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reliable and efficient repair techniques. Like all other metallic structures
composite structures are prone to variety of damage. Repair techniques
developed for metallic structures are not directly applicable to composites
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complete stress-strain field, of the repaired sandwich structure is
determined using finite element approach. It is concluded that the 3D
random fiber composites represent very good candidates as repair
materias for damaged honeycomb structured composites.
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1. INTRODUCTION

Sandwich panels are used in applications where special
properties, such as high flexural stiffness, high impact
strength, high corrosion resistance, fatigue resistance,
and low thermal conductivity are sought. Industries
which make use of sandwich panels nowadays are
transportation  industries  (such as  aerospace,
aeronautical, railway, automotive and marine) and
construction industry.

Like any other load bearing structure, composite
sandwich panels have been found to be liable to
damage, arising from manufacture or service. Typical
service damages (mechanical and environmental) are
presented in the following table:

Table 1. Service mechanical and environmental damage

Damage Cause
Scratch Mishandling
Cut Mishandling
Delamination Impact, thermal

Disbond Impact or overload
Dent Impact
Edge damage Mishandling
Penetration High velocity impact
Abrasion Erosion (rain,
Oxidation Lightning strike,
Disbond Impact, thermal

Core corrosion Moisture penetration

Use of solvents

Swelling
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The common problem of damaged structure
confronts the commercial user with considerable
economic loss if no adequate repair procedure is known.
The increasing use of composite sandwich panels
requires the development of reliable repair methods that
restore the integrity of the damaged structure, with
minimum degradation in its functional capability and in
aerospace applications with minimum weight addition.
The implementation of onsite repairs calls for simple
and effective procedures, without using sophisticated
and expensive equipment in order to avoid excessive
downtime of the component. Therefore, adequate and
economically feasible repair techniques are required to
further expand the use of composite sandwich panels.

A number of papers have been published in recent
years trying to standardize repairs to composite parts
and underline problems related to application of
repaired composite components in service [1-4].

Unlike repairs to metal parts where the materials are
supplied in the finished condition, composite repairs
mean curing the material at the time of repair and
outside the control of the component manufacturer.
Also, when repair of composites is in question the
storage and handling of matrix resins is serious matter.
Fabrics, pre-pregs and fibers require storage at the exact
storage temperatures to avoid their properties
degradation and surface contamination [5-7].

The commercial aircraft composite repair committee
(CACRC) developed wet-lay up method applicable to
the repair of damaged honeycomb sandwich panels [7].
Adhesively bonded repairs have significant advantages
over bolted repairs. Adhesively bonded repairs can
restore a composite structure’s original strength, are
more fatigue resistant due to the absence of stress
concentrations that occur at fasteners and are
significantly lighter than bolted repairs due to the
absence of fastener hardware.

Being one of the sandwich composites end users, the
airlines have requested, at CACRC meeting that
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approval be given for any qualified repair material to be
replaced by an alternative material that is qualified by
the same OEM but under other specifications and
another OEM for an equivalent or similar application. In
this paper, the alternative approach to sandwich panel
repair is investigated. 3D random fiber composite is
used as the core repair plug.

The repair schema of this approach is presented in
the following picture:

Extra structural ply |
Film Adhesive |

| @ J Foaming adhesive
1

Repair core plug

R —_— |
GRFP Top Facesheet Film Adhesive Hiid

|
e core |

GRFP bottom Facesheet

Fig.1. Sandwich core repair : Standard repair procedure
using honeycomb core repair plug

The investigated alternative repair method is depicted in
the following figure

Extra structural pl |
Film Adhesive |

Foaming adhesive

3D Random fiber core
plug

GRFP Top Facesheet Film Adhesive RIS

GRFP bottom Facesheet

Fig.2. Sandwich core repair : Investigated repair
procedure using 3D random fiber composite material core
repair plug

2. REPAIR METHOD

Honeycomb panel damage is usually found visually or
during NDI [8]. Some instances of core debonding and
delamination may be repaired through simple repair
techniques, such as resin injection. However, with
honeycomb core damage it is often difficult to ascertain
the full extent of the damage until the skin over the
damaged area has been removed.

