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Effects of Longitudinal and Hoop Stiffeners on Damage
Propagation in Pressurized Composite Cylinders
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An experimental study was conducted on the combined effects of longitudinal and hoop stiffening bands on

the damage propagation in pressurized composite cylindrical shells. Damage was simulated as through-thickness
longitudinal slits. Two different stiffener con® gurations were studied: 1) alternating continuous and broken hoop

and longitudinal stiffeners (type A) and 2) continuous longitudinal and hoop fabric stiffeners (type B). In all but
one cylinder, damage turned 90 deg near the edge of the hoop stiffening bands. In cases in which damage turned,

it continued its propagation in the hoop direction, breaking the ® rst set of longitudinal reinforcement layers,
inducing secondary damage modes (such as stiffener debonding and delamination) along the way, and generally

being arrested at the second set of longitudinal stiffeners. Damage redirection by the ® rst set of longitudinal
stiffeners was seen in one cylinder that had signi® cant reinforcement in the longitudinaldirection. The longitudinal

stiffeners are, therefore, not as effective as the hoop stiffeners in inducing damage redirection in the laboratory-
scaled specimens tested. The difference in the stiffener curvature and the presence of signi® cant bending due to the

¯ apping phenomenon caused by internal pressure during rupture contribute to this observed phenomenon. Since
failure pressure of a laboratory-scaled specimen can be one order of magnitude higher than that of a full-scale

structure, different damage propagation and arrest are expected in a full-scale structure.

Introduction

S TRUCTURAL integrity is one of the important considerations
in the design of an aircraft fuselage. The concept of damage

tolerance, de® ned as the ability of a structure/material to perform
given a particular requirement with damage present, provides some
guidelines to ensure structural integrity in design. This design phi-
losophy was adopted in the mid-1970s by the U.S. Air Force.1 In
the damage tolerant design philosophy, the existence of ¯ aws due
to manufacturing and in-service conditions is acknowledged.Such
damage can then grow under loading. When damage reaches a crit-
ical size, the structure loses its structural integrity, which leads to
catastrophicfailure. The aim of damage tolerant design is to prevent
this from occurring.

Related to the damage tolerant philosophyis the concept of dam-
age arrest. This is de® ned as the ability of a structure or material
to arrest a propagating damage before such damage causes catas-
trophic failure. Damage arrest can be accomplished by a variety of
schemes.One such scheme is to attach stiffeningstructuralelements
such as tear straps to the main structure. Tear straps or stiffening
bands modify the local stress and strain ® elds in the stiffened re-
gion, constrain further opening of the crack boundary, and reduce
the stress intensityat the crack tip. Much work in this area has been
done on metallic structures.2±5 With an increasing use of advanced
composites in aircraft design and a potential use of such materials
in primary aerospacestructuressuch as an aircraft fuselage,6 , 7 there
is a need to understand the mechanisms of damage propagationand
arrest in composite structures.

Some of the earlier work on damage arrest in composites done
in the mid-1970s (Refs. 8 and 9) considered the case of through-
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thickness damage. It is recognized that through-cracksdo not rep-
resent realistic damage states for composite structures in service.
However, a through-crack (a slit) is a well-de® ned damage state
and was used in such preliminarystudies to determine the operative
mechanisms in damage arrest. In this early work, two different ar-
rest schemes were proposed: 1) the use of buffer strips and 2) the
use of stiffening strips.

Buffer strips are layers of different material(s), usually of lower
stiffness but higher toughness than the base material. These strips
are placed at certain locations to replace the base material. This
arrest scheme was explored experimentally in Refs. 8 and 9, and it
was observed that arrest was dependentupon the initial ¯ aw size as
arrest was not accomplished in panels with small initial ¯ aw size.
Signi® cant delaminationwas also observed in the failed specimens.
It was also found that the use of buffer strips in the base laminates
can reduce the strength of the structure signi® cantly. In summary,
arrest could not be achieved in all cases using this scheme.

Another way to try to arrest the propagating damage in compos-
ites is to use stiffening strips.10, 11 In this concept, the base material
is unaffected. The stiffening strips, which can be made of different
material(s), can be introduced on the top or bottom surface of the
base material or even interleavedwithin a laminate. This arrest con-
cept in composite structures is very similar to the use of crack arrest
members in metallic structures where crack arrestors or tear straps
are attached to the base structure.2 , 3

The current work builds on the results and understandingattained
in previous experimental work to achieve a better understandingof
the issues of damage arrest in composite structures, particularly
pressurizedcylinders, and the mechanisms associatedwith such. A
quick review of previous key results is therefore important.

