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Abstract

The fatigue life of composite stiffened panels witdentation damage was investigated experimentally
using single stringer compression specimens. ladient damage was induced on one of the two flanges
of each stringer. The experiments were conductid) @slvanced instrumentation, including digital gea
correlation, passive thermography, and in-situastinic scanning. Specimens with initial indentation
damage lengths of 32 mm to 56 mm were tested guastally and in fatigue, and the effects of aycli
load amplitude and damage size were studied. A smeaicomparison of the damage propagation rates
and collapse loads based on a stress intensityureeasd the Paris law is proposed.

1. Introduction

Composite structures can sustain a high degreefofrdation during impact without developing visible
cracks, even though the internal substructurensagged. Thus, the traditional reliance on visuabcknn

to find damage, which worked well for metal skihattdent easily, is inadequate for composite amés
Therefore, the design and certification of a contpaairframe must rely upon a thorough understamndin
of the strength and life reductions caused by pafisible impact damage (BVID).

The single stringer compression (SSC) specimendeasloped by the authors to study the response and
the failure of a multi-stringer panel loaded in quassion [1, 2]. The SSC specimen represents an
intermediate level of complexity between couporelegpecimens and structural components while
exhibiting most of the response characteristicenofe complex multi-stringer panels. The experimenta
and numerical advantages of the SSC specimen aréoth manufacturing and testing costs and the
moderate computational model size requirementpecgely.

The SSC specimen is composed of a skin and a hpedtstringer that divides the specimen into twb ha
bays; the dimensions are shown in Fig. 1. The skimsists of an 8-ply quasi-isotropic laminate wath

stacking sequence of [45°/90°/-45°/0°]S and a tttedkness of 1 mm. The stringer consists of ay7-pl
laminate with a symmetric stacking sequence of5°@r/45°/0°/45°/0°/-45°], which results in a total
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thickness of 0.875 mm. The skin and stringer arewed in an autoclave and the material is IM7/8552
prepreg tape.

The test results presented in this paper repregentfourth phase of experimental and analytical
investigations to evaluate the effect of defectshendamage tolerance and fatigue life of SSC spats
[2-5]. The first phase of this testing effort, whieas conducted in 2009, provided an initial intdaaof

the effect of defect size on the collapse load$S®€ specimens. These test results were also used to
validate a shell-based progressive damage fintmeht model. The second test campaign was performed
in 2011 with additional instrumentation that inahaddetailed ultrasonic testing (UT) of the specisas

well as the use of digital image correlation to mga the postbuckling deformations during the test.
Fatigue tests were first conducted during the tist phase, which was conducted in 2013, and the
instrumentation was expanded to include passivenbgraphy and in-situ UT. The specimens in phases |
and Il were fabricated at the Politecnico di Milanawo different batches. The specimens for phdises
and IV were made in one batch by a well-known ggos manufacturer of composite structures.

Indentation damage

Figure1. Nominal dimensions of the SSC specimen (in mm).

In contrast with the previous test campaigns, whinitial bond defects were introduced by placing a
Teflon film between the skin and one of the strinfanges, the initial damage in the present test
campaign (fourth test phase) was induced to theslplay quasi-static indentation. One specimen was
subjected to quasi-static loads until collapse, il specimens were subjected to cyclic loadinge T
collapse loads of all the specimens tested in ghiakeough 1V are compared in this paper.

2. Indentation Damage

In the present study, damage similar to BVID watuged on the skin side of the panel by quasi-static
indentation. The advantages of indentation comptredhpact include the simplicity of applicatioesk
dependence on boundary conditions, better contibtiaand repeatability of the imparted damaged an
the ability to re-indent at the same location toréase the extent of damage. A hydraulic indenttdr av
12.7 mm hemispherical indenter was used.

