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In Table 2, the proposed method is compared with the CLT, the
high-order shear deformation theory (HSDT),? and the three dimen-
sional elasticity solution given in Ref. 3, for R/H = 2,5, 10, 20,
and 100. It is seen that CLT is reasonably accurate only when
R/H > 20, whereas HSDT is good for R/H > 10. The proposed
method is valid for all of the R/ H values and gives predictions that
are in agreement with those of Ref. 3.

As a second example, cross-ply, orthotropically laminated cylin-
drical shells are modeled. The thickness of every layer is the same:
hy = H/N L. The laminating sequence, which starts with the first
(inner) layer, is 90/0/90 . . ., where 90 deg means that the fibers are
aligned with the 6 direction and 0 deg the x direction. The shell is
subject to the patch load shown in Fig. 1. The width and subtended
angle of the load are taken as L, = L/4 and 6, = 7/8.

The proposed three-dimensional elasticity theory is compared
with the CLT and the HSDT. Figure 2 shows the distributions of
the stresses &, and Gy of a two-layered shell along the radial di-
rection. Because the shell is thin (R/H = 10), the predictions
by these theories have small deviations. However, when the shell
is relatively thick, say R/H = 5, CLT and HSDT lead to large
errors, as shown in Figs. 3 and 4 where the stress distributions
of a two-layered shell and a five-layered shell are plotted. Appar-
ently, in this case, three-dimensional elasticity theories have to be
utilized.

Concluding Remarks

The proposed method is highly accurate in predicting the three-
dimensional stresses and displacements of composite shells with
arbitrary thickness. One advantage of the method is that various
loads and lamina properties are systematically treated by the explicit
and compact matrix form of the spatial state-space formulation,
which is convenient for computing coding.

For an orthotropic cylindrical shell, the transverse deformation
and three-dimensional deformation effects are significant even if
the shell is moderately thick. With L/R = 1, the classic laminated
theory can only be used with reasonable accuracy for R/H > 20
and higher order shear deformation theory is reliable for R/ H > 10.
It is seen that three-dimensional elastic deformation must be taken
into consideration even for moderately thick shells, not to mention
very thick shells. The proposed method is valid for both thin and
thick shells with arbitrary R/H values.

Although this work has focused on SS shells, the proposed method
is readily extended to more general boundary conditions. Also, the
method can be applied to dynamic problems of laminated shells
when combined with the distributed transfer function method.?
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Experimental Investigation
on Blade-Stiffened Panel
with Stiffener-to-Skin
Fiber Stitching
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Tainan 70101, Taiwan, Republic of China

Introduction

DVANCED composite materials have been used in the

aerospace industry because of high strength and low weight.
Resin transfer molding (RTM) is believed to be one of the candidates
for fabricating advanced composites with lower cost.!'> Application
of composite materials to aircraft fuselage or wing structures of-
fers potentially significant weight reduction relative to the metallic
structures. Stiffened panels are the basic unit of these structures.
Traditionally, the stiffened panels have been fabricated by the tech-
niques of adhesive bonding or cocuring of the skin and stiffener
components made of prepreg laminates. To reduce the cost, the
RTM process could be used to fabricate composite stiffened panels
in future aircraft.

For stiffened panel structures, improvement of the damage tol-
erance is still a major issue for component design. In general, a
toughened resin system or three-dimensional textile fiber preform
could provide some improvements. However, fiber stitching is found
to be an easy and cost-effective method to enhance the properties of
the composite in the thickness direction, as compared with conven-
tional laminates. In several studies, through-the-thickness stitching
of the fibrous preform was reported to improve damage tolerance
and residual strength after impact of the composites.>~> For fuse-
lage and wing-box structures, the stiffener-to-skin separation is one
of the major considerations of the panel failure as subjected to the
internal pressure, either the cabin differential pressure or the wing-
box fuel tank pressure. The stiffener and skin may be stitched in an
efficient way to enhance the integrity of the panel. This study in-
vestigates the reinforcing effect of stiffener-to-skin stitching on flat
blade-stiffened composite panels. T-shaped composite parts, which
represented a unit of the blade-stiffened panel, with fiber stitching
in the joint areas were fabricated. Several types of stitching config-
urations were tested to evaluate the influence of stitching.

Experimental Design

The mold design consisted of three parts. The upper mold was
made of a 41 x 41 x 4.6cm 6061-T6 aluminum plate. The lower
mold included two parts made of 38.1 x 20.5 x 20.2 cm T6061-T6
aluminum blocks. The inlet was located at one corner of the stiffener
and two outlets at the corners of the flange. An O-ring seal was used
in all of the mating parts to seal the mold and prevent leakage during
the resin injection. The T-shaped structure is shown in Fig. 1.