Previous Key Results
In the previous experimental work on damage arrest in pressur-

ized compositecylinders,12±14 only the effectsof the hoop stiffening
bands on damage propagation were studied. The cylindrical speci-
mens investigated had a diameter of 305 mm (12 in.) and were 750
mm (30 in.) long. Two different types of graphite/epoxy materi-
als with the same brand of epoxy were investigated: a satin-weave
fabric material (AW370-5H/3501-6) and a unidirectional tape ma-
terial (AS4/3501-6). The stiffeners were cocured with the cylinders
and were constructed from one material only (the unidirectional
tape AS4/3501-6).The stiffeningbands were placed approximately
203 mm (8 in.) apart, so that their in¯ uence on the stress/strain ® elds
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Fig. 1 Geometry of circumferentially stiffened cylinder used in previ-
ous work13, 14: R = 152 mm, h = 1.4 mm, and s = 203 mm. Note: not to
scale.

Fig. 2 Typical fracture path for an unstiffened fabric cylinder.

near the slit tip was negligible (the so-called noninteracting case).
The stacking sequences studied were quasi-isotropic (0/45)s and
[90/0/§45]s and structurally anisotropic [§45/0]s and [§45/90]s
(parenthesesindicatefabricandbracketsindicateunidirectionalma-
terial). Note that the zero degree ® ber direction is in the hoop di-
rection of the cylinder. Typical cylinder geometry studied in these
previous works is shown in Fig. 1. Each stiffened cylinder was in-
ternally pressurized to failure using nitrogen gas.

The two types of materials studied exhibited different fracture
behavior.13 , 14 The fractureof fabric cylinderstended to be relatively
clean and so damage propagation could be easily traced from each
fractured specimen.The tape cylinders,on the other hand, fractured
into many different pieces, making it harder to identify the propa-
gation path. Therefore, the discussion of the cylinder fracture path
that follows is based mainly on the fabric cylinders. To present the
fracture paths with clarity, it is imagined that the cylinder is cut
along the longitudinal direction at an angular location exactly 180
deg from the slit and then rolled ¯ at. The slit is now located at the
center of the drawing (at the 0-deg angular location) as in Fig. 2.
All fracture paths in this paper are presented in this format.

For the unstiffened cylinders, damage initially propagates in the
longitudinal direction in a relatively self-similar way. It then bifur-
cates and branches into two distinct parts at approximately200 mm
from the endcaps as depicted in Fig. 2 (Refs. 12 and 13). This is
differentfrom what is observed in the stiffenedcases where damage
that initially propagates in the longitudinal direction can change its
propagation path to the hoop direction as it approaches the edge of
the stiffened regions given that enough stiffening is provided (see
Fig. 3). It was suggested that the stiffener effectivenessbe scaled by
the number of stiffener layers.14

The cylinder fracture behavior shown in Fig. 2 is very different
from what was observed experimentally in a stiffened composite
panel containinga slit.11 For the same stiffener con® guration (same
material and number of layers), stiffening layers had practically no
effectson the subsequentdamagepropagationin a ¯ at plate.Damage
practicallydid not recognizethe presenceof the stiffeningbandsand
continued its propagation perpendicular to the loading through the
stiffeners, inducing delamination and stiffener debonds.

Fig. 3 Typical fracture path for fabric cylinder stiffened in the hoop
direction in which enough degree of stiffening is provided.

For the same stackingsequenceand stiffenercon® guration,cylin-
der and ¯ at plate differ in two ways. One, the loading condition
is different as the cylinder is loaded by internal pressure whereas
the plate is loaded only in membrane tension. This leads to a phe-
nomenon in the cylinder known as bulging, which is de® ned as the
out-of-plane deformation of the crack region that is induced by a
combination of internal pressure and geometric coupling between
the membrane and bending actions in a shell structure. Bulging re-
sults in an intensi® cation of stress at the slit tip in a cracked shell.15

The second difference is stiffener curvature as the hoop stiffener in
a cylinder is curved while that in a plate is ¯ at. These two factors
contribute to the observed differences in the fracture paths of the
two structures. Because of these two effects (loading and stiffener
curvature), bending behaviors of the two structures are different as
the slit propagates and approaches the stiffeners.Although bending
can also exist in a stiffenedplate due to bending-stretchingcoupling
induced by the unsymmetric nature of the stiffened plate, consider-
ably more bending exists in a cylinder particularly due to pressure
loading and curvature effects. It was then postulated that bending
stiffness is one of the important factors in determining stiffener ef-
fectivenessto inducedamage redirection14 as an increasein bending
stiffness has a large effect on the stress and strain ® eld ahead of a
propagating damage.

