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9110-9-h, Purpose and scope

Part I of this Design Data Sheet is issued to provide guidance and uniform stan-
dards for design calculations of single skin Glass Reinforced Plastic (GRP) Ship
Structures. Part II includes design data for sandwich panels (sce definition of single
skin in 9110-9—c). The formulas given are applicable to any grade of GRP laminate
and in general are applicable to any orthotropic material. The formulas for flat
panels assume that the natural axes of the laminate are parallel to the edges (see
Figure 6). The references are given for additional information and provide the his-
torical background for orthotropic plate theory and testing.

The formulas given in Appendix A are presented in the form of design curves for
a commonly used grade of GRP laminate. In as much as GRP properties tend to vary
with degrees of quality control and lay-up experience, these design curves must be
checked against current and required properties in the Ship Specification for a specific
design. Modification to these curves, or additional curves or both may be required.

In Appendix B some design examples are presented.

9110-9-c. Definitions

Glass Reinforced Plastic (GRP)—A structural material composed of woven glass
fibers and a thermosetting resin binder., For ship application the glass is generally
glass cloth, woven roving, and random mat combinations. The most commonly used
resins are epoxy and polyester,

Glass cloth—A woven material made of glass yarns. Glass yarns are glass
strands given a twist or as a combination of two or more of such twisted yarns plied
together. Glass strands are a multiplicity of glass filaments drawn together and
gathered into an approximately parallel arrangement without twist. A glass filament
is a single thread of glass of very small diameter.

Woven roving—A woven material made of ropes of glass rovings. Rovings are
groups of continuous strands wound into a cylindrical package. The number of strands
can be varied.

Glass mat—Composed of numerous fibers, strands, or yarns of uniform length,
unwoven but randomly distributed and resin bonded 8o as to form a uniformly thick and
highly porous sheeting of glass fibers.

9110-9
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Laminate—A finished thickness of GRP material composed of a number of layers
of woven glass and resin.

Ply—Each individual layer of glass in a laminate, Whenever thickness-per-ply is
discussed, it is the thickness of the glass and resin. The glass thickness will rema in
constant or within a small tolerance for a given glass material. However, thicknesa
assoclated with a given ply may vary since it is dependent on the fabrication. The
strength of GRP varies as glass content varies In a given laminate,

Single skin construction—Term used to describe a relatively thin laminate com-
posed entirely of GRP as distinguished from a sandwich panel which i8 composed of
two skins or facings separated by a light weight core.

Orthotropic material —Material with different machanical properties in direction
of three mutually perpendicular axes. These three axes are used for stress analysis
and are called the natural axes. Two of the axes are in the laminate plane. The thixrd
axis is perpendicular to the laminate plane, Examples of orthotropic materials are
GRP and plywood.

Isotropic material—-Material with mechanical properties equal in all directionas.

Bidirectional laminate—Orthotropic GRP material where the mechanical prop-
erties along the two natural axes in the laminate plane are about equal produced by
placing equal amounts of glass fiber in both directions.

Unidirectional laminate—Orthotropic material with mechanical properties along
one natural axis in the laminate plane much higher than the other axis.

9110-9-d. 8ymbols for formulas

SYMBOLS

A croas sectiongl area of a laminate or structural member

a length of one edge of a rectangular flat panel; subscript de-
noting direction parallel to the "a" edge of a rectangular flat
panel,

a, effective width of a panel acting with a stiffener.

b length of one edge of a rectangular flat panel.

By, B,, By, etc. coefficients for panel formulas,
9110-0
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SYMBOLS

Cc’ Cf. Cy, Cy, eto.
cr
c
D

E

F

3110-9
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coefficients for panel formulaas,

subscript denoting a critical condition of elastic buckling.
subscript denoting compression.
bending stiffness factor for flat panels,

Young's modulus of elasticity; with subscripts denotes modulus
in tension, compression, etc,

ultimate strength of a GRP laminate or member; Wwith the sub-
script cr, critical compressive buckling stress; with the sub-
script scr, the shear buckling streas.

factor of safety on the ultimate strength.

induced stress; subscript denoting bending or flexural strength.
Modulus of rigidity (shear modulus)

coefficients for panel formulas.

moment of inertia of the cross section of a laminate or
member.

coefficients for formulas,

unsupported length of a column or beam.
bending moment,
coefficient for panel formulas,

number of half -waves of a buckled column or rectangular flat
panel; number of component laminates in a composite cross
sectlon.

shear stiffness factor.
unit load.

radius of gyration of a column section; stiffness factor for
rectangular flat panels.

subscript denoting shear.
subscript denoting tension; thickness of a laminate.

shear stiffness factor

4
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SYMBOLS
\'% shearing force.
YA section modulus of the cross section of a laminate or member
in bending.
z direction normal to plane of a flat panel,
Mba 1= fhabfah
b Poisson's ratio; with two subscripts denoting direction,
Poisson's ratio for strain when stress is in the direction of
the first subscript.
5, A deflection of laminate or panel.

9110-9-e. Factors of safety

The formulas herein and design curves of Appendix A relate to the ultimate
strength of the GRP materials. GRP has no discernible yleld strength.

Factors of safety on the ultimate strength must be included in accordance with
applicable Ship Specifications. Where not so specified, the following factors of safety
are to be used,

Factor of safety

Conditions on ultimate strength
Stiffeners and stanchions 4.0

Flat panels

(a) Panels loaded on the long edge
from tension, compression, and
shear, or combinations thereof,
where failure would be catastropic, 4.0

(b) Compressive and/or shear stresses
in panels loaded on ghort edges where
buckling would not lead to catas-
trophic failure by transmittal of load
to boundary stiffeners. 2.0

9110-9
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The large factor of safety (4.0) is primarily to account for fatigue, creep, and aging
of GRP materials. In addition to stress levels, structures should be limited to a
maximum deflection equal to L/200 (check applicable ship specifications). This de-
flection requirement is extremely important for GRP members because of the low
modulus of elasticity.

9110-9-f, Columns

(1) Columns of uniform cross gection

The critical buckling strength of a GRP column is given by the following
formula. The coefficlent, K,, i8 given for varied end conditions. For pinned columns
K, is unity and this value may be assumed for usual end conditions. If ends are held
very rigidly, K, may be reduced, provided that allowance is made for all bending
stresses, including any secondary bending. Ky equal to unity should be used for
stanchions. A plot of this formula for a specific grade of GRP laminate is given in
Appendix A and a design example in Appendix B.

Critical compressive buckling stress,

where
r = radius of gyration
Eg is the flexural modulus of elasticity parallel to the column direction.
For pinned ends, K( = 1.0
For fixed ends, K¢ = 0.5
For fixed-pinned condition, K¢ = 0. 75
For fixed-free condition, K¢ = 2.0

The limiting value of F,., i8 the compressive stress F¢ (short column).

(2) Columns of non-uniform cross section

The formulas for uniform cross section as modified by the methods of ref-
arence (3) apply.

9110-9
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9110-9-g. Buckling strength of flat panels

The critical buckling strengths and finite panel coefficients for flat panels under
uniform edge loadings are given below, For steel structures it has been normal prac-
tice to use simply supported edges since a standard steel Tee stiffener offers little
clamping resistance to the plating. When buckling occurs, adjacent panels can buckle
in opposite directions, rotating at the stiffener connection. Although many GRP struc-
tures are stiffened with a wide or '"hi-hat'" type stiffener (see Figure 6) and the edges
are more ''clamped" than a steel structure, a conservative approach is recommended
by using simply supported edges. To accurately assess the edge restraint and modify
the formulas accordingly for most stiffeners is unnecessarily tedious and time con-
suming. In the event, however, that other edge conditions are definitely known, the
formulas for other edge conditions apply. These formulas are developed from ref-
erence (2),

(1) Critical Compressive Buckling Stress,

VEfaEfb‘ ( )

t
- ecr c Afha b

where

b = loaded edge of panel.
He = hy + CeKy

The coefficient h, is given in Figure 1. Cc is calculated as follows:

For edges simply supported or loaded edges clamped.