In the RTM process, after mold filling, the mold was kept at a
constant temperature for a period of time to cure the specimen.
Clamping, which generated the necessary pressure during the fill-
ing and curing processes, was provided by an hydraulic press. The
press also had a heat source for mold temperature control. Resin
was injected into the mold using a pressure vessel connected to a
compressed air source. The resin system was CIBA-GEIGY epoxy
resin (Araldite LY 564 and Hardener HY 2954), and the reinforce-
ments were made of TGFW-600 woven roving glass fiber mats with
600 g/m? surface density. Fiber mats were cut into the desired size
and stitched using Kevlar® 49 to form the preform, then stacked
into the mold by hand. The diameter of the needle was 1.3 mm,
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Table 1 Thickness and fiber volume contents
in each section

Thickness, No. of Fiber volume
mm layers content, %
A 5.20 10 45.07
B 4.20 9 5022
C

3.40 6 41.36

flange

~— stiffener

Fig.1 T-shaped structure.

and lock stitches were used. A constant pitch, 5.3 mm, was used in
every specimen. The resulting fiber volume contents of the T-shaped
structures are shown in Table 1, where A, B, and Cdenoted in Fig. 1
represent areas with different thicknesses.

Mold filling process began when the temperature of the entire
mold assembly reached a steady value (50°C in this study). The
valve near the inlet gate was opened and resin was injected into the
mold under a constant pressure using the injecting device. When
resin began to flow out of the outlet gate, both valves at the inlet
and outlet gates were closed and the mold temperature was raised
to 145°C for the curing process. This condition was maintained for
about 2 h until the entire part was cured. As the mold cooled down,
the part could be demolded.

Number and Location of the Fiber Stitching

In fabrication of integrally stiffened panels, fiber preforms of
the skin and stiffener are made separately and stitched together.
Studies*> have shown that fiber stitching could effectively increase
compression strength after impact and resistance to delamination.
As for the assembly of the skin and stiffener, the question is how
those components can be stitched together in an efficient way to
obtain higher bearing load at the joint as compared with the adhesive
bonding. In this study, different T-shaped structures were fabricated
with different number and locations of stitching at the stiffener and
flange. In group 1, fibers are stitched on the stiffener at 130 (position
a), 120 (position b), or 110 (position c¢) mm from the edge of the
stiffener. In group 2, fibers are stitched on the flange at 30 (position
a), 20 (position b), or 10 (position ¢) mm from the edge of the
flange, respectively. In group 3, different numbers of Kevlar fibers
were used to stitch the stiffener. In group 4, a similar arrangement
was made on the flange.

The pull-off test, a similar loading case for a stiffened panel under
internal pressure, was conducted to measure the stiffener-to-skin
failure load for the panels with different stitching configurations.
The stiffened panel was cut into small specimens for test with dimen-
sion, 17 x2.55 x 8 cm. Under a material test system machine, pull-off
tests were conducted with a constant displacement (0.25 mm/s) to
measure the stiffener-to-skin failure load. The test load was based on
the averages of four specimens cut from different panels fabricated
under the same conditions.

Table 2 shows the pull-off load at failure as normalized with re-
spect to the length of stiffener. The failure load was defined as the
maximum pulling force during the test. Specimens with stitches on
either the flange or the stiffener seem to have slightly higher failure
puli-off Ioads than those without stitches. However, because of the
data scattering, no sound conclusion could be derived based on these
test data. [t was suspected that stitches on either the flange or the stiff-
ener alone did not provide much reinforcement effect. From the
observation of the failure stages, cracks tended to propagate along
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Fig.2 Normalized failure load for the pull-off test with different stitch
configurations.

the unstitched stiffener as the flange was stitched, or vise versa, and
thus reduced the effect of stitching. A selected combination of fiber
stitches on both the stiffener and the flange was tested. The failure
pull-off load is shown in Fig. 2, where specimen D is made by two
stitches on the flange and one stitch on the stiffener close to the
root of the stiffener. The stiffener-to-skin failure load of the panel is
improved by 25% compared with the case in which no stitches are
used.

Pull-Off Load After Impact

The pull-off test after impact was used to assess the damage tol-
erance of the stiffened panel with a stitched joint. Impact was made
on the skin side directly beneath the stiffener with a line impactor
under a drop test device. For comparison, specimens without fiber
stitches and with different stitching configurations were made. The
low-velocity impact energy was 7.35 J for each drop test. Results
of the pull-off test after low-velocity impact are shown in Fig. 3.
The residual pull-off load of the panel without fiber stitches is only
about 23% of the original value. For specimens with fiber stitches,
the residual pull-off load was about 70-80% of the original value.
Comparison of the specimens A and B indicate that stitching can
increase the failure pull-off load of the stiffener-to-skin joint with
low-velocity impact damage. For the specimens B and C with differ-
ent number of fiber stitches, the residual pull-off load after impact
for specimen C (two fiber stitches) is slightly higher. In specimen
D, fiber stitching on both the stiffener and the flange provides supe-
rior property to the stiffened panel, having higher before and after
impact pull-off loads.