Using such a physical insight, a nondimensionalcontainment ra-
tio was proposed14:

C = (2a/ R)(Ds/ Du ) (1)

where 2a is the slit size, R is the cylinder radius, and Ds and Du

are the bending stiffnesses of the stiffened and unstiffened regions,
respectively.The driving force for damage propagation is inversely
proportional to the initial slit size as a smaller slit results in a higher
pressure at which damage propagationoccurs. Because of this high
driving energy, arrest or turning is more dif® cult to achieve in cylin-
ders with small initial slits. As shown experimentally, stiffening
bands in composite plates (which are locally ¯ at) are not as effec-
tive as those in a cylinder (which are curved) in inducing damage
bifurcation.Thus, the radiusof curvatureis importantin determining
stiffener effectiveness.Furthermore, as discussed previously,bend-
ing stiffness plays an important role in damage redirection,and that
is quanti® ed via the ratio of the bending stiffnesses of the stiffened
and unstiffened regions. This containment parameter has been suc-
cessfully applied to rank stiffener effectivenessin some structurally
anisotropic cylinders.14

In summary, it has been shown experimentally that damage bi-
furcation in a composite cylinder can be induced by the reinforce-
ment in the hoop direction.For the case in which bifurcationoccurs,
damage continues its propagationin the hoop directionand cylinder
failureprocess continuesin that directionduring ® nal rupture.Com-
pletearrestof damagepropagationwas not accomplishedandhasnot
been explored further in the previous experimental investigations.
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Therefore, there is a need to experimentally explore the possibility
of complete arrest of damage in pressurized composite cylinders.

Objectives
Based on the identi® ed needs, the objectiveof the present investi-

gation is to experimentally investigate the in¯ uence of longitudinal
reinforcementsin the propagationof damagein pressurizedcompos-
ite cylinders. In particular, the combined effects of longitudinaland
hoop stiffeners on the nature of damage propagation are of interest
with the overallgoal of achievingcomplete arrest in such structures.
It is important to note that a cylindrical structure containing both
longitudinaland hoop stiffening bands actually resembles an actual
aircraft fuselage structurewhere tear straps are usually placedunder
the frames (hoopdirection)and longerons(longitudinaldirection).16

Approach
Five composite cylinders were manufactured from Hercules

AW370-5H/3501-6 fabric graphite/epoxy material in a (0/45)s

quasi-isotropic con® guration. There are two reasons why the ma-
terial system and quasi-isotropic con® guration were used in the
present study. First, the fracture paths of the cylinders constructed
using this material system in this lay-up con® guration were shown
previously to be relatively clear and traceable. Traceable fracture
paths are essential to study the possibility of damage arrest. The
second reason is that the current study was built upon the results of
a previousinvestigationin which the effectsof hoop stiffeningbands
on damage propagationwere explored for cylinders constructedus-
ing the same material system and stacking sequence.

All specimens were stiffened with the geometrical con® guration
shown in Fig. 4. The specimen geometry as depicted in Fig. 4 is
based on the geometry used in previous work.13 , 14 A total of four
longitudinalstiffenerswereplacedsymmetricallyin each cylinderat
90-deg circumferential intervals. The notches in all cylinders were
oriented in the longitudinal direction. Only one slit length, equal to
79 mm, was considered for all cases. There are several reasons for
this. First, it was intended not to have an excessively high failure
pressure (driving energy) during rupture, which would prevent the
® rst bifurcation (damage redirection) from taking place. Previous
work showed that bifurcation did occur for cylinders with a slit
length of 79 mm (Refs. 12 and 13). Second, it was intended that the
interactionbetween the stiffeningbandsand the stress ® elds near the
initial slit tips be minimal. The distance between the two stiffeners
was 203 mm; therefore longer initial slit sizes might violate this
criterion.Lastly, it was also intended to set the ® rst nondimensional
ratio in the proposed containment parameter14 (the ratio between
the slit size and the cylinder radius) constant for all cases studied
here so that the effects of bending stiffness could be isolated.

The two stiffener lay-up con® gurations considered are shown
in Fig. 5. The type A stiffener consists of alternating continuous
and broken stiffeners in the longitudinal and hoop directions. This
scheme was chosen to eliminate overlaps (additional material) at
the locations where the two types of stiffeners meet. For exam-
ple, the ® rst layer of the hoop band was continuous, but the ® rst
layer of the longitudinal band was discontinuous.The scheme was
then reversed in the subsequent layer (i.e., in the second layer,
the longitudinal band was continuous whereas the hoop band was
not). The type A stiffener was manufactured from the Hercules
AS4/3501-6 graphite/epoxy unidirectional tape material with the

Fig. 4 Geometry of a typical stiffened cylinder in the present investi-
gation: R = 152 mm, h = 1.4 mm, and 2a = 79 mm. Note: not to scale.

Table 1 Stiffener con® gurations

Con® guration Number of plies in Number of plies in the
Cylinder typea the hoop direction longitudinal direction

1 A 4 (0-deg tape) 8 (0-deg tape)
2 B 2 (0-deg fabric) 2 (0-deg fabric)
3 B 4 (0-deg fabric) 4 (0-deg fabric)
4 B 4 (45-deg fabric) 4 (45-deg fabric)

5 Bb 4 (0-deg fabric) 8 (0-deg fabric)

aSee Fig. 5. bFour additional 0-deg fabric layers in the longitudinal direction.