For loaded edges simply supported, other edges clamped or all edges
clamped,

9110-9
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Combined Flexural and torsional property:

E G

b tab * 2 rba “ba

EraFr

Kf=

The column formula in 9110-9-f, applies for all panels having r less than 0.5. A plot
of the formulas above for a specific grade of GRP {s given in Appendix A and a design
example in Appendix B,

(2) Critical shear buckling stress,

_Hy (EfaEm)‘1 () :

F =
scr 3Afba b

The coefficient Hg i8 given by Figure 2. The stiffness r required for the curve is
computed as for edge compression given above.

A plot of the formula for a specific grade of GRP is given in Appendix A and
a design example in Appendix B.

9110-8-h, Rectangular flat panels under uniform loading

Formulas for rectangular flat panels subject to uniform loads, such as wind, sea slap,
and hydrostatic pressures are given below. These panels develop combined bending and
tensile stresses (large deflection theory) which act in the plane of the panel. Where
deflections are small, the tensile streas will be negligible (small deflection theory).

For panels simply supported on all edges, the maximum stresses occur at the center
of the panel. For panels clamped on all edges, the maximum stresses occur at the
edge. The maximum deflection occurs at the center of the panel for both clamped and
simply supported edges. These formulas are developed from reference (5) and (6).
Panels under uniform loads must satisfy the following formula:

f

(o]

*i‘sgs'f}'é"
5 F.5.

7|
5 I3
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where:

Edges simply supported:

fba
E 2 2
tb t 5
fig = K§ 2.572 [ == () (—)
. =y 6
Edges clamped:

e [ )

Ky i8 a coefficient for finite panels where a corresponding § for infinite panels does
not exceed 0.5t. For deflections greater than 0.5t a value for Kg does not exist.
Therefore finite panels should be designed as infinite panels (Kg = 1.0). To find K
use Figure 3,

i
The factor r required for the curve is:

1

.2 (i&)‘
b Efa
b = short edge of the panel

As can be geen by Figure 3 the panel is an infinite panel (Kg = 1.0) when r iz about 2.0.

- Cf in the formulas above is given by Figure 4. The value m required for the
figure is found by:

' 9110-9
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Edges simply supported:

(Y3

E
m= 2.778 <_t2) (.é
t

Erm
Edges clamped:
1
2

m= 2.732 (;‘i) (%)

% in the above formulas is the ratio of the maximum deflection to the thickness of the

panel, and is found with the aid of Figure 5. For the figure, -EA- (the ratio of maximum
deflection to the thickness of the panel assuming loads resisted by bending only) is
calculated as follows:

Edges simply supported:

A sxfbapb‘

b 3 Efbt‘
Edges clamped:

A A ppaPb!

e 32 Efbt‘

Figure 5 also requires a factor C which ia:

(]
o

b
fb

C =

9]

The deflection of the panel, 8 , as computed for use with stress formulas, is the maxi-
mum deflection of an infinite panel and is used when deflection limit is a specification

requirement. For finite panels multiply the infinite panel & by the factor K.

Because of the membrane stress action, very low stresses may result for panels
indicating a need for only small panel thicknesses. The designer is cautioned not to

©110-9
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overlook the requirements for limiting deflection which may govern the design of
many panels,

A plot of the above formulas for a specific GRP grade is given in Appendix A and
a design example in Appendix B,

9110-9-i, Members in bending

The bending theory, as developed in mechanics of materials, is applicable to
bending members made up of GRP laminates. It is emphasized, however, that the
computation for section modulus must utilize theory developed for composite beams
since the tensile and compressive strength of GRP laminates are usually different,

" Tne modulus of rupture for members in bending will be either edgewise tension,
edgewise compression, or the flatwise flexural strength of the laminate depending
upon the nature of the cross section geometry (see Figure 6). When the bending mem -
ber is the laminate itself (a panel of GRP), the modulus of rupture may be taken as the
flatwise flexural strength of the laminate, Ff. When the bending member is a panel-
stiffen~r combination or a deep member such as a plate girder, the modulus of rup-
ture .. ybe taken as the edgewise tensile strength, Ft, of the laminate on the tensile
side and the edgewise compressive strength, F., of the laminate on the compressive
side. Usually the compressive strength is low and will govern the design. When cal-
culating section modulus of a panel-stiffener combination the following formula for
effective width of panel is recommended:

a = 2a' + a"
e

where:

a, = effective width
a' - 15t
a'" = width of stiffener

See Figure 6.

Stiffener spacing, if less than the above calculated effective width, should be used when
adjacent stiffeners are similarly loaded.

Research to determine effective widths is incomplete and may be modified as
future tests are conducted. Consult applicable Ship Specifications for current re-
quirements,

9110-9
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9110-9-}, Combined stresses

The following formulas are recommended and may be used unless otherwise
altered by Ship Specifications.

(1) Panels loaded on the short side such as a hull panel in a longitudinally
framed ship.

(a) edgewise compression

FCC!‘
<
e e *F.s.

where:

f. is the applied edge compressive stress from primary loads such as longitudinal
hull bending.

frc is the compressive stress in the panel caused by bending of a panel-stiffener
combination under local loads.

The Factor of Safety is 2.0 (see 9110-9-e).

(b) edgewise tension

t
o “Fs

F
where:

f; and fgy are as defined above except loads are in tension.
The F.S. for this formula = 4.0. (See 9110-9-e.)

(c) combined edgewise shear and compression

9110-9
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where:
fg are applied shear loads in panel.
f. are applied compressive loads.
The F.S. is8 2.0. (See 9110-9-e,)
An example for use of this formula is given in Appendix B.

(2) Panels loaded on the long side such as a hull panel of a transversely
framed ship.

(a) edgewise tension

f,d

1
N e
F, F, F.S,

where:

f; is the applied edge tensile stress from primary loads such as longitudinal hull
bending or other axial loads.

ff is a tertiary flexural stress, i.e. flatwise bending of the panel from local loads.
Note that since this is a relatively thin panel bending, the flexural strength, F¢ 18 used
which is unlike the tensile or compressive stress used where bending is applied to a
deep stiffener. The factor of safety, F.S. is 4.0 for this formula. (See 9110-9-e.)

() edgewise compression

't
C

— s

1
F F.S.
ccr

The F.S. is 4.0. This high factor of safety is desirable since for plates loaded on
their long egdge, especially for transversely framed hulls, buckling results in catas-
trophic failure. For loading on short edges such as the longitudinally framed ship, the
stiffeners will still carry load following buckling of the panel.

Unlike panels loaded on the short edge, the formula above does not combine com-
pression caused by local bending singe normal local loads tend to increase the buckling

9110-9
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strength. See Reference (4). Without consideration of buckling strength, however, the
combined stresses should not exceed the ultimate strength. For this condition the
following formula may be used:

f f
F F
c f

(3) Combined bending and column stresses

(a) Stiffeners in tension

Fy

F.S.

e * T <

where:

f, and fft are direct tension and tension from bending stresses applied directly to
the stiffener or column. The F.S. is 4.0 (see 9110-9-e).

(b) Stiffeners in compression

ffc fc 1

— oy —— Q  emmm—

F F F.S.
(] cer

where:

fec 18 the applied bending stress in the stiffener or column.
fo is the applied axial load.

Feer i8 the critical column stress.
The factor of safety is 4.0. (See 9110-9-e.)

(¢) compression of stanchions

Since bending loads are not usually applied to stanchions the following
‘ormula applies:

f
c 1 c 1
n— am— asa——
F F.s. " F "F.s.
cCcr C

9110-9
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where:

fc and Fop are as defined for compression of stiffeners. The F.S. is8 4.0. (Bee
9110-9-e.)

9110-9-k. Composite laminates

For this discussion, a composite laminate is defined as a laminate composed of
several different types of reinforcement which have variable mechanical properties,
such as a laminate composed of woven roving, glass cloth, and random mat. Although
not often used for major structural elements, these composites have been used for
small boats and ventilation ducts. A single layer of mat is often used with a GRP lam-
inate to provide increased bond strength. This ply of mat is generally ignored, how-
ever, in determining properties of the laminate. If the mechanical properties of each

type of reinforcement plus resin are known, the properties of the composite can be
calculated as follows:

(a) For axial loading

Modulus of Elasticity:

1 i=n
E= K 2 EiAi
i=1
Modulus of Rigidity:
1 f=n
G = X Z GiAi
i=1
1}
Stress:
i=n
F=l2 F A
A i1
i=1
(b) For bending

In the above formulas, substitute I for A.