For stiffened panels subjected to the pull-off test, only 23% of
the strength is left after low-velocity impact. With fiber stitches, the
retained strength after impact can reach 70~80%. Fiber stitches on
the stiffener and flange of the stiffened panel could improve the
strength of the stiffener-to-skin joint and the residual strength after
impact.

Moderate Velocity Impact

Experimental studies were conducted to investigate the effect of
fiber stitching on the damage areas of stiffened panels under moder-
ate velocity ballistic impact. Three configurations were considered:
specimens without fiber stitching (configuration 1), specimens with
stitches on the flange near the root of the stiffener (configuration 2),
and specimens with two stitches on both the stiffener and flange
being located away from the root of the stiffener (configuration 3).
An air gun with hemisphere impactor head was used in the impact-
ing tests. The impactor was made of DC-53 steel with a length of
38.7 mm, diameter of 12.7 mm, and weight of 36.1 g. A velocity-
measuring device made of two infrared units was placed in front of
the specimen to measure the oncoming velocity at impact. During
all of the tests, the impactor did not totally penetrate the specimen.

Impact was made on the skin side directly beneath the stiffener.
Table 3 lists the data on the impact energy and resulting dimensions
of the damage zone normalized by the impact energy. It had less
damage area for specimens with stitches than without stitches. For
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Table 2 Normalized failure load for different stitching configurations

No stitch? Stitch at position a Stitch at position b Stitch at position ¢
Group 1, one stitch 0.7741 +0.0326 0.8162 £ 0.0454 0.7851+0.0713 0.7922 4+ 0.0689
on stiffener
Group 2, one stitch 0.7741 £0.0326 0.7994 &+ 0.0573 0.7791 £ 0.0474 0.7275 4+ 0.0822
on flange
No stitch One stitch Two stitches Three stitches
Group 3, on stiffener ~ 0.7741 £ 0.0326 0.8162 4 0.0454 0.8234 4 0.0352 0.7227 +0.0320
Group 4, on flange 0.7741 4+ 0.0326 0.7994 + 0.0573 0.8162 + 0.0460 0.7182 £ 0.0341

2All units in kN/cm.

Table 3 Measured data for moderate velocity ballistic impact

Stitching configurations

1 2 3
Impacting velocity, m/s 102.3 103.1 103.1
Kinetic energy, J 18890 191.83 191.83
Normalized damage zone, cm?/J 0.87 0.485 0.665
Depth of damage zone, mm 0.65 1.45 19
1.8
16 before impact
E 144 after impact
0
é 1.2
.§0 1.0 1
g
= 084
5
w 0.6
&
T 04-
'3 0.2
0.0

Fig. 3 Normalized failure pull-off load of the stiffened panels before
and after impact.

specimens 2 and 3, the stitches of specimen 2 were closer to the
stiffener, resulting in less damage area.

Conclusions

For stiffened panels, stitches on both the stiffener and the flange
could increase the failure pull-off load by about 25%. As the skin side
on the stiffener is subjected to impact, fiber stitches on the stiffener
and flange can effectively reduce the crack growth and retain about
70-80% of the original strength of stiffener-to-skin joint.
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Analytical Model Updating
and Model Reduction
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I. Introduction

N current vibration practice, structural dynamic characteristics

are obtained by using either analytical approaches such as finite
element modeling or experimental techniques such as modal testing.
However, experience has shown that large discrepancies often ex-
ist between analytical predictions and experimental measurements.
Under such circumstances, it is generally necessary to correct an-
alytical models in the light of measured data, a process known as
model updating.

Various methods to update analytical models using vibration test
data have been developed.!® These methods can, in general, be
categorized as the reduced-order analytical model approach'~* and
the full analytical model approach.>—® In the former, when the num-
ber of measured coordinates is less than the number of degrees of
freedom (DOFs) specified in the analytical model, which is usu-
ally a case in practice, the analytical model to be updated is usually
reduced via model reduction techniques such as the well-known
Guyan reduction.? In the later, the analytical model is updated
in its original full form by either using incomplete vibration test
data directly®>~7 or expanding/interpolating unmeasured coordinates
based on measured ones.® Such an approach is defined here as full
analytical mode] approach, though in practice it is not possible to es-
tablish a full model since practical structures possess infinite number
of DOFs.'?

This paper examines the possibilities and limitations of current
mode! updating practice so that further concerted research effort can
be made towards more productive direction. It starts with investi-
gating the effect of model reduction on the model updating process
and hence demonstrating the practical difficulties associated with
reduced-order analytical model updating approach. The advantages
and possibilities of full analytical model updating are then discussed
and the performance of some recently developed methods examined.
Numerical results are given to illustrate the arguments developed.

II. Incompatibility Between Analytical and
Experimental Models

In early development of model updating practice, it was always
assumed that the number of DOFs specified in an analytical model is
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