Table 2 Baseline properties of materials

Properties AW370-5H/3501-6 AS4/3501-6

E11 , GPa 72.5 142
E22 , GPa 72.5 9.8
m 12 0.059 0.30
G12, GPa 4.43 6.0
tply , mm 0.350 0.134

Table 3 Bending stiffnesses of the stiffened cylinders tested

Longitudinal
Hoop direction direction

Cylinder Valuea Ratiob Valuea Ratiob

1 89 5.6 33 2.1
2 74 4.6 74 4.6
3 232 14.5 232 14.5
4 144 9.0 144 9.0
5 232 14.5 1047 65.4

aBending stiffness in units of (GPa mm3).
bStiffened value/unstiffened value.

Fig.5 Illustrationsofthe two different stiffener con® gurationsutilized.

® bers running parallel to the reinforcing direction. This material
was chosen to be consistent with previous work.13 , 14 In the type A
stiffener, due to the material system used (unidirectional material)
and the alternating continuous and broken stiffener layers, matrix
cracking in and through the stiffener layers is a possible damage
mode. This can lead to subsequent delamination.17, 18 Thus, matrix
crack paths exist in the type A con® guration. In contrast, the type
B stiffener is one continuous checkerboard stiffener con® guration
with no layers overlapping and no discontinuous layers at the in-
tersection. The material for the type B stiffener was chosen to be
the same woven fabric as the base material (AW370-5H/3501-6).
This stiffener con® guration was chosen to eliminate matrix crack
paths that have been shown to induce other damage modes such as
delamination.17 , 18 Since the stiffnesses in the longitudinaland hoop
directions for fabric material are almost identical, the longitudinal
and hoop stiffeners have roughly the same stiffness values.

A complete description of the stiffener con® gurations is given in
Table 1. These various con® gurations were utilized to consider the
effect of different bending stiffness ratios (stiffened to unstiffened
regions)in thehoopand longitudinaldirections.Thesevalues,calcu-
lated using the material properties in Table 2 and with respect to the
midplane of the base laminate, are given in Table 3. The bending
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stiffness of the unstiffened region is 16 GPa mm3 in both direc-
tions. The work was done in a progressive fashion such that results
from earlier tests were utilized to determine con® gurations for later
tests.

All cylinderswere pressurizedto failure usingnitrogengas inside
a blast chamber. The fracture paths were obtained after the tests
had been completed. The experimental details are given in the next
section.

Experimental Procedure
All cylinders were laid up by hand on a cylindrical aluminum

mandrel. The stiffenerswere laid up on the external surface of each
cylinder prior to cure. Additional stiffening bands were also placed
in the hoop directionnear the ends of each cylinder(see Fig. 4). Pre-
liminary experiments showed that, in the presence of longitudinal
stiffeners, there was a tendency for the cylinder cross section to be
distorted after cure. A distorted cross section would cause dif® cul-
ties in placing the cylinderon its endcapsand was thereforeavoided
here. Hence, these additional stiffeners were utilized to maintain
the circular cross section of the cylinder during and after the cure
process. All ® ve cylinders were cured using the standard manufac-
turer’s cure cycle of a 1-h ¯ ow stage at 116±C and a 2-h set stage at
177±C. This was performedundervacuuminside an autoclaveunder
0.59 MPa external pressure. After the cure had been completed, all
cylinders were postcured in an oven at 177±C for 8 h without any
external pressure. The resulting cylinder average wall thickness of
1.34 mm was within 5% of the nominal value of 1.40 mm.

Slits in all cylinders were cut using a 30,000-rpmrotary tool with
a 25-mm diam and 0.6-mm-thick cutting blade mounted vertically
on a milling machine arm. Slits were cut to the correct length and
notchedat the tips by hand using a small jeweler’s saw. An even and
smooth area away from the ply seams was chosen for the location
of the slit. The length and width of each slit were 79 and 0.8 mm,
respectively.Because of the destructivenature of the test, a 50 £ 50
mm grid was drawn on the entire exterior surface of each cylin-
der with white paint. The grid squares were individually labeled to
facilitate damage propagation trace.

Cylinder testing was accomplished via pressurization using bot-
tled nitrogen and therefore required sealing of the cylinders. The
cylinders were sealed at both ends by bonding them in grooves cut
into aluminum endcaps, 330 mm (13 in.) in diameter and 25 mm
(1 in.) thick. One of the endcaps had a lead for the nitrogen gas.
An internal rubber bladder, made of 0.8-mm-thick gum rubber, was
placed inside the cylinder to contain the pressurizinggas. The cylin-
ders were attached to a pressure transducer so that internal pressure
through the test and at failure could be recorded.