9110-9
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where:

1, E, G, and F are properties of the total composite

A = total cross sectional area of the laminate

E;. Gy, and Fy are properties of each type of reinforcement
A is the cross gectional area of each type of reinforcement
T is the summation of the reinforcements

I{ is the moment of inertia of each type of reinforcement about the neutral axis of
the entire laminate.

An example for one of these formulas is given in Appendix B.

9110-8-1. Figures for use with design formulas

9110-9
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Design curves for woven roving laminates
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Appendix A to DDS 9110-9

Design curves for woven rovi laminates
ng

The following design curves have been developed from the formulas given in the
basic text for woven roving-polyester laminates.

Woven roving is a medium strength, bi-directional reinforcement. These par-
ticular curves are presented primarily because woven roving has become a standard
material for boat construction and will probably be used extensively for application to
larger hulls. Woven roving-polyestor laminates are economical laminates which
provide sufficient strength for hulls and other structural elements under normal room
temperature cure and by hand lay-up applications. Furthermore, considerable data
is available on the mechanical properties.

The following properties were used in preparing the curves., These properties
could vary and the Ship Specification for the design governs. Where the Ship Specifica -
tions do not specify values, these values may be used. The properties are average
wet strength values based on laboratory tests and test specimens from actual fabricated
boats. Note that because woven roving is bi-directional the properties in both flatwise
axes are equal; Fg = Fp, Eg = Ep.

ULTIMATE MODULUS OF

STRENGTH, P8I ELASTICITY, PSI
Tension Fy 33,000 Ey 2.0 x 10¢
Compression F. 19,000 E; 1.5x 10*
Flexure Ff 40,000 Ef 1.7 x 10°
Shear (Perpendicular to laminate) Fg 12,000
Shear (Horizontal and Secondary bonds) Fg 700
Shear modulus of Rigidity G 0.45 x 10*
Poissons Ratios,
Tension 0, 14
Compressjon 0, 25
Flexure 0,19

9110-9
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Appendix B to DDS 9110-9

Design examples

1. Column formula

wk
Given: A GRP stanchion where: _r_Lr_

[
L = 96 inches lI
Diameter = 6 inch O.D, ll
- (]
Thickness = 1/2 inches % 1 i
Material = woven roving, Ef=1.7 x 10% p.s.1. :
Load = 20,000 pounds X
Comm—r
Determine: Factor of safety
Computation:
radius of gyration, r = 1,953 (calculate or obtain from various
standard tables)
A = 8,64 square inches
% 49.16 (-1—‘>2 = 2417 L = 1.0 (Pinned Ends)
1.953 r -0 irinne
n? E. m(1.7x10%
F = = = 6942 p.s.1. = critical compressive
2
cer K (&) 1ean buckling stress
r

Fccer can also be determined using Figure 1 of Appendix A for woven

roving.
. P 20,000 _
Axial Stress, A~ 864 - 2316 p.s.i.
6942
Factor of safety, F.S. = 2315 = 3.00 (answer)

9110-9
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2. Buckling formulas

Givon: A GRP panel subjected to an odge comprossive lond of 300 pow, 1,
and a shearing load of 1000 p.s. 1,

l
!
f
f
f

Panel width = 24 inches (loaded edge)

iy =

=y ©h w L= a = Panel length = 48 inches

=t Av u‘:_: Material = woven roving; G = 0.45 x 10%, Ef = 1.7 x 10%
N\ woper 000re hg = 0.19

Thickness = 1/2 inch
All edges simply supported

Determine: Factor of safety on ultimate strength

Computation:

Critical compressive buckling stress, Foop =

& ® 2
Hc EfaEfb (_t_)
’\fba b

E, =E_. = 1.7 x 10% for woven roving

fa fb
Aba = ! " "fab™ fba
=1-(.19?2
= 0,964
H =h +C K
c [ c f
n?
Cc =% 1. 64 For simply supported edges
« Era e * 22 gap @

1.7 x 10% (.19) + 2(0.964) (0.45 x 10)®
1.7 x 108

K= = 0.700

9110-9
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TN
I tr3
o
~——
o~
#
o
=
]
k3
i
[\

fa

From Figurc la of basic text, hy = 1,62

SHe o 1620 1.64(0.695) 2,76

1.7 x 10% /0.5
And Fogp = (___________) (O 5

2
0 964 —2—4—> = 2094 p.s.i.
Focor can also be obtained from Figure 2 of Appendix A for woven roving
material,

1
(Egy Eta) 4 (;_)2
h o, b

Critical shearing stress, Fger = Hyg

% 0.5 K¢ = 0.700 (see previous calculation)

{o |

From Figure 2a of basic text, Hg = 13.4

2
13.4 (1.7 x 109 (o.s> :
Fger = 3(0.964) 54 = 3388 psi.

r can also be determined from Figure 3 of Appendix A for woven
roving,

Fse
Combined shear and compression:

[ 2 f

[ c 1
_8 . o1
(w > F  F.S

sor

(1000)2 , 800 1
3388 2094  F.S.

1
0.087 + 0.382 = F.5.

1
" 0.469

F.S. = 2.13 (Answer)

9110-9
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3. Panel bending formulas

Given: A GRP panel 24 inches wide, infinitely long, p= l.oad = 10 p.s 1.
normal to surface

Thickness = 1/4 inch
Material: Woven roving
Fg= 40,000 p.s.i.

¥t = 33,000 p.s.i. . .
o re s, oA
Eg=1.7x 10° p.s.i. $ "

XEREEERE N NN f
Et= 2.0 x 106 p.s.,i. P"UP-SJ

-

A = 0.964 (See example 2)
All edges simply supported

Determine: Factor of safety on ultimate strength and the deflection of the
panel.

Computation:

C is found from Figure 4 of basic text and requires computation ot m.

Etb\ L 5
- D 77 v —
m _.418<E >2t

S - . . .
- is found by Figure 5 of basic text and requires computation ol
t

A
- and C.
t and C
\ bt
5 ‘fbaP

é_é Efbt[

i

ﬂl(‘/

6 _ 5(0.964) (10) (24)*
t 32 (1.7 x 105 (.25)°

= 75.37

~110-9
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E
2.0 8
c. .t x 10

B 1.7 x 108

1.176

. S
From Figure 5, E- - 2.68

Maximum deflection, § = 2.68 (. 25 = 0.67 inches (Answer)

P
pee

Continuing with computation:
1
2
m - 2,778(1.176) (2.68) = 8,07
From Figure 4, Cs= 4.12

1.7 x 105 /0. 25\2
[ - 4.12 ( = ) (2425) (2.68) = 2099 p.s.1.
(1.7 x 105  /0.25\° R .
fp © 25725 ” (2.68)? = 3511 p.s. i.

Factor of safety:

2099 . 3511 1
40,000 * 33,000 F.S,

_1_
F.S.

0.052 + 0.106 =

L

.- - 6,37 Swe
T ). 33 (Answer)

Note that for this example the factor of safety of 6.33 is more than the 4.0
usually required. However, if deflection limits of L/200 are imposed:
L/200 = 24/200 = 0.12 inches

)

i

0. 67 inches > 0. 12 inches

Therefore panel would not be acceptable if this criteria was imposed.

Composite laminates

Given: A simple composite beam simply supported at each end, 20 inches
long.

Load 100 pounds concontrated at center

Overatl thickness of beam 1 Inch
9110-9
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Width of beam = 6 inches 0%
A
Composition: Top 1/3 of beam is woven — C ‘ oy
. & T A
roving; Ep = 1.7 x 10° p.s.i. - _____A_ 20" R
Middle 1/3 of beam is random
) - 8 .
.gat; Ef = 0.86 x 10° p.s. i. _L b § —_we
. — MAT
Bottom 1/3 of beam is glass T . CLOTH

cloth; E¢ = 1.9 x 10% p.s. 1.
Determine: Deflection of the beam

Computation:

—
t4
o]
Pt

Composite Ef =

Where: I; = moment of inertia of each different material arca about the
neutral axis of the total composite.