Repairing honeycomb panels frequently entails
cutting out a new piece of core to replace the old and
splicing it firmly in place with foaming adhesives.
Exterior skin plies are then built up in configurations
which match the original skin. For rapid repair with
minimal equipment, simply filling in a small damaged
area with body filler can return a part to its original
aerodynamic surface profile frequently with little or no
performance penalty, and only a small weight penalty.
The usual course of action for a very badly damaged
honeycomb panel is to carefully remove the damaged
portions of skin and core and sand away any paint
and/or primer which may have been exposed.
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Replacement plies are cut out to exactly match the
damaged area, and are laid up in the same orientation as
the original prepregs. The repaired area is then covered
with a vacuum-bag to apply pressure to the area during
cure for maximum bond integrity and minimal voids. A
common repair problem with honeycomb panel
structures is ingression of moisture into the honeycomb,
usually as a result of micro cracking in the composite
skins. Skins must be peeled back, the honeycomb core
dried out or replaced, and a repair patch applied. If
moisture can get into the honeycomb core, it will
become steam during the repair heating procedure, and
can blow the part apart. The type of repair used depends
upon the type and extent of the damage, as well as on
the loads in the area.
In the present analysis following repair steps are
taken:
- Locate damage area and assess the extent of
the damage
- Remove the damaged area
- Prepare the repair plug, based on the removed
area size (damaged zone)
- Fill in the film adhesive at the bottom of the
damaged core
- Place the repair core plug
- Fill in the foaming adhesive
- Filler(s) are sanded flush with the surrounding
structure
- Bond, vacuum bag and cure the external skin
and inserted plug
- After curing process inspect the repaired area.
Key steps in the proposed repair methodology are
presented in the following figures (Fig. 3 and Fig. 4).

Fig. 3. a) Damaged sandwich beam (top face sheet and
partially damaged core) b) damage zone

3D random fiber
composite repair pluf

Fig. 4. a) Prepared panel for plug insertion, b) 3D random
fiber composite core plug

3. GOUVERNING EQUATIONS

A sandwich panel consists of thin, stiff and strong
facesheets made of dense material, separated by a thick
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low density core. Such a structure provides an analogy
to I-beam where the facesheets are equivalent to the
flanges and the core acts as a web.

The facesheets carry in-plane and bending loads,
while the primary function of the core is to resist the
transverse shear loads. The core should be stiff enough
in the direction perpendicular to the facesheets to ensure
that facesheets maintain the correct distance apart, while
not sliding with the respect to each other in order to
ensure composite action (Figure 5). Also, the core must
be stiff enough to keep the facesheets as flat as possible
to prevent them from local buckling under compressive
loads .

Top facesheet

o il B

(tension)

Fig. 5. Composite Sandwich plate under bending loads,
stresses in the core and facesheets.

Adjusting the height of the core, the bending
stiffness of this construction could be much greater than
that of a single solid plate made of the same material as
the facesheets [10-12].

To wvalidate the effectiveness of the applied
reparation method, one must determine the complete
stress-strain field of both, virgin (undamaged) structure
and repaired structure for the same service load
conditions.

The displacement field of a rectangular laminated
plate, based on the classical plate theory and including
the effect of transverse shear deformations, can be
expressed as (eq. 1).

8w0
u(x’yaz) :uo (x,y)+z aE_’—ﬁgx 5

6w0
v(x,y,z):vo(x,y)+z aE—kﬂH , (N

W, ,2) = Wy (5,9).