Cylinder testing was conducted in a blast chamber. A cylinder
was placed horizontallyon an iron channel in the center of the blast
chamber.The cylinder,which restedon its endcaps,was orientedslit
up so that the majority of the failure path would not be constrained
by the channel. The ends of the cylinder were not ® xed to the chan-
nel and no restrictions were made on longitudinal movement or
expansion of the cylinder. Cylinder pressurization was controlled
manually with the use of a pressure regulator attached directly to
a nitrogen tank at an approximate rate of 0.4 MPa/min. The pres-
surization rate was monitored during the test via a dial gauge and a
chart recordingof the pressure transduceroutput. Cylinder pressure
data were collected at 0.5-s intervals.

Photographs were taken of all specimens tested to record failure
modes and fracture paths. Drawings of fracture paths were made
for all cylinders to identify the primary fracture path as well as to
determine the effects of stiffening bands on damage propagation.

Failure Results
Before consideringdamage paths, it is ® rst important to consider

the failure pressures to assure that the initial conditions for damage
propagation were the same for all cases.

Failure Pressure
Failure of a pressurized composite cylinder containinga longitu-

dinalslit canbepredictedusinga methodologybasedon theMar-Lin

composite fracture correlation19 modi® ed for curvature effects.15

The resulting formula for predicted failure pressure is12 , 13

ppred =
t

R

Hc(2a) ¡ 0.28

[1 + 0.317k 2]0.5
(2)

where t is the cylinder thickness, Hc is the composite fracture
parameter,20 which is laminate speci® c and obtained experimen-
tally, and k is the nondimensional crack length de® ned as15

k = (a/ p Rt) 4Ï 12(1 ¡ m 2) (3)

where m is the Poisson’s ratio of the material. For the AW370-5H/
3501-6 (0/45)s laminate, Hc has been experimentally measured to
be 698 MPa (mm)0.28 (Ref. 21).

The experimental failure pressures of the cylinders are tabulated
in Table 4. The predicted failure pressures were computed using
both the nominal wall thickness of 1.4 mm and radius of 152 mm
and the average measured wall thickness of 1.34 mm and radius
of 153 mm. This yields predicted failure pressures of 645 and 603
kPa, repspectively.The agreementbetween the predictedand exper-
imental failure pressure is very good. This good agreement and the
small deviation in actual measured values show the consistency of
the test specimens in the present study with those manufactured in
the previouswork and that the specimensin this work can bedirectly
compared. It also shows that the stiffeners were indeed noninteract-
ing with the stress ® elds near the slit prior to damage propagation.

Fracture Paths
Only the descriptions of the fracture paths are presented in this

section with a discussion presented in the following section. All
fracture paths are presented using the same format used in Fig. 2 in
which it is imagined that the cylinder is cut along the longitudinal
direction at an angular location exactly 180 deg from the slit and
rolled¯ at. Therefore,the initial slit is now locatedat the centerof the
drawing.The longitudinalslit is representedby a thick solid line, the
damage path is representedby thinner solid lines, and delamination
and stiffener debonds are represented by shaded regions.

The fracturepath of cylinder1 is shownin Fig. 6. Damage initially
propagated from each slit tip in the longitudinal direction and then
bifurcated and turned 90 deg very close to the edge of the hoop
stiffeners.After bifurcation,damage that had split into four distinct
pathscontinuedto propagatein the hoopdirectionand inducedother
damage modes (stiffener debonds) near the junction between the

Table 4 Failure data
for all cylinders

Cylinder Failure pressure, kPa

1 579
2 566
3 551
4 612
5 607

Fig. 6 Fracture path of cylinder 1 stiffened with four layers of 0-deg
tape (hoop) and eight layers of 0-deg tape (longitudinal).
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Fig. 7 Fracture path of cylinder 2 stiffened with two layers of contin-
uous (type B) 0-deg fabric layers.

Fig. 8 Fracture path of cylinder 3 stiffened with four layers of contin-
uous (type B) 0-deg fabric layers.

longitudinaland hoop stiffenersand delaminationin the unstiffened
regions.Some damageturningcanalso be seen in the fracturepath at
this junction.The damagewas arrestedby thenextset of longitudinal
stiffenersat an angular locationapproximately135 deg from the slit.

The fracture path of cylinder 2 is shown in Fig. 7. Damage also
initially propagated in the longitudinal direction. However, as the
damage continued to propagate, the hoop stiffener did not have a
discernible effect as damage propagation continued in the longitu-
dinal direction until it branched into two parts within the ® rst set
of hoop stiffeners at an approximate angle of 40±50 deg from the
longitudinal axis. The bifurcated damage maintained this angular
direction and then completely turned 90 deg at the second set of
hoop stiffeners. These additional hoop stiffeners were intended to
maintain the cross section of the cylinder after cure and were placed
close to the endcaps (at an approximate distance of 50 mm). The
overall fracture path was relatively clean with little delamination
observed and was very similar to that of an unstiffened cylinder.
Thus, for this particular case, even the ® rst set of hoop stiffeners
was not effective in inducing the ® rst bifurcation.