I = the total composite moment of inertia
For this example assume that the neutral axis is at the center.
bd®  s)°

T e D eeeemelem WL \ » & ‘
Total I 12 12 0.5 inches

bt 6(1/3)°

_— - i ‘
12 12 0.0185 inches

I of mat =

I of woven roving and cloth

I =~%22- + Area xy2 y = 0.34 inches

I=0.0185 + 2(0.34)2 = 0. 2497 inches*

ZE I 1.7 x 10% (0.2497) = 0.4245 x 10°
1.9 <108 (0.2497)  0.4744 4 10°
0.86 x 108 (0.0185) = 0.0159 x 108

9110-9 Total 0.9148 » 10% p. s.1i.
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0.9148 x 10°
Composite E_= 29148 x 107 _ 1.83 x 10° p.s.i.

f 0.5

3

. . _ PL
Deflection of simple beam= 48 EI

100(20)3
"~ 48 (1.83 x 105(0. 5)

= 0.0182 inches (Answer)
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9110-9-b. Purpose and Scope

Part II of this Design Data Sheet is issued to provide guidance and uniform
standards for design calculations of glass reinforced plastic (GRP) sandwich panels.
Part 1 includes design data for single skin construction (sce definitions in 9110-9-¢),

The design data presented in the following pavagraphs are taken almost enti rely
trom reference (1). Reference (a) was developed primarily tor flight vehicles and
contains considerable data on core configuration and properties and is an excellent
source from which to obtain data on other configurations not included herein such as
circular panels and cylinders.

Because of the many possible variables in core configuration and mechanical
properties, sandwich construction presents a complex design problein.,  Much of the
data has been developed through actual tests. The design data prescnted herein is
applicable to most core configurations presently used for ship and boat structures
especially those of a "'solid" nature such as balsa wood and foams and combinations of
foam and GRP webbing (see Figure 27). Data on the foam-GRP webbing core is
presently limited but this type of core can be designed as a simple beam structure or
with data on the core shear modulus, designed as a solid core configuration. The
advantage of this particular type of core is the high shear strength provided by the
GRP web, which is required especially for panels subject to high concentrated type
loads such as a helicopter landing platform. Cores such as honeycomb paper and
aluminum, or corrugated and waffle configurations, not generally applicable to ship
structures, are not covered. Reterence (a) may be uscd, however, in the event data
are requived on these sindwich panels.

The data presented are applicable to sandwich panels with isotropic faces or
orthotropic faces which are bi-directional. Since most ship type laminates are bi-
directional or have properties nearly bidirectional, the formulas given should be
adequate. In extreme cases, where a unidirectional (uce is used with extreme
variance in properties in the a and b direction, data presented in reference {c) can be
used.

Appendix A gives some design examples for sandwich panels.

Design graphs for woven roving laminates as given in Part ] are not given herein
for sandwich panels. Although woven roving reinforcement is still considered an
ideal tacing material, the presentation of simplified graphs is complicated because of
the many possible combinations of core thickness and propcrties. It is therefore
suggested that instead of graphs, the formulas be programmed for computer anplication.

9110-9
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Formulas for stilfeners supporting sandwich panels and combined stresses as
given in Part I of this DDS are applicable to sandwich panels.

9110-9-c. Definitions

Glass Reinforced Plastic (GRP) - A structural material composed of woven glass
fibers and a thermosetting resin binder. For ship application the glass is generally
glass cloth, woven roving, and random mat combinations. The most commonly used
resins are epoxy and polyester.

Glass cloth - A woven material made of glass yarns. Glass yarns are glass
strands given a twist or as a combination of two or more of such twisted yarns plied
together. Glass strands are a multiplicity of glass filaments drawn together and
gathered into an approximately parallel arrangement without twist. A glass filament
is a single thread of glass of very small diameter.

Woven roving - A woven material made of ropes of glass rovings. Rovings are
groups of continuous strands wound into a cylindrical package. The number of strands
can be varied.

Glass mat - Composed of numerous fibers, strands, or yarns of uniform length,
unwoven but randomly distributed and resin bonded so as to form a uniformly thick
and highly porous sheeting of glass fibers.

Laminate - A finished thickness of GRP material composed of a number of layers
of woven glass and resin.

Ply - Bach individual layer of glass in a laminate. Whenever thickness-per-ply
is discussed, it is the thickness of the glass and resin. The glass thickness will
remain constant or within a small tolerance for a given glass material. However,
thickness associated with a given ply may vary since it is dependent oun the fabrication.
The strength of GRP varies as glass content varies in a given laminate.

Single skin construction - Term used to describe a relatively thin laminate
composed entirely of GRP and distinguished from a sandwich panel which is composed
of two skins of facings separated by a light weight core.

Orthotropic material - Material with different mechanical properties in direction
of thrce mutually perpendicular axes. These three axes are used for stress analysis
and are called the natural axes. Two of the axes are in the laminate plane. The third
axis is perpendicular to the laminate plane. Examples of orthotropic materials are
GRP and plywood.

9110-9
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Isotropic material - Material with mechanical properties equal in all directions.

Bidirectional laminate - Orthotropic GRP material where the mechanical properties
along the two natural axes in the laminate plane are about equal, produced by placing
equal amounts of glass fiber in both directions.

Unidirvectionnl Iaminate - Orthotropic material with mechanicnl proporties along
one nitural axis in the laminate planc much higher than the other axis.

Sandwich panel - A composite formed by bonding two strong thin facings to a low
density thick core. The facings resist nearly all the edgewise loads and flatwise
bending moments. The core provides the shear rigidity of the composite and spaces
the facings and transmits shear between them so they are effective about a common
neutral axis. The facings of sandwich panels should be spaced far enough apart to
achieve a high ratio of stiffness to weight.

Core - The low density material separating facings in a sandwich panel. For
ship applications cores are generally composed of balsa wood and various foam
plastics, or a combination of light weight foam and glass webbing.

Facing - The outer surfaces of the sandwich composite. For this DDS the {acings
are composed of GRP laminates.

9110-9-d. Symbols for formulas

SYMBOLS

A croas sectional area of a sandwich panel; coefficient for
sandwich panel formulas.

a length of one edge of a rectangular flat panel; subscript denoting
direction parallel to the "a" edge of a rectangular flat panel.

b length of one edge of a rectangular flat panel.

B coefficient for sandwich panel formulas.

C subscript denoting core of a sandwich panel.

cr subacript denoting a critical condition of elastic buckling.

c subacript denoting compression; coefficient for edge conditions
of sandwich panels. ‘

D bending stiffness factor for flat panels.

d total depth (thickness) of a sandwich panel.

9110-9
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K, KM, etc.
Il

ke

<

Young's modulus of elasticity; with subscripts denotes mcdulus
in tension, compression, etc.

ultimate strength of a GRP laminate or member; with the
subscript cr, critical compressive buckling stress; with the
subscript scr, the shear buckling stress; subscript denoting
facing of a sandwich panel.

factor of safety on the ultimate strength,

induced stress; subscript denoting bending of flexural strength.
Modulus of rigidity (shear modulus)

extensional stiffness

distance between facing centroids of a sandwich panel.

moment of inertia of the cross section of a laminate or member.
coefficients for formulas.

unsupported length of a column or beam, core axis for defining
sandwich pancl core properties.

hending moment

number of half-waves of a buckled column or rectangular flat
panel.

shear stiffness factor; load per unit length of panel edge.
unit load.
coefficient for sandwich panel formulas.

radius of gyration of a column section; stiffness factor for
rectangular flat panels; subscript denoting reduced.

coefficient for sandwich panel formulas.
subscript donoting shoear.
core axis for defining sandwich panel core properties.

subscript denoting tension; thickness of sandwich facings with
subscripts 1 and 2 indicating each face.

shear stiffness factor.
shearing force.

weight; core axis for defining sandwich panel core properties.

9110-9
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Z section modulus of the cross section of a panel in bending.

a, B8,y coefficients for sandwich panel formulas, factor relating to
properties of materials.
1 -

“ foa " fba* fab

i Poisson's ratio; with two subscripts denoting dirvection, Poisson's
ratio for strain when stress is in the direction of the tirst
subscript.