In previous equation ug(x, y), vo(x, ¥) and wy(x, »)
denote the corresponding midplane displacements in the
x, ¥, z directions and 0, and 6, are the rotations of
normals to midplane about the y and x axes. The above
displacement field is the general displacement field
which gives both the CPT and FSDT theories, as:
Classical plate theory (CPT): a = -1, f# = 0 and First
order shear deformation theory (FSDT): a = 0, f = 1.
Applying the principle of virtual displacements
equilibrium equations are obtained and for the plate
subjected to distributed loading (g) are given as :

oN, . ONy, _o, oN,, . ONy, _o,
ox oy oy ox
0
%,%_, @
Ox oy

M. OM oM, oM
0. x xy_Qx:()’ y+ xy—QyZO-
Ox oy oy Ox
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where N; (i=x,y) are membrane forces per unit length in
i"™ direction, N, is the in-plane shear force per unit
length, Q; are shear forces in ‘x’ and ‘y’ directions and
M; (M,, M,, M,,) are bending and twisting moments per
unit length.

In order to fully define the stress strain relation, all
elastic coefficients in elastic tensor have to be defined.
Composite panel investigated in this paper consists of
the honeycomb core, composite facesheets and core
repair plug composed of 3D random fibers embedded in
matrix.

2.1 Elastic Properties of 3D random composite

Several theories predict behavior of 2D and 3D random
fiber polymer composites. Assuming isotropic
properties of repair material Pan’s theory [12] is used to
determine elastic parameters of 3D random fiber
polymer material.

Defining a relationship between the fiber volume
fraction ¥ and the fiber area function A, when fibers are
not unidirectionally aligned and introducing probability
density function defined by a pair of angles (6,®) in the
spatial curvilinear coordinate system, the composite
modulus can be expressed as (1):

E(0,0)=E; - Q0,0)-V, + E,,-(1-O©,®)-¥;) (1)

In the preceding equation E, is the modulus of the
composite, £, and E,, are moduli of constituents (fibers
and matrix) respectively, V;is fiber volume fraction and
Q(O,D) is the value of the probability density function
in direction (6,®). In the case of three-dimensional
random fiber orientation, the tensile modulus is given
by :

V V
P =t B, 020 )

and, the Poisson’s ratio by the equation :

3D Vs Vy
v, vy 2”+Vm a 27[). 3)
In equations (12 and 13) Ef and Em are moduli of
elasticity of fibers and matrix, and vf, vm are their
Poisson’s ratios.
To determine optimal fiber volume fraction
following equation is solved for Vf:

and V;is obtained in the following form:

v, - 2Gy (14+Vi) - Ey, )

F

In the previous equation G, is the shear modulus of
the core.
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2.2 Elastic Properties of Honeycomb Core

Composite honeycomb cores are usually made of
Nomex paper, which is aramid based paper. The initial
paper honeycomb is usually dipped in a phenolic resin
to produce a honeycomb core with high compression
strength. The Nomex paper, basis of honeycomb Nomex
core, is a non woven sheet made of short aramid fibers.
It is calandrered before being impregnated with
phenolic resin, its isotropy is assumed because of the
arbitrary distribution of short fibers. The honeycomb
core properties depend on the cell size, wall thickness
and strength.

L-direction

L

Fig. 6. Honeycomb unit-cell geometry

In the case of a honeycomb sandwich core, building
a FEM representation for material and geometric
properties is itself a difficulty. Detailed 3D model that
accounts for the actual cell geometry was considered,
but it reaches rapidly very high DOF numbers. To
achieve efficiency in numerical analysis, the
honeycomb cellular core is replaced with an equivalent
continuum model. The sandwich core is analyzed in
terms of its effective properties rather than by
consideration of its real cellular structure. Therefore, the
evaluation of effective elastic properties for this
continuum core becomes important [13].