Five specimens, referred-to as SSCS-1 to -5, vested. The specimens were indented on the skiraside
the mid-span of the specimen, as illustrated in Eigpecimens SSCS-1 and SSCS-5 were indented unde
the flange termination (edge indent), and the theesaining specimens were indented at the centreof
flange. Previous experience using Teflon films @k initiators [1] indicate that when using redalar
40-mm-long Teflon inserts, a cyclic load of approaiely 80% of the collapse load results in fatijues

of a few tens of thousands of cycles. With 20-mrfidreinserts, the cyclic load required for any daié
damage propagation was found to be too close todl@pse load. Therefore, to avoid fatigue rusart
unintended collapses, a target indentation damageo§approximately 40 mm was selected.
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UT images of the induced indentation damage foffitleespecimens are shown in Fig. 2 with dimensions
in mm. The 31-mm damage size initially obtained $pecimen SSCS-3 was considered too small for
fatigue testing, so it was subsequently re-indenthmbn re-indentation, the damage size extendésb to
mm.

3. Testing Equipment and Instrumentation

Five SSC specimens with indentation damage weteded the NASA Langley Research Center to study
the evolution of damage under quasi-static andicycbmpression loads. A quasi-static test was
performed on one of the specimens, and the otherdpecimens were tested in fatigue by cycling into
postbuckling at 2 Hz. The tests were conducted uadetrolled conditions using a uniaxial test frame
and with instrumentation that allowed a precisdwatéon of the postbuckling response and damage. Th
test frame and the instrumentation used duringebes is shown in Fig. 3. The primary instrumenptati
for these tests consisted of cameras for digitagencorrelation, an infrared camera for the passive
thermal monitoring, and an in-situ UT scanner. Thack-to-back pairs of strain gauges placed on
opposite faces of the skin one inch from the uppading potting were used to align the upper platen
the start of the test.

Edge indentation Center indentation

Web/flange corner

S8CS-1 S8Cs-2
32
: Damage to
S8CS-5 SSCS-3 ., web/flange
! corner
Re-indent
31 —» 56 .
SS8CS-4
37

Figure 2. UT images of damage induced in specimens SSCSELhyp indenting either at the edge or at
the center of the stringer flange.

Digital image correlation was used extensively. cHpmlly, two 3-dimensional digital image corratat
(VIC-3D) systems [6] were used to monitor the fotioa and evolution of the postbuckling deformations
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and to measure the full-field displacements andirgdron the skin and on the stringer sides of the
specimen.

Passive thermal monitoring was conducted in read tiluring the fatigue tests using an infrared camer
Inspection by passive thermography is accomplistigitbut the application of external heat. Instethe,
rubbing of matrix cracks and delaminations induoeating that is detectable by the infrared caniEne.
technique is particularly useful in fatigue becaitsgan track the position of a delamination froniring
fatigue cycling without stopping the test. The liwdormation from the thermography was used to
determine when to stop the fatigue tests at sewstages of the damage evolution to allow detailed
measurements using a non-immersion in-situ UT saff). The UT probe and the UT translation stage
were mounted on the load frame and a UT inspeciaitd be performed without removing the specimen
from the load frame.

!nfrared camera SSCS
(passive thermal monitoring) _
In-situ UT scanner

= s
s <o = Rear VIC-3D

Front VIC-3D

.: \ ¥ r :."‘l" y >
b ﬁ a” I\*h

“.m:lfm

Figure 3. Test frame and instrumentation used to monitorélsponse and damage propagation.

4. Fatigue Tests

Four SSC specimens were tested in fatigue. Théigedatests were conducted in stages so that Uissca
of the indented area of the panel could be perfdrateregular intervals. Digital image correlatioasv
used during cyclic loading to monitor the formatiand evolution of the postbuckling deformations.
Passive thermography and UT were used to trackubkition of damage.

The fatigue test was conducted in stages so thabfUfie indented area of the panel could be peddrm

at regular intervals. To illustrate the typical pagation of damage, a sequence of images for SSCS-4
obtained by the UT measurements immediately afideritation and at 1200, 36000, and 7®00 cycles

are shown in Fig. 4. The images show an extendioheoinitial skin-stringer separation along thadt

of the specimen. Collapse of the specimen occwtegcle 78L35, shortly after the last image was taken.
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initial damage 12,000 cycles 36,000 cycles 78,000 cycles

Figure4. UT images showing the extent of the damage fotispEn SSCS-4 at different cycle counts.