5,4 deflection of laminate or panel.

9110-9-e. Factors of safety

The formulas herein and design curves of Appendix A relate to the ultimate
strength of the CRP materials. GRP has no discernible yield strength,

Factors of safety on the ultimate strength must be included in accordance with
applicable Ship Specifications. Where not so specified, the following factors of safety
are to be used.

Factor of safcty

Conditions on ultimate strength
Stiffeners and stanchions 4.0

Flat panels

(a) Panels loaded on the long edge
from tension, compression, and
shear, or combinations thereof,
where failure would be catastrophic. 4.0

(b) Compressive and/or shear stresses
in panels loaded on short edges
where buckling would not lead to
catastrophic failure by transmittal
of load to boundary stiffeners. 2.0

The large factor of safety (4. 0)is primarily to account for fatigue, creep, 1nd aging
of GRP materials. In addition to stress levels, structures should be limited to a
deflection equal to L/200. This deflection requirement is extremely important for
GRP members because of the low modulus of elasticity.

2110-9
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9110-9-f. Modes of failure of sandwich panels

The modes of failure that may occur in sandwich panels are shown in Figure 1.
These failures are obviously different than simple laminate failures because of the
presence of the core.

(1)

(2)

(3)

4)

General Buckling-Figure 1-A - The panel may fail by a local failure
under cdgewise direct or flatwise bending loads.

Shear crimping-Figure 1-13 - This failure appears to be a local mode

of failure but is actually a form of general overall buckling in which the
wave-length of the buckles is very small because of low core shear
modulus. The crimping of the sandwich occurs suddenly and usually
causes the core to fail in shear at the crimp; it may also cause shear
failure in the bond between the facing and core. Crimping may also
occur in cases where the overall buckle begins to appear and then the
crimp occurs suddenly because of severe local shear stresses at the ends
of the overall buckle. As soon as the crimp appears, the overall buckle
may disappear. Therefore, although examination of the failed sandwich
indicates crimping or shear instability, failure may have begun by
overall buckling that finally caused crimping.

Facc buckling-Figure 1-C - If the core is of cellular (honeycomb) or
corrugated material, it is possible for the facing to buckle or dimple

into spaces between core walls or corrugation as shown in Figure 1-C.
Dimpling may be severe enough so that permanent dimples remain after
removal of load and the amplitude of dimples may be large enough to
cause dimples to grow across the core cell walls and result in a wrinkling
of the facings.

For corrugated cores, consideration must also be given to secondary
bending of the core webs. This mode of failure is not considered for
"golid" cores covered by this DDS.

Wrinkling-Figure 1-D - Wrinkling may occur if a sandwich facing
subjected to edgewise compression buckles as a plate on an elastic
foundation. The facings may buckle inward or outward, depending on the
flatwise compressive strength of the core relative to the flatwise tensile
strength of the bond between the facing and core. If the bond between
facing and core is strong, facings can wrinkle and cause tension failure
in the core. Thus, the wrinkling load depends upon the elasticity and
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strength of the core and the bond between the facing and core. Since the
facing is never perfectly flat, the wrinkling load will also depend upon
the eccentricity of the facing or original waviness.

The local modes of failure may occur in sandwich panels under edgewise
loads or normal loads. In addition to overall buckling and local modes
of failure, sandwich panels are designed so that facings do not fail in
tension, compression, shear, or combined stresses due to edgewise
loads or normal loads, and cores and bonds do not fail in shear, flatwise
tension or flatwige compression due to normal loads.

9110-9-g. Fundamental formulas

In the development of formulas for deflection, stresses, and buckling of sandwich
components, mathematical expressions for bending, extensional, and shear stiffness
often appear as parameters involving these stiffnesses. It is convenient to present the
fundamental stiffness formulas at the outset. Here also are discussed the effects of
facing and core stiffness on sandwich bending stiffness so that the degree of approxi-
mation implied by simplified formulas neglecting facing and core stiffness is known.

Note that in this section subscripts are given for facing, F and core, C. Fl1 is
one facing, F2 the other facing. No subscripts are given for tension, compression,
flexure, etc. The text will define which condition is applicable. This is done for
clarity only.

Sandwich bending stiffness

A structural sandwich under forces normal to its facings has a bending stiff-
ness, per unit width, given by the formula:

t E_t E_t 2
b . 1 P:mtm <EF2 F2> w2, FLF1 ( C c) (‘Fl"(:) ‘

®ri'r1 | Bclc | Epatra| Mri M2 P11\ Ao 2
S ST
2 3 3 3
Ep'F2 (Ectc> <tF2+tC> L 1|%r'm, Befc | Erolre
2 \ Ag 2 Tl W U W

Where faces are composed of bi-directional laminates, i.e.. E,=E), then
D is the same in both the a and b direction. If a and b directions have different
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properties, substitute the appropriate Er and Ec values for the a and b direction; for
I usc the lowest modulus. For GRP this is usually compression,

(See sketch of Figure 2 for notation.) For many combinations of facing mate-
rials it will be found advantageous to choose thicknesses such that EFltFl . EFZtFZ

For sandwich with facings of the same material and thickness, the formula
reduces to:

3 3
Eth? 2E .t Et
D= FF+1<FF cc)

- +
2XF 12 xI-" )‘C

The second term of the above formula incorporating facing stiffness and core stiffness
is neglected for most sandwich. The effect of this second term in increasing basic
sandwich stiffness is obtained from values of K shown graphically in Figure 3, with the
above formula reduced to:

Eptph?

D= K 5o
2 p

If the sandwich has thin facings on a core of negligible bending stiffness, as

is usually the case, and after assuming AF1= Ap2= X, the bending stiffness is given
hy the formula:

E_t E__t_ h?
D = = Ftl FiEthFz) x (for unequal facings)
F1Fl1 "F2F2 'F
Eptph?
= (for equal facings)
2\F

Sandwich extensional stiffness

The extensional stiffness of a sandwich, stretched or compressed by force in
its plane, is given by the formula:

H=E + EFZ‘FZ + Ectc (for unequal facings)

FltFl
H= 2EFtF ‘ EC‘C (for equal facings)
For E and E(~ use compression or tension modulus.
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Sandwich shear atiffness

A sandwich that has fairly thin facings on a thick core has a tranaverse sheir
stiffness per unit width given approximately by the formula:

h2

GC is the core shear modulus associated with the distortion of the vy or vy B plane.

9110-9-h. Rectangular flat sandwich panels under edgewise toads

Overall buckling of the sandwich or wrinkling of the facings cannot occur without
possible total collapse of the panel. Detalled procedures giving theoretical formulas
anc graphs for determining dimenaions of the facings and core for resisting compres-
sive and shear edge loads are given in following paragraphs. Double formulas are
given, one formula for sandwich with facings of different materials and thicknesses
and another formula for sandwich with each facing of the same material and thickness.

(1) Panels loaded in edgewise compresasion

Formulas to determine minimum face thickneas

Facing stresses are related to the edge load by the equations:
tFlFFl + thsz = N (for unequal facings)

N

- f
ty IFp (for equal facings)

Fp 18 the chosen design facing compressive stress; N is the design compression load
per unit length of panel edge. Thease formulas assume both faceas are of the same ma-

terial. If not, see reference (a).

Critical compressive buckling stress

The following formulas are for determining core thickness and core shear
modulus so that overall buckling of the sandwich panel will not occur.

The load per unit panel width at which buckling of a sandwich pamel will occur
{s given by the theoretical formula:
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2

|

Ner=K=3 D

o

where D is sandwich bending stiffness. This formula, solved for the facing stress,
. becomes:

E

FltFlEFZtFZ h\? "F1,2
—
(E

Fi1tr1 B A

Frer, , = ™K (unequal facings)

4
Folrz) ° F

EF‘ is the chosen compression modulus of elasticity.

n*K (h\ EF
= —— (32 X for e 1 facings
Frer = 73 (b) AF (for equal facings)

For orthotropic faces, Ep = +/E FaE Fp in the above formulas. For bi-directional
laminates the formulas may be used in the given form.

b is the length of loaded panel edge; K = Kr *+ Ky Ky is a theoretical coefficient de-
pendent on facing stiffness and panel aspect ratio; and Kj is a theoretical coefficient
dependent on sandwich bending and shear rigidities and panel aspect ratio.