The orthotropic honeycomb core material law
depends on 9 independent material parameters E,, E,,
EZ) va! VZX! va) ny) GXZ’ GyZ'

Based on the experimentally obtained mechanical
characteristics of the constitutive material, and
measured cell size and wall thickness (Fig. 7) the four
in-plane moduli are calculated by causing the hexagonal
cell wall to bend under loads in x and y directions. The
Young’s moduli, Ey, Ey, and shear modulus, G,,, are
calculated by standard beam theory, as the ratio of strain
to stress. The Poisson’s ratio, v,,, is deduced by the
negative ratio of the strains normal to, and parallel to,
the loading direction. It is assumed that the v, vy,
Poisson’s ratios are equal to zero and the out of plane
Young’s modulus, £z , is the core Young’s modulus in z
direction obtained from the manufacturer.

Fig 7. Honeycomb cell geometry and wall thickness
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Based on these assumptions, elastic coefficients of
honeycomb core can be expressed as [15,16]:

E, = En
x = .2
cosp cosz(p-a3+(2+sm (p).t
(1+sing) = a
Em
Ey= 1+si L2 3 2
(+s1n(p). sin” p-a” | cos” -t
cos @ s a
sing-(1+sing
. sne{ising) o
cos” @
10-¢

G, = -
¥ 94-cos® @-(1+sin @)

Gm

= 2t .
¥ a-cosg-(l+sing)

In the previous equations E, and G, represent
elastic moduli of honeycomb core constitutive material
(Nomex paper), obtained experimentally. Parameters ¢,
a, and ¢ are geometric characteristics of the core unit
cell as depicted in the figure 6 ( Fig. 6).

2.3 Elastic Properties of Composite Facesheets

Facesheets are considered to be thin composite
laminates with continuous fibers. The stress strain
relation for composite facesheet lamina can be
expressed as:

&) | VE /B n/E 0

0 0 |(a
| |%/k VE /K 0 0 0 ||
& :—VXZ/@ ./, VE 0 0 0 | e
Yz 0 0 0 Vg, 0 0 |5
Ye 0 0 0 0 VG 0 ||%
Yy 0 0 0 0 0 VG|

Each lamina can be considered as orthotropic (three
mutually perpendicular planes of material symmetry
exist) and it can be regarded as transversely isotropic
(one of the material planes is plane of isotropy).

Using  micromechanical approach, elastic
coefficients in relation 7 (eq.7), E, and v,,, based on
facesheet constituent properties ca be obtained with
great accuracy, what is experimentally confirmed.

However, the same approach fails to predict G,, and
E, moduli, especially in cases where fiber volume
fractions are between 30% and 55%, which is the usual
range for modern advanced plolymer matrix
composites. Rule of mixture theory does not take into
account the effects of fiber/matrix interface (Fig. 8). The
experiments have shown that this interface has a
significant role in prediction of in-plane shear and cross-
fiber Young moduli. These moduli can be computed
using Halpin-Tasai and Chamis theories.
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Fig. 8. Fiber/Matrix interface SEM

The formulation of Halpin-Tsai theory for E,
modulus can be expressed as:

. (7y+m-(=V))-E,Ef &
7 (Eme+7712-(1—Vf)Ef)

And for the G,, modulus, according to the same theory
the expression is:

o rema(1v )} GGy
Y (Gme+7712-(l—Vf)Gf)

1.6E+10

L4E+10 1

1.2E+10 1

LOE+10 + Experimwj
§.0E+09 1 T

P J

Halpin-Tsai teorija O~

Ey(Pa)

6.0E+09 1
40E+09 £ T

2.0E+09 T

0.0E+00

0 0.2 04 0.6 0.8 1
Yr

Fig 9. In-plane E, modulus for composite facesheets

(epoxy/carbon)

Values for #,, and #;, (stress partitioning
coefficients) for common fiber types, used in equations
8 and 9 are given in Table 2.