A study was conducted to examine the morphologghefinitial indentation damage and to characterize
the propagation of the damage under cyclic loadirtge scan shown in Fig. 4 for 880 cycles was
processed and colorized according to “time of fligh characterize the location through the degtthe
various delaminations [7]. The resulting imagessdrawn in Fig. 5, where five cross sections ofgkia
and stringer flange are examined. The results @&dithat the largest delamination occurs at the-485
interface between the skin and the stringer. Osinggiller delaminations are present in the skin lag¢rot
interfaces closer to the indented surface. It wasd that only two delaminations propagate duriygjic
loading and that both delaminations propagate hagetne interface is at the skin/stringer intezfaand
the other one is one-ply deep into the stringergita at the -45/0 interface.
Skin
] | &

7 LN
z Flange
&

Web

Indenter

Skin: [45°/90°/-45°/0°],

mgo OW>

Figure5. UT images using “time-of-flight” for location ofeghth of delaminations.
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5. Comparison of Fatigue Damage Propagation

The results of the present test campaign are suiredan Table 1. The specimens are grouped acaprdin
to the location of the indentation: specimens S3G®d -5 were indented at the edge of the flangeewh
specimens SSCS-2, -3, and -4 were indented atetitercof the flange. The initial damage length dred
length of the damage at different intervals arenshdGpecimens SSCS-2 and SSCS-3 were loaded quasi-
statically to failure. All of the damage lengthsreveneasured from the UT, except for the last valube
fatigue tests (shown in italic), which was estindaltg using the average measured rate of propagatson
described at the end of this section.

One difficulty in performing an exploratory study fatigue such as this one is that the cyclic loads
required for a practical rate of damage propagasamknown. In the present test campaign, an iceal

of fatigue damage propagation would result in dapske of the specimen in 000 to 1000 cycles.
However, when considering different damage sizelsadher variations between specimens, the ranges of
loads that cause collapse and those that causddaigwe damage propagation can overlap. Therefiore,
several instances, the rate of damage propagatasndeemed to be too low and the cyclic load was
progressively increased. In the case of specime®SSF the initial cyclic load was too large and the
specimen collapsed during the first loading cy€ensequently, it becomes difficult to compare the r

of fatigue damage propagation for specimens witferdint damage sizes, different loads, and possibly
different damage morphologies and structural respanTo enable some means of comparison, thefrate o
propagation was assumed to depend on a stressitgtereasure, according to the Paris Law:

3_13 =c(k)" =clova)" (1)

whereois assumed to be the cyclic load applied to threepa is the length of the damage size, &his
the number of cycles. The consta@Gtandm are determined empirically by curve-fitting thepeximental
results. One set of these constants is assumedi@arindentation, and another for center indemtatio

Table 1. Summary of quasi-static and fatigue test results.

nge: 6x10° (kN, mm) Mdge= 15 Center= 7107 (KN, mm)  ndenter= 9
SSCS-1 (Edge) SSCS-5 (Edge) SSCS4 (Center) SSCS-3 (Center)
Cycles a L oad Cycles a L oad Cycles a L oad Cycles a L oad
X1000 mm kN X 1000 mm kN X 1000 mm kN X1000 mm kN
initial 45.0 initial 48.5 initial 36.8 initla  56.1 27.4
12 450 298 12 57.2 321 12 36.8 229 K= 205
24 457 311 20 59.2 3214 18 2415
36 46.7 311 30 62.0 32.5 24 258 SSCS-2 (Center)
48 475 311 33.623 646 325 30 27.1 Cycles a L oad
60 48.0 311 K= 261 36 399 285 X1000 mm kN
72 493 311 54 46.0 285
84 498 311 60 475 29.8 initial 323 345
96 51.6 311 72 48.0 29.8 K= 196
108 53.8 325 78 57.7 311
117506 583 33.8 78.135 579 31.1

K= 258 K= 237
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The results of the fatigue damage propagationliastrated in Fig. 6, where the experimental resale
represented by the symbols and the lines corresgmotice damage lengths calculated with the Pawis la
Two sets of parameters C and m were determinediwe ditting: one for edge indentation and a difer

one for center indentation. The values used areishho Table 1. As can be observed in Fig. 6, alsisgt

of Paris law parameters provides a good fit to lmécimens with edge indentation (SSCS-1 and SSCS-
5). This indicates that similar propagation lawareltterize the damage growth in both specimengiia s

of the differences in initial damage size and eytdiad. It is also apparent that the rate of prapiag for
center indentation (SSCS-4) is significantly highlean for edge indentation, perhaps because center
indentation causes more damage towards the highlyeld web/flange corner than center indentation, as
was discussed in Section Il. Specimens SSCS-2 8Q$S3 were tested quasi-statically.