In cylinder 3, which was stiffened with four layers of 0-deg con-
tinuous fabric layers, damage was turned as it reached the edge of
the hoop stiffeners. It then continued its propagation in the hoop
direction, fracturing and delaminating one set of the longitudinal
stiffeningbandsduringits progression.Some furtherdebondingwas
alsoobservedin thehoop stiffenerfar from the slit regionas depicted
in Fig. 8. A similar fracture path was observed in cylinder 4, which
was stiffened with four continuous layers of 45-deg fabric layers as
shown in Fig. 9. Some fractureof the longitudinalstiffenerswas also
observedwhile damagepropagatedacross the region.As in cylinder
1, damage was arrested by the next set of longitudinal stiffeners.

A slightly different fracture behavior was observed when more
reinforcement in the longitudinal direction was provided in cylin-
der 5 as shown in Fig. 10. This cylinder was stiffened with four
layers of continuous 0-deg fabric and was further reinforced with

Fig. 9 Fracture path of cylinder 4 stiffened with four layers of contin-
uous (type B) 45-deg fabric layers.

Fig. 10 Fracture path of cylinder 5 stiffened with four layers of contin-
uous (type B) 0-deg fabric layers and four additional continuous 0-deg
fabric layers in the longitudinal direction.

four additional 0-deg fabric layers in the longitudinal direction. As
in cylinders 3 and 4, damage was successfully turned by the hoop
stiffeners. It then continued its propagation in the hoop direction,
reachingtheedgeof the ® rst set of longitudinalstiffenerswhere redi-
rection to longitudinal propagation was observed. However, some
of the bifurcated damage turned and continued to propagate at an
angle of approximately40 deg, inducing stiffener debonds, fractur-
ing the hoop stiffeners, and delaminating the base cylinder along
the way. The damage was totally arrested on one side of the second
set of longitudinal stiffeners.

Discussion
In all but one case, the ® rst set of hoop stiffeners was effective in

inducing branching as damage turned and propagatednear the edge
of the hoop stiffeners. However, no branching was observed in the
fracturepath at the ® rst set of hoop stiffenersof cylinder 2. Using the
proposed nondimensional containment ratio shown in Eq. (1), only
the bending stiffness ratio needs to be considered since the slit size
and the radius of all cylinders are the same. The bending stiffnesses
of the stiffened and unstiffened regions in the hoop direction are
shown in Table 3. Note that cylinder2 was stiffened with two layers
of 0-deg fabric. Although the hoop stiffeners in cylinder 2 were
actually thicker than those in cylinder 1 (0.70 mm for cylinder 2 vs
0.54 mm for cylinder1), the in-plane stiffnessof a fabric material is
only roughly one-half of the value for unidirectional tape material.
Thus, cylinder 2 has the lowest value of bending stiffness ratio,
which means that it also has the lowest value of containment ratio.
The inability of the stiffening band in cylinder 2 has therefore been
explained using the proposed containment parameter. When more
stiffening layers were added to the cylinder, this ratio increasedand
damage bifurcation took place as can be seen in cylinders 3±5.

In cases where the ® rst set of hoop stiffeners was effective in
inducing damage redirection, damage continued its propagation in
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the hoop direction,generallycleanly breaking the longitudinalstiff-
ening bands along the way. These can be seen clearly in the fracture
paths of cylinders 1, 3, and 4 shown in Figs. 6, 8, and 9, respec-
tively. Cylinder 1, which was reinforced with the type A stiffener,
suffered signi® cant secondary damage in the form of delamination
and stiffener debonding near the locations where the longitudinal
and hoop reinforcementsmeet. Thus, although damage may appear
to have been diverted/turned in this case, it is more likely that it just
found an easier path (via matrix cracking and associated delamina-
tion) along which to propagate.

In cylinders 3±5, matrix crack initiation at the location where the
longitudinalandhoopstiffenersmeetwas eliminatedthroughtheuse
of the type B stiffener con® guration.This also reduced the potential
for the associated delamination. However, eliminating this matrix
crack path did not signi® cantly increase the effectivenessof the lon-
gitudinal stiffeners closest to the slit in arresting damage as can be
seen in Figs. 8 and 9. Damage continued its propagation across the
® rst set of longitudinal stiffeners but was then arrested at the next
longitudinal stiffeners,which were at angular locations of approxi-
mately §135 deg from the slit. Note that redirection by the ® rst set
of longitudinal stiffeners was observed in cylinder 5 as depicted in
Fig. 10. Such a cylinder contained more reinforcement in the lon-
gitudinal direction (up to eight layers of 0-deg fabric). Despite the
observed turning, damage that now had split into four independent
paths continued to propagate and induced a considerableamount of
secondarydamagemodes suchas stiffenerdebonding,hoopand lon-
gitudinal stiffener breakage, as well as delamination of the unstiff-
ened (base) region. One set of the bifurcated damage continued its
propagationdue to a separationof one of the endcapsfrom the cylin-
der during rupture. The other set of bifurcateddamage was arrested
at the next set of longitudinal stiffeners located at angular locations
of approximately§135 deg from the slit as in cylinders 1, 3, and 4.