The above formulas assume core has negligible bending stiffness and there-
fore were developed by substituting the D value corresponding to negligible bending
stiffness. If this is not the case modify by substituting the appropriate D value given in
9110-9-¢.

Determination of coefficient K

K= Kg+ Ky
Values of K shall be determined by the formula:

(Ep1tr: *Epotpe) (Eprtey * Epotea)

KF=

K (unequal facings)
2 MO
12E g tr1Epatr2®
t2
Kp= 3—;—'} KMo (for equal facings)

Where KM is determined from Figure 4. (KMO = KM when V = 0.) For
a/b ratios greater t%an shown on Figure 4, assume Kgp=0.
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Values of KM may bedetermined for most sandwich panels by using Figurus
5to 16. These figures are applicable to isotropic facings o= 1.0, B= 1.0, y= 0.37)
and orthotropic facings where o = 1.0; B = 0.6 and v = 0.2 where o, B, vy are as

follows:
Eb Gba.
= - = + 2 ; =
a 1/ £, B bab YiY FE

Gpgq is the face shear modulus.

A

Use of the figure requires a parameter V which incorporates bending and
shear rigidity:

V= 5Tu

which can be written as:
m
teErtr Eratre

V= (unequal facings)
2
A Fb Geo (E

r1tF1 * EFatra)

mtEptE

-« —_— (equal facings)
ZXFb!Gc
For each value of V, there is a cusped curve giving values of Ky, for various a/b, b/a

ratios. These cusps are indicated by dotted lines for the top curve in each figure.
The cusps show the sandwich panel buckling coefficients calculated for different values

of n: the number of half waves into which the panel buckles. Only the portions of each
cusped curve for which Ky is a minimum are shown. Envelope curves indicate values
of Ky for use in design.

If the Figures do not apply because ratios of core shear moduli or a, 8 and
v values are far different from what 18 given on the Figures, or it is desired to check
by a more accurate analysis, the formulas given in the following shall be used:

Ky + <1+ B—)BZV
Cq

Ko, =
M R
V2t 13Q.VH o B,V?
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Ca
.= . + . + -
K‘ Qlcl 25'02 i

where
- Ky Bz)
ES + - s §
Y1=T+(1-T) K2<B1
B B
=T?+2T(1-T) 22+ (1-T1)2 B2
¥2 ( )81 (1-1 B;
va= T+ (1-T) X (22
¥s ( )Qz B,

= 2. 2
Bl = CjCy - Bl Coy + Q’iC2Ki

2 2
@ "+ o 2, C2
B., = —_—lee _BBC + yK +YK1)
12 (20102 )13 1 Bacy 5 V1K, 2

R R Cy
Gz-: : — + — + -
1 i Cy (1 C‘> Yica ai

The parameters of these formulas are given by the following expressions:

Ay
T A+ A,

v .o Ak rrth
Ay + A, bzGCa

T

GCa

R= =2

Gcp
t
Fi
A= — E E
i Th VEFai E ppj

where Gy and G, are the moduli of transverse rigidity of the core associated with
the directions of the londed and unloaded edges of the panel.
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13 PART II




The values of ¢,, ¢y, ¢y, and ¢, depend upon the panel aspect ratio, b/a, the
integral number of longitudinal half waves, n, into which the panel buckles, and the
panel edge conditions. Values of n are chosed to produce minimum values of N.

For a pane! with all edges simply supported:

c*c-—é—z—- Cy =1 a.ndc—l-‘zbz
1 4 nzbzv 2 ’ 3 a!

For a panel with loaded edges simply supported and other edges clamped:

n?p? 4a’

16a 4 -
c2'§'c3= _a..[_,andm 3n2b2

€17 3n?b?’

For a panel with loaded edges clamped and other edges simply supported:

2
3a? b
Forn=1 ¢ =c¢cq—.C2=1,¢cy=4—
AT a?
2 . 2 2
a n‘+ 6n“+1/(b
Forn =2 °1=0A=—“‘"—‘-Cz=1.03="“‘_z_""_<—3>
(n? + 1p? n‘+1 \a

For a panel with all edges clamped:

2 4
Forn=1 cy=4cy= 429 ,Cy= 7, Cy= 4=
t 4 b’ ¢ 3’ a2

Forn 2 2

16a’ _4 n'+ 6o+ 1(h2>

c,=4cy = —i— , C2 =7, Ca~ —y
! 7 g+ )b? ; n“+ 1 \a

Wrinkling of Sandwich facings under edgewise compressive load

Wrinkling of sandwich facings, as shown in Figure 1-D, may occur if a sand-
wich facing buckles as a plate on an elastic foundation. Analysis of this localized
buckling behavior i8 complicated by unknown waviness of sandwich facings. Thus, the
designer must, in effect, consider the buckling of a column (facing) that is supported
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on an elastic foundation (core) and that is not initially straight. The initial curvature
or deflection (waviness) is not easily defined or easily measured, and attempts to cor-
rcelate wrinkling data, including measured facing waviness, with theory have not been
very successful. Growth of initial waves causcs stresses in the core and in the bond
between facings and core. Final failure may occur suddenly and the facing mayv buck le
inward or outward, depending on the flatwise compressive strength of the core relative
to the flatwise tensile strength of the bond between the facing and core. Information
given here should not be used as a primary means of sandwich design, but should be
used in conjunction with information on general buckling, deflection, etc. The final
design should be checked to ascertain whether wrinkling of the sandwich facings might
occur at design load. Because of uncertainties in analysis and values of material prop-
erties, it is recommended that the final design be checked by tests of a few small
specimens.

The stress at which wrinkling of sandwich facings on a continuous core such
as foams and balsa will occur is given approximately by the formula:

1

EpE~G~\3

Facing wrinkling stress, Fy, = Q(——I‘-‘—)\C—-—g>
F

E g is compressive facing elastic modulus in the direction of the applied load.

Ec is core elastic compression modulus in a direction normal to the sandwich
facings; G is core shear modulus associated with shear distortion in the plane per-
pendicular to the facings and parallel to the direction of applied load; and Q is the
relative minimum with respect to { of the expression:

¢? lsq(coehc-l)

300" + ¢ \Isih(+5
Q=
_cosh (-1
1+6"*K""(n sinh c+5)

where
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§ {s initial deflection of facing waviness; and F is flatwise sandwich strength (the
lesser of flatwise core compression or sandwich flatwise tengsion). The parameter (
{s proportional to the fourth root of the ratio of the core elastic moduli and to the ratio
of the core thickness to the ideal buckle wavelength.

A graphical presentation of Q is given in Figure 17. The graph can be en-
tered at known values of the abscissa, q, and the ordinate, Q, determined after
choosing an estimated K curve. Present state of the art does not permit a suitable
choice for values of 6. If test values of wrinkling stresses are known, the graph of
Figure 17 can be used to determine which K curve fits the data and then computc val-
ues of & from the above formula. Changes in design for similar sandwich can then be
made by assuming 5 to be a constant for that particular type of sandwich and then using
the graph of Figure 17 to redesign.

In the event data is not available it is recommended that the value q be calcu-
lated. Then if q is greater than 0.5 use the value of Q at q = 0.5 which is 0.26 as a
maximum value. If qis less than 0.5, Q is not dependent on the K factor.

Wrinkling will generally not occur on most sandwich panels composed of
relatively thick facings such as those used for most ship structures unless a very soft
core is used. The above formulas are more applicable to very thin faces such as
isotropic aluminum panels or GRP with only one or two plies of reinforcement.

(2) Flat rectangular sandwich panels under edgewise shear loads

Formulas to determine minimum face thickness

tFlFFl + thFFZ = Ns (unequal facings)
Ng

to = —— (equal facings)

F~ 2Fp

Fp is the chosen design facing shear stress; Ng is the design shear load per
unit length of panel edge.
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These formulas assume both faces are of the same material. If not, see
reference (2).

Critical shear buckling

Formulas given for compression buckling apply also to shear buckling except
for coefficients Ky and Ky use Figures 18 to 23.