Table 2 Fiber stress partitioning coefficients

N2 N2
Carbon 0.500 0.400
Glass 0.516 0.316
Kevlar 0.516 0.400

The out of plane facesheet Young’s modulus (E,) is
the same as £, modulus for thin polymer matrix lamina
with perfectly aligned fibers

3. NUMERICAL ANALYSIS

To determine complete three-dimensional stress-strain
field of the composite panel under bending loads finite
element approach was used. Three dimensional model
was constructed and based on previous material models
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for each component in the structure the displacement,
stress and strain fields were obtained.

In the present analysis, complete structure is
modelled by means of 3D finite elements based on the
3D elasticity theory. Solid rectangular tri-linear finite
elements were used to discretize the sandwich core,
composite facesheets and the repair plug in the case of
repaired sandwich panels.

In the present analysis eight-nodal hexahedron finite
elements are used to model the complete sandwich
beam structure. The finite element is presented in the
following picture (Fig. 10).

8(-1,1, 1)

(L.-1, 16

[7C1, 1.1
R )

TN ,
Lo 5 [EREREY: Uit 11

L I3 Ho S
0 - (l.-1-n2 235
\ 4 4 30, 1-1)

Fig. 10. eight-nodal hexahedron finite element and
coordinate systems

The shape functions for the finite element used in
the domain decomposition (in the local natural
coordinate system) are:

N, =é(1+g§l-)(1+nm)(l+§§,-) (10)

where (&;,7;,¢;) denote the natural coordinate of the i-

th element node. From the previous equation it can be
seen that the shape functions vary linearly in the &,7,

and ¢ directions. The tri-linear finite elements used

posses the delta function property, and since the shape
functions (eq. 10) can be formed using the common set

of eight basis functions (1,¢,7,¢,¢7,6¢,1¢,6n¢ ) they

also posses linear reproduction property and partition of
the unity property.

Due to symmetry only one quarter of the sandwich
beams subjected to four point bend test was modeled.

Four point bending test was numerically simulated.
Test set up is presented in Figure 11. Loading force was
calculated using engineering bending theory assuming
material properties of the panel listed in the table 3 and
based on material models described in previous section.
Maximal bending force for the composite panel under
investigation was 4755 N. Under these conditions no
failure of the panel occurs (panel buckling, shear
crimping, skin wrinkling, intracell buckling and local
top facesheet local compression). The finite element
model consisted of 84613 hexahedron solid elements in
order to achieve convergence.

The Nomex honeycomb core was modeled as solid
continuum with 3D orthotropic elements. Each
facesheet was modeled with 3 layers of solid elements
since the high material anisotropy between facing
structure materials was present. Applying symmetry
boundary conditions only one quarter of the panel was
modeled and the analysis model is presented in Figure
12. The applied boundary conditions are as follows: at
the level of the supports the transverse displacement w
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is set to zero. At the first symmetry plane (mid-span zy
plane) displacement in the x direction, rotations about y
and z axis are set to zero and at the second symmetry
plane (mid-width zx plane) the y direction displacement,
and rotations about x and z axis are set zero.

Before finite element calculation was done, mesh
sensitivity study has been performed to ensure that the
finite element meshes of the core, transition regions,
boundary condition regions and the facesheets are fine
enough to yield satisfactory results.

The stress analysis results, for undamaged aand
repaired panels, using this approach are presented in the
following diagrams (Fig. 12 to Fig. 17).
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Figure 14. Upper Facesheet normal stress A) undamaged
panel, B) repaired panel
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Figure 11. Repaired panel under four point bend test
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Figure 12. Finite element model (four point bending)
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Figure 15. Lower Facesheet normal stress A) repaired
panel, B) undamaged panel
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Figure 16. Repair plies normal stress A) Lower repair ply,
B) Upper repair ply
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Figure 13. Shear stress in repaired composite core under
bending load: A) Filler material with V=0.45 , unmatched
shear modulus B) Filler material with V;=0.07 , matched
shear modulus (stresses relative to initial stress field)
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Figure 17. Panel deflection A) Undamaged panel, B)
Damaged panel, C) Repaired panel
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4. CONCLUSION

