckling stiffness of the damaged panel were 35% lower than the corresponding values of the
non-damaged panel.

Hereby, there are several limiting factors for exploitation of the composite structures in the post-buckling
region and defining a “safe” amount of structural degradation. One of them is deformations of the
structure and deformation tolerance of the co-joined structures, e.g. other structures, fittings,
communications etc., which should be able to withstand the post-buckling deformations. Otherwise,
excess deformations of the buckled structure will destroy co-joined structures far before the collapse.
Hereby, the range of acceptable damage should be regarded as problem not only for the panel itself but
also for co-joined structures, if present. For this reason more detailed numerical analysis with
experimental validation should be carried out for development of the design procedures and prediction of
the safe exploitation range.
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Ozolins 0., Dzelzitis K., Eglitis E. Eksperimentals novertejums bojajumu ietekmei uz ribotu oglekla Skiedras
kompozito panelu noturibu

Oglekla Skiedras kompozitos biezi tiek noveroti atslanosanas bojajumi, kuri pakapeniski akumuléjas pilnigam
konstrukcijas sabrukumam. Deformacijas, ko rada spiediens uz kompozito fizelazas virsmu vai noturibas zudums,
var novest pie atslanosanas starp paneli un ribam. No otras puses, daudzi pétijumi ir pieradijusi ribotu kompozitu
konstrukciju spéju nest slodzi ari péc noturibas zuduma, tacu projektésanas vadlinijas So spéju izmantot neparedz.
Eksperimentali bojajumu ietekmes uz ribotas caulas veiktspéju pécnoturibas apgabald pétijumi ir nepieciesami
Jaunu projektésanas vadliniju izstradei, kas pielautu drosu kompozito konstrukciju pécnoturibas izmantoSanu. ST
pétijuma rezultati parada, ka pat bojats ribots oglekja Skiedras kompozita panelis ir spéjigs uzpemt slodzi, kas ir
divas reizes lielaka par kritisko bez talakas bojajumu izplatisanas. Tas var tikt izmantots par pamatu turpmakiem,
padzilinatiem skaitliskiem un eksperimentaliem pétijumiem Saja jomd ar noliku uzlabot ribotu kompozito
konstrukciju projektesanas vadlinijas.

Ozolin§ 0., Dzelzitis K., Eglitis E. Experimental evaluation of damage influence on buckling performance of
stiffened CFRP shells

Delamination type failures are often observed in carbon-epoxy composites, where catastrophic failure is generally
preceded by constituent level damage accumulation. Out-of-plane loading such as internal pressure in a composite
fuselage or out-of-plane deformations in compression-loaded post-buckled panel may lead to debonding of the frame
or stiffener from the panel. On other hand, numerous investigations show the ability of stiffened composite structures
to work in the post-buckling region, which is considered unsafe in the conventional design procedures. Experimental
evaluation of damage influence on post-buckling performance of stiffened shells is essential for development of safe
design guidelines that would allow exploitation of these structures in the post-buckling region. The results of this
investigation show that a damaged stiffened composite shell can be loaded up to 200% of skin buckling load without
any propagation of delaminations. This can serve as the base for more extended studies on the subject, including
numerical modelling and improvement of the existing design guidelines.

Ozonunvw 0., /[enzsumuc K., Denumuc 3. DkcnepumenmanvHoe onpeoeiieHue 6IUAHUA NOBPEHCOCHHUI
pedpucmoii 060104Ku U3 y2ieniacmuKka Ha ROMeEPI YCMOYUEOCU.

Paccnoenue yeneniacmuxogvix KomMno3umog — 0OuH u3 Haubojee 6cmpeuaemvix U008 NOBPENCOEHHUL, KOMOopble
803HUKAIOM & clle0cmeue Hakonienus deghpexkmos. Ilonepeunvle depopmayuu om 6HympeHHe20 0d61eHUs Ul nomeps
ycmouyusocmu noo Oelicmeuem cxcumalowel. Hazpy3Ku Mo2ym HNpusecmu K paspyuleHuio cOeouHeHus mexncoy
KAPKAcoM uau peOpom JHCeCmKOCMU ¢ NAHenrw KOMnosumuozo ¢iwosenasnca. C Opyeoil cmopoHbl, MHO2UE
uccne008antus NOKA3bIBAIOM CNOCOOHOCMb PeOPUCMbIX KOMNO3UMHBIX 000J0YeK pabomamv 6 3aKpumuieckou
obnacmu. DKCnepuMeHmAanbHas OYeHKA GIUAHUS NOBPENCOCHHUN HA NOMEPI0 YCMOUYUBOCMU U 3AKPUMUYECKOe
nosedeHHUe YRPOUHEHHOU 000N0UKY HeobX0o0uma OJisl CO30aHHUSL PYKOBOOCMEA NO NPOEKMUPOBAHHUIO KOHCIMPYKYULL
CnocobHbIX 6e30nacHo pabomams 8 3aKpumuueckou obnacmu. Pesynomamul oanubix ucciedosanuti nokazvleaon,
umo pebpucmoie KOMIOZUMHbIE KOHCIMPYKYULU Oadice NPU HATUYUU NOBPEHCOeHHUL CHOCOOHbI 8bIHOCUMb HAZPY3KU 8
pazmepe 200% om kpumuueckoil 6e3 oanvHeliuel despadayuu. Imo MoAIcCem CIYHCUMb OCHOBOU Oisl OanbHeliue2o
U3YUeHUs BONpOCAd, GKIIOYAS YUCIEHHOe MOOeIUPOBAHHUE, C Yelbl0 YCOBEPUEHCMBOBAHUS CYUWEeCMEYIOUUX
PYKOBOOCME 1O NPOEKMUPOBAHHUIO.