To understand this observed phenomenon, the magnitudes of the
longitudinal bending stiffnesses of the stiffened and unstiffened re-
gions are reexamined. These are tabulated in Table 3. The bending
stiffnessratios in the longitudinaldirectionrange from2.1 (forcylin-
der 1) to 65.4 (for cylinder 5). In cylinders 1, 3, and 4, damage was
able to continue its propagation in the hoop direction through the
® rst set of longitudinalstiffeners. In cylinder5, with the highest lon-
gitudinalbending stiffnessratio, damagedid turn as it propagatedin
the hoopwisedirectionand met the ® rst set of longitudinalstiffeners.
However, even in this case, damage was not completely arrested at
the ® rst set of stiffenersand continuedits propagation.Therefore,as
shown experimentally,the longitudinal stiffening bands were not as
effective in arresting damage as the hoop stiffeners. This has been
con® rmed analytically by Duncan and Sanders.22 The geometrical
parameters in their analytical solution that determines the stiffener
effectiveness are the stiffener curvature and the thickness of the
stiffener. It is shown that, under identical loading and stiffener con-
® guration, the hoop stiffener in a cylinder, which has roughly the
same radius of curvature as the cylinder, is more effective in reduc-
ing the stress intensity factor than the stiffener in a ¯ at plate (with
no curvature). Since the longitudinal stiffening bands in a cylin-
der are similar to those in a plate and are locally ¯ at, the reduced
effectivenessof the longitudinal stiffeners is therefore expected.

In considering the relative effectiveness of hoop and longitudi-
nal stiffeners to arrest/redirect damage, it is important to consider
the driving force during different stages of damage propagation.
The overall damage propagation can be separated into two stages:
1) before the ® rst bifurcation takes place in which damage turns
from the longitudinal to the hoop direction and 2) after the ® rst
bifurcation in which the bifurcated damage continues its propaga-
tion in the hoop direction. In the ® rst stage, damage propagates in
a relatively self-similar way with the cylinder hoop stress as the
scaling/driving parameter. This stage of damage propagation is the
bulgingphenomenon.12, 15 The second stage of damage propagation
is causedby the ¯ appingphenomenoninducedby internalpressure23

as depicted in Fig. 11.
The existenceof two differentdriving forces that exist as damage

propagates is proposed as one of the reasons why damage was not
arrested by the ® rst set of longitudinal stiffeners that were closest
to the slit. To determine the proper scaling/driving parameter after
¯ apping occurs, a ® rst-cut engineeringmodel is proposed based on

Fig. 11 Illustration of ¯ apping induced by crack bifurcation in a pres-
surized cylinder.

dimensional argument. The cylindrical panel considered is shown
in Fig. 11. In the panel considered, the initial damage is assumed to
have bifurcated and split into four distinct parts. By modeling this
phenomenon as the bending of a cantilevered plate under uniform
pressure loading, the moment taken at the tip of the damage can be
shown to be proportional to the pressure p and the distance L the
damage has run in the hoop direction:

M / pL2 (4)

When the damage tip reaches the longitudinal stiffeners, this ¯ ap-
ping distance is proportional to the spacingof the longitudinal stiff-
ener denotedby 2d in Fig. 11. Therefore,Eq. (4) can be rewritten as

M / pd2 (5)

Based on elementary beam/plate theory, the bending stress can be
shown to be

r b / My/ I (6)

where y is the distance from the neutral axis of the cylinder and I
is the area moment of inertia with respect to the neutral axis. By
substituting Eq. (5) into Eq. (6) and noting that y is proportional to
the thickness t and I is proportional to the cube of the thickness,
one can express the bending stress as

r b / p(d/ t )2 (7)

with the key parameters thus being the pressure, the longitudinal
stiffener spacing, and the base cylinder thickness.Also note that as
¯ apping occurs, the driving force (pressure) decreases due to bend-
ing of the crack face, which allows the pressurizinggas to leave the
cylinder.This isbelievedto be thereasonfor theobserveddamagear-
rest by the next set of longitudinalstiffeners located at angular loca-
tionsof§135degas seen in the fracturepathsofcylinders1, 3, and4.