6. Comparison of Collapse L oads

For any damage size, there is a critical load thatses a collapse of the SSC specimens. It islusefu
examine the effect of defect size on the collased.| The experimental results of the present test
campaign are combined with the results of threeipus test campaigns in Fig. 7. The tests in phases
and Il were exclusively quasi-static, while subsagunes comprised mixes of quasi-static and fatigu
tests. The damage size considered in phases |lamwhdists of the length of Teflon film (if presgnt
placed between skin and stringer. In the casetijuia tests, the defect size consists of an estimithe
damage at the moment of the collapse obtained byng@dan incremental extension calculated with the
Paris Law to the last measured damage length.

80 -
70 1 $5CS-5

60 55CS-4 SSCS-1
50
40 4

30 -

Damage length, mm

e Test

20 1 — Paris Law fit

10 ~

0

0 20 40 60 80 100 120
Cycles, 102

Figure 6. Damage length as a function of loading cyclesfimcimens SSCS-1, -4, and -5.
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% 30 1 h —
1]
:0 “““““ o K=260
O 20 A )
______________ k=180
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0 1 1 1 1 1
0 20 40 60 80 100

Defect size, mm

Figure 7. Effect of defect size on collapse load of SSC speus.

Following the concept used in the previous sectibmay be useful to compare the results of diffiere

tests according to the stress intensity measure+/a. Using Fig. 7, it can be observed that the edge
indent specimens collapsed at approximately 260 kNxmm”>. The center indent specimens failed at
196 < K < 237 kNx mm”®. Other specimens failed at lower values Kgf which is not surprising
considering, for instance, the effect of the posking mode on the collapse load [4, 5, 8]. In jarar,
one specimen from phase Il with a 20-mm Tefloreibgailed atk = 130 kNkmm’>, apparently due to a
sudden snap-through mode change of the flangeeall éfion insert. Nevertheless, a classification of
specimens according to their stress intensity megswvides a useful means to assess differenttsspe
the response on the damage tolerance of stiffenactsres with defects.

7. Summary

A series of static and fatigue tests were perforroadsingle stringer compression specimens. Five
specimens were manufactured with a co-cured hiagstr, and an initial defect was introduced at the
specimen mid-length of the stringer flange by ind8an. One of the specimens was tested under-quasi
static compressive loading, while the remainingr fepecimens were tested by cycling in postbuckling.
The tests were conducted under controlled conditeomd the specimens were monitored throughout the
loading with multiple in-situ non-destructive evalfion (NDE) methods to obtain detailed informatam
deformation response characteristics and damagdet@ero Three-dimensional digital image correlation
was used to obtain full-field displacement measems) and in-situ passive thermography and UT were
used to track damage evolution.

Using passive thermography with an infrared camiémsas possible to monitor the growth of the it
delamination damage while the specimens were beyujed. The real-time information from the
thermography was used to determine stopping pelotyy the fatigue tests to ensure that criticajesteof
the damage evolution were then recorded with UTisca

To enable a comparison between different testspeedure was proposed based on the concept of stres
intensity measure, which is the product of the igopload and the square root of the damage size. Th
stress intensity measure provides the means to a@ntpe collapse loads of specimens with different
damage types and damage sizes. In addition, thessintensity measure was applied in a Paris law to
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compare the damage propagation rates in specinaaed with different cyclic loads. The empirical
measures applied are not intended for use as pimdtools for damage tolerance and fatigue lifeduse
they do not account for a number of factors suchhaslocation of the damage, the postbuckling
deformation, or the shape of the damage. Howelierapproach does enable a comparison of different
tests and the potential identification of effediattinfluence the fatigue lives and damage tolerawfc
postbuckled structures with defects.
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