On the figures note that Kyjq = Ky for V = 0.

Curves for clamped sandwich panels with orthotropic cores are approximate
because they were obtained by multiplying buckling coefficients for simply supported
orthotropic sandwich by the ratio of clamped to simply supported buckling coefficients
for isotropic sandwich.

The curves given are applicable to the same o, B, and v values noted for
compression buckling. For isotropic facings it was assumed that u= 0.25. For or-
thotropic facings it was assumed that u,p = upg = 0.2, Exa = Epp, and Ggpy = 0.21

Epg-

If the figures do not apply because of large variances in the properties as-
sumed, the formulas given in reference (d) can be used.

9110-9-i Rectangular flat sandwich panels under uniform normal loading

Detailed procedures giving theoretical formulas and graphs for determining di-
mensions of the facings and core for resisting bending from normal loads for simply
supported panels are given in the following paragraphs. Double formulas are given,
one formula for sandwich with isotropic facings of different materials and thicknesses
and another formula for sandwich with each isotropic facing of the same material and
thickness. Facing moduli of elasticity, EF1,2' and stress values, FFI,Z' shall be

compression or tension. Data for clamped edge panels are not presently available.

The following formulas are for determining sandwich facing and core thicknesses
and core shear modulus so that chosen design facing stresses and allowable panel de -
flections will not be exceeded. The facing stresses, produced by bending moment,
are maximum at the center of a simply supported panel under uniformly distributed
normal load. If restraint exists at panel edges, a redistribution of stresses may
cause higher stresses near panel edges. The procedures given apply only to panels
with simply supported edges. Because facing stresses are caused by bending moment,
they depend not only upon facing thickness but also upon the distance the facings are
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spaced, hence core thickneas. Panel stiffness, t.ence deflection, is also dependent
upon facing and core thickness.

If the panel is designed so that facing stresses are at chosen design levels, the
panel deflection may be larger than allowable, in which case the core or facings must
be thickened and the design facing stress lowered in order to meet deflection require-
ments. A solution is presented in the form of charts with which, by iterative process,
the facing and core thicknesses and core shear modulus can be determined.

7/

The average facing stress, F (stress at facing centroid), is given by the theoret-
ical formula:

pb?
Fri.2= Ko g ( 1 faci
. ‘m,z‘ unequal facings)

2
Fp= K, g—;: (equal facings)

where p is the intensity of the distributed load; b is the panel width; h is the distance
between facing centroids; t is facing thickness:; 1 and 2 are subacripts denoting facings
1 und 2; und K, 18 a theoretical coefficient dependent on panel aspect ratio, and sand-
wich bending and shear rigidities. I[f the core is isotropic (shear moduli allke in the
two principal directions), K, valuea depend only upon panel aspect ratio. The values
of K, for sandwich with orthotropic core and dependent not only on panel aspect ratio

but also upon sandwich bending and shear rigidities as incorporated in the parameter

V. Formulas for V are as given previously herein. N

The deflection, 5, of the panel center is given by the theoretical formula:

Er1,2%F1,2\ ,
6= RJ( Flz) 1+ b” (unequal facings)
F2 1F2 1

K )\IF b’)
8 = 1 — e equal facings

where K, {3 a coefficient dependent upon panel aspect ratio and the value of V.
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Core shear stress, Fog is given by:

b
Fcg = Ksp g

Where K3 is a theoretical coefficient dependent on panel aspect ratio and the parameter
V. 1f the core is isotropic, values of V do not affect the core shear stress.

Computation of coefficients K,, K,, and K,

Coefficients necessary to compute facing stress, core shear stress and panel
deflection are given in Figures (24), (25) and (26).

If the charts do not apply because ratios of core shear moduli are far different
from those given on the charts, or it is desired to check by a more accurate analysis,
the formulas given if reference (e) shall be used.

Special core configurations

If the core is composed of a foam-GRP web configuration as shown in Figure
27 the above formulas apply if combined foam-web propertiea are known. If not, the
formulas can be modified to include the section modulus of the actual panel face and
GRP webs and ignoring the light weight core.

9110-9-j Rectangular flat sandwich panels under concentrated loads

Data have not been developed for concentrated type loads on sandwich panels but
these members can be designed by assuming the panel as a simple plate. Bending
moments are determined using any standard strength of material text. For concen-
trated loads such as aircraft landing loads the methods given in reference (f) may be
used to determine the moments.

Stresses are determined by computing the section modulus of a unit strip of the
panel ignoring the core. For computing deflection, however, the shear deflection of
the core must be included. If the core is a foam-GRP webbing type as shown on Figure
27, the web is also included in the section modulus computation.

In addition to the overall bending moment and panel shear consideration the panel
core must be sufficient to resist direct compression under the concentrated load.
Generally, data is available on the compressive strength of solid cores. Once the load

9110-9
19 PART II




{s kmown the core density can be determined to provide the required compressive
strength. For the foam-webbing type core the webs can be designod as a short column,
tgnoring the core. The cores for these panels are usually a low density core, used
more as a form for the webs and to prevent web buckling.

9110-9-k Figures for use with design formulas

RN AR

FACING

FACING —

bt | bt

A -GENERAL BUCKLING B .-SHEAR CRIMPING

RERR RER) REK,

HONEYCOMB SEPARATION
CORE FROM
CORE
CORE
CRUSHING

thid Pt bttt

C.-DIMPLING D -WRINKLING OF FACINGS
OF FACINGS

FIGURE 1
Modes of failure of sandwich panels
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Notation for sandwich panels
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FIGURE 11
KM for sandwich panel with ends clamped and sides
simply supported, and orthotropic core. (Ggop = 2.5 Ggg)-
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FIGURE 12

KM for sandwich panel with ends clamped and sides simply
supported, and isotropic core. (Ggp = Gea) -
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FIGURE 14
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FIGURE 15

Ky for sandwich panel with ends and sides clamped,
and isotropic core. (Gep = Cew) -
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FIGURE 16

Ky for sandwich panel with ends and sides clamped,
and orthotropic core. (Ggp = 0.4 Ggg).
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FIGURE 18
Ky for sandwich panel with all edges simply supported, and isotropic core.
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FIGURE 19

Ky for sandwich panel with all edges simply supported,
and orthotropic core. (Gop = 0.4 Gea) -
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FIGURE 20

Ky for sandwich panel with all edges simply supported,

and orthotropic core. (Gcp = 2.5 Gea) -
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FIGURE 21

KM for sandwich panel with all edges clamped, isotropic
facings and isotropic core.
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FIGURE 22

Ky for sandwich panel with all edges clamped, isotropic
facings and orthotropic core. (GCb = 0.4 Ggg) -
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FIGURE 23

Ky for sandwich panel with all edges clamped, isotropic
facings and orthotropic core. (GCb = 2.5 Gcg) -
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FIGURE 24

K, for determining maximum deflection, &, of flat rectangular sandwich
panels with isotropic facings and isotropic or orthotropic core (see sketch)

under uniformly distributed normal load.
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FIGURE 26

K3, for determining maximum core shear stress, Fcg, for flat rectangular
sandwich panels with isotropic facings and isotropic or orthotropic core
(see sketch) under uniformly distributed normal load.
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APPENDIX A
DDS 9110-9
Design examples
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Example 1
Given: A rectangular flat sandwich panel dimensioned and loaded as follows:
Panel width, b = 24 inches

Panel length, a = 48 inches
Edges simply supported

GRP faces - Woven roving-polyester laminates
Face thickness, ty = 1/16 inch
Gpg = Gpp= 6.45 x 108 p.s.1.
EFa = EFb = 1.5 x 10° p.s8.i. (compression modulus)
Wy = up = 0.19
FF = 19,000 p.s.i. (compression)
12,000 p.'s.l. (shear)

Note here that for the sandwich example the compressive modulus is used in lieu
of the flexural modulus used for simple laminates given in Part I of this DDS.

Balsa core

thickness, tc = 3/8 inch

GCa = GCb = 12,300 p.s.i. (6 pounds per cubic foot denaity)
Eca = ECb = 313,000 p.B.i.