3D random fiber composites can be successfully used
for damaged sandwich composite panel repair. In
situations when the original core replacement material is
not readily available, specially designed 3D random
fiber composite plugs can be used. Mechanical
properties of these inserts can be estimated based on
existing theories and required volume fraction of
reinforcement phase can be accurately calculated in
order to match (primarily shear) mechanical properties
of the damaged core. As a function of constituent
properties and original structure core material shear
properties, relation for the required fiber volume
fraction of the replacement core plug is derived.

Finite element method can be successfully used in
determining the complete stress, strain and displacement
fields of repaired composite sandwich panels with 3D
random composites. Using this approach complete
three-dimensional stress, strain and displacement fields
have been determined for the repaired honeycomb
sandwich panels under bending loads.
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KOMIIO3UTHU MATEPHUJAJIN CA
CIYYAJHUM PACIIOPEJOM BJIAKAHA KAO
MATEPHUJAJIA 3A ITIOIMMPABKY OHITEREHUX

CARACTHUX JE3T'APA

Mupxo Junyiaosuh, bomiko Pamyo, Bpanumup
Kpcruh, Anexcangap bojanuh
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[ToBehana ynotpeba KOMIIO3UTHHUX MaTepHjana JoHelIa
notpedy 3a pa3BojeM Moy3/IaHUX M e(PUKACHUX TEXHUKA
nonpasku. Kao u ce apyre Hocehe MeTanHe CTpyKType
U KOMIIO3UTHE CTPYKType CKIOHEe cy omrehemuma.
Pa3BujeHe TexHUKE MONMPaBKH METAJTHUX KOHCTPYKIIHUje
HHUCY IMPEKTHO NPUMEHJbHBE Ha KOMIIO3UTE U IPOOIIEM
MONIPaBKW  KOMIIO3UTHUX CTPYKTypa Mopa OuTH
JeTaJbHO TIpOydeH. Y OBOM paJly aHalM3WpaHa je
MprMEHa KOMIIO3WTHUX MaTepHjaja ca CIIy4ajHuM
pacnopeoM BlIakaHa, Kao MaTepUjaJoM 3a IOIPABKY
omtehennx cahacTux jesrapa BHCOKE TYCTHHE CEHIBUY

Table 3: Materials properties

koHcTpykuuja. Ilomohy IlanoBe Teopuje H3BeneH je
u3pa3 MOTPEOHOT 3ampeMHHCKOr ylela BJIaKaHa
Marepujajia ToHpaBKke U ojpeheHO je KOMIUIETHO
HAIlOHCKO  Ae(OpMamloOHO  CTame  IONpPaBJbCHE
KOMIIO3UTHE CTYKTYpe METOJOM KOHAYHHX eJeMCHara.
3ak/py4eHO je Ja KOMIIO3UTHH MaTepHjaid  ca
CIy4ajHAM pPAacropelioM BJlaKaHa MPEICTaBJbajy BeoMa
noOpe  kaHauzate 3a  TONpaBKy  omteheHux
KOMIIO3UTHHUX CTPYKTypa ca cahacTuM jesrpuma.

Core Facesheet /Repair Ply Core plug matrix ~ Core plug matrix Core plug fiber
Nomex HRH 10 Epoxy UD glass Corecell M130 DER 332 epoxy E-glass
V=55%

p [kg/m3] 144 2100 140 1205 2600
E; [MPa] - 39 176 2861 7250
E, [MPa] - 8.6 176 - -
E; [MPa] 600 - 176 - -

O¢ max [MPa] 15 39 2.31 - -
Gi; [MPa] 115 1 gir. / 69 w i - 59 - -

T13 max [MPa] 3.5 L dir. /1.9 W dir. 1.98 - -

Oy max [MPa] - 1080 416 73 3400
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