Implications
There are two separate physical problems that in¯ uence dam-

age propagationand arrest in pressurized composite cylinders. The
® rst physical phenomenon is the bulging phenomenon, which gov-
erns the damage propagation before the ® rst bifurcation. The scal-
ing/drivingparameter for this phenomenonis the hoop stress,which
involvesthe pressure, the cylinderradius,and the cylinder thickness.
The effects of bulging on different cylinder geometries depend on
the cylinder radius and thickness and are accounted for in the fail-
ure prediction methodology.12 The second physical problem that
is important only after the ® rst bifurcation has taken place is ¯ ap-
ping. Flapping is governed by the bending stress shown in Eq. (7)
and involves the pressure, the longitudinalstiffener spacing,and the
cylinder thickness.

To illustrate the potential pitfalls in using a subscale specimen to
studybothdamagepropagationandarrest,considera full-scalefuse-
lage and a potential laboratory-scaled specimen to simulate such.
The former is taken to have the same basic geometry as the fuse-
lage of a Boeing 737 airplane with a radius of 2 m, thickness of 1.4
mm, and tear strap spacing in the longitudinaldirection of 240 mm
(Ref. 16). The latter has the same geometry as the test specimens
in the present study (radius of 150 mm, thickness of 1.4 mm, hoop
stiffener spacing of 203 mm, and longitudinal stiffener spacing of
190 mm). The ultimate design pressure in a Boeing 737 airplane
is on the order of 110 kPa. Before bifurcation, the hoop stresses of
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the two cylinders are the proper scaling parameters, and they are
set equal. Hence, to satisfy this criterion, the smaller cylinder must
be pressurizedup to approximately1500 kPa. After bifurcationhas
taken place, the scaling/driving parameter of interest is the bending
stress given by Eq. (7), which depends on the pressure at rupture,
the longitudinal stiffener spacing, and the wall thickness. Note that
the longitudinal stiffener spacings of these two cylindersare almost
equal. Using Eq. (7), it can be shown that the magnitude of the
bending stress in the smaller cylinder is approximately nine times
that of the larger cylinder (almost one order of magnitude differ-
ence). Therefore, from this comparison, it is clear that it may not
be possible to properly simulate/scale both the bulgingand ¯ apping
phenomena in an experiment on a subscale specimen as different
scaling parameters govern the two phenomena. Thus, this is one of
the reasons why arrest by the longitudinal stiffener is more dif® cult
to accomplish in a small-scale specimen.

The experiments performed in the present study used a ¯ at tear
strap con® guration. In an actual fuselage, stiffening elements of
other geometry (such as top hat and Z-section stiffeners)are bonded
to or placedon top of the ¯ at tear straps.16 Theseadditionalstiffening
members are used to provide additional membrane and bending
stiffnesses against bending and buckling of the fuselage structure.
However, their effectson the damagepropagationin such a structure
are unclear at this time and should be subject for future study.

Conclusions
The combined effects of longitudinal and hoop stiffeners on the

damage propagation in pressurized composite cylinders have been
investigated experimentally. It has been shown that the stiffening
elements in the hoop direction are more effective in redirecting
damage than those in the longitudinal direction. Damage continues
its propagation in the hoop direction despite the presence of longi-
tudinal stiffeners. This behavior is attributed to two reasons. First,
it has been shown from a previous analytical solution that stiffener
curvatureplays a signi® cant role in in¯ uencing the stress ® elds near
the slit tips (i.e., the higher the curvature,the more effective the stiff-
ener).Since the stiffeningband in the longitudinaldirectionhas zero
curvature locally,more reinforcementwill be needed in the longitu-
dinal direction than in the hoop direction. The second reason is the
size effects, which cause the scaling parameter for damage growth
to be different depending on the stages of damage progression. At
the later stage of damage growth (after bifurcationhas taken place),
the bending stress shown in Eq. (7) becomes the proper scaling pa-
rameter rather than the membrane hoop stress. Since the smaller
cylinder fails at a higher pressure than the larger one, the condition
in the smaller specimen is therefore much more severe than that in
the larger one. Even additional reinforcements in the longitudinal
direction in a laboratory-scaled specimen are ineffective and total
arrest is more dif® cult to accomplish. Therefore, although the full-
scale structure and the subscale specimen are geometrically scaled
for initial damage and driving force (hoop stress), the condition in
the subscale specimen during damage propagationafter bifurcation
is much more severe than that in a full-scale structure since the
driving forces change during damage propagation.Total arrest in a
subscale specimen is therefore much more dif® cult to achieve. The
existence of different scaling parameters for damage propagation
in the longitudinal and hoop directions makes it dif® cult, if at all
possible, to completely model the damage propagation and arrest
characteristicsof a full-scalepressurizedcylinder such as a fuselage
with a smaller-sized specimen.
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