Fog = 180 p.8.i. (shear stress)

Loading

So a comparison can be made with the example of a single skin laminate given in
Part I of this DDS, use the same loads; shear stress 1000 p.s.i. and compressive
stress on edge b of 800 p.s.i. (Based on 1/2 inch thick.)

Since a sandwich panel and an equally overall thickness simple laminate have dif-
ferent stresses due to the difference in GRP facings carrying the load, relate in terms
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of load per inch of panel. For the simple laminate 1/2 inch thick, 1000 p.s.1.
shear = 500 pounds per inch and 800 p.s.1. compression = 400 pounds per inch of
panel.

Therefore, for our problem use:

Ng = 500 pounds per inch of panel width
N, = 400 pounds per inch of panel width
Normal load, p= 10 p.s.1.
Determine: Factors of safety
Computation:
Step 1 Minimum face thickness

For shear:

500
tp= m 0.021 inches
0.0625

Shear factor of safety = 0,021

= 2 98 (answer)

For compresasion:

400 _
*F ™ 2(18,000) - 0-01 tnches
0.0625
0.01

Compreasive factor of safety = = 6,25 (answer)

Step 2 Compressive buckling streas

Use formula for equal faces
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where: b = 24 inches b = 24 inches
Ep=1.5x10%p.s.1.

AF=1-p2=1-0.192= 0.964

2
tp

Kp =3 “mo
a
Using Figure 4 for KMO:
Since a/b is greater than 1.0 assume that
Kg = 0 (see notes in text)

Ky is found from Figure 6 where Ggog = Ggy,

and using the orthtropic face curves.

nztc Erptp
= —————T—
2A pb?G
72(0.375)1.5 x 10° (0.0625)
2(0.964) 24° (12.3 x 10°%)

V = 0.000025, assume zero

From Figure 8, using b/a = %- 0.6and V=0

KM‘ 3.2
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K= KF+ KM'0+ 3.2=3.2

F e T(3.2) (24378 ? 1.5 x 10°
cr 4 4 0.964
For = 4082 p.a.i.

In terms of load per inch of panel:

2
Nor = For A Where A = 1/8 inch

N = 4082(%) = 510.25 pounds per inch

Step 3 Shear buckling stress

Ky and Ky from Figure 18, using V= 0

Kiye= 5.4

M

tpz
Kp - 5;5' KMO
(0.0625)2

m (6.4) = 0.0367

KF=

K-KF+ Ky = 0.0367+ 5.4= 5,44

F

L m(5.44) (0.4375)’ 1.5 x 10®
scr 4 24 0.964

Fyop = 6940 p.s.1.

In terma of load per inch of panel

Nacr = 6940 (3)= 867.5 pounds per inch
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Step 4 Factors of safety on combined buckling strengths

From formula given in Part I of this DDS:

()
Faer Foor Factor of safety

Formula modified in terms of load:

Nc + Ns - 1
Neer \Nger Factor of safety
where

Ne 400

Neer 510.25

0.78

Ng 500

—— = ——— = 0.578
Nger 867.5

1

0.78 + (0.576) " = ot aatety

1
1.11 Factor of safety

Factor of safety on buckling = 0.90 (answer)

Step 5 Wrinkling of facings

1

EcGe\ 7

F™cYc

Fw=Q >

AF
where:

Ep=1.5 10° p.a.t. :
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Ec = 0.313 x 10% p.s.1.
Gg = 0.01238 x 10* p.s.1.
)\F- 0.%4

Q is found using Figure 17:

tc Ap -;-
1 ty Ge (E FECGC>

_ 0.375
a* 9.0625

‘ 0.964 +
(0.0123 x 10°%) 5
1.5 x 0.313 x 0.0123 x 10

q= 0.406

Note that an estimate of the value K i{s not required for q less 0.8 (see text).

From Figure 93, Q= 0.20

1 L
Fy = 0.20 (1.5 x 0.313 5‘,352123 x 10 ),

Fyy = 0.0362 x 10° = 36,200 p.s.1.

Ny, = 38,200 (1/8) = 4525 pounds per inch of panel.
Ny is less then 19,000 p.s.i. allowable;

therefore, wrinkling of face will not occur.

Step 6 Bending strength

Normal load = 10 p.s. 1.
Face bending strength

pb?
Fp szF
p= 10 p.s.1

h= 0.4375 inches
tF = (0.0625 inches
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From Figure 25 using V = 0 previously calculated, and R = 1.0:
K, = 0.102

F_=0.102 | —QO®
F- 0102 |F 375 (0. 0625) | - 210488 P8t

F
Fe 19,000
"1.:;: = m = (.88 (answer)

Factor of safety =

Note that the compressive stress, 19,000 p.s.1l., of the material is used which is
minimum. Tensile strength of woven roving is 33,000 p.s.1.

Shear stress of core:

Fa = %1 2 (3)

From figure 26, Ky = 0.48 for shear at edge a.

24
0.4375

Fog = 252 p.s. 1. Allo_wable shear strength = 180 p.s.1i.

Fcg = 0.46 (10)

Factor of safety = %—:—g = 0.7] (answer)

Step 7 Panel deflection
)\FFF (b)

K, = 0.102 previously calculated

K, from figure 24 = 0.01

5 = 2(0.01) (0.964 X 21486)( 24 )‘
0.102 1.5 x 10° 0.4375

6§ = 8.15"

L 24

Assuming allowable 6 = 200 - 200 - 0.12
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Factor of safety on deflection;

0.12
8 15 0.0147 (answer)

The panel used as an example s therefore totally unsatisfactory. Factors of
safety on buckling and bending and deflection are below the recommended values.

Example 2

Given: A helicopter landing platform. Existing solid wood decking to be replaced
with a sandwich panel 2 1/2 inch maximum thickness. Maximum exiating spacing of
steel longitudinal supporta = 18 inches.

Helicopter wheel load = 369 pounds per square inch
Assume infinitely long panel, designed as a simple beam.

Determine: Core configuration and face thickness. Design to ultimate
strength of material.

Computation:

Core compression under normal load

From the helicopter load, the core must be suitable to withatand a compres-
sive load of 369 pounds per square inch under the tire.
From test data on various core materials the following cores could be used:
4 pound denaity balsa wood - compressive strength 430 p.s.1.
10 pound density polyvinal chloride (PVC) foam, 380 p.s.i.
12 pound density urethane foam, 390 p.s.1.

Another core is the GRP web type (Figure 27). Assuming woven roving 2-ply
web.and a web compressive strength of 19,000 p.s.i. and a thickness per ply of 0.035

{nches:

Allowable load per web per inch:
19,000 (2) (.035) = 1330 pounds per inch
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For local compressive stress all the cores appear to be satisfactory and all
within a reasonable weight limit. Assuming 2 pound foam in the foam-web type core
the weight is approximately 5 pounds per cubic foot which compares with the balsa.

Bending and shear strength

Using the wood deck data in DDS 9110-6 (reference f) bending moment and

shear are calculated. In using the DDS complete data on the particular helicopter is
required. This data is not given here to simplify the calculation.

Resulting computation:
Bending moment = 7510 inch pounds
Shear load = 1220 pounds

Face thickness

Section modulus required:

M 7510
F

- - 3
~19’000 0.395 inches

Z =

Using the 2.5 inch depth the section modulus for various face thicknesses are
calculated:

For 1/8 inch faces, Z = 0.28 inches?
For /16 inch faces, Z = 0.40 inches?

Therefore, 3/16 inch minimum woven roving facings are required.

Core configuration

P 122
Shear stress in the core = e Tg = 488 p.s.i. required
Checking data on core materials the following densities are required for shear:
Balsa - approximately 15 pounds per cubic foot
PVC - approximately 15 pounds per cubic foot
Urethane foam - approximately 20 pounds per cubic foot -

It can be seen that much heavier cores are required for shear than for the
local compression.
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Check using the foam GRP web-type of core.
Two webs shear area = 0.035 (2)(2.5) = 0.175 square inches
f= P/A = 1220/0.175 = 6971 p.s.1.
Allowable shear stress of woven roving = 12,000 p.s.1.

Therefore the two-ply web-foam type panel is satisfactory, and with an
estimated core weight of 5 pounds per cubic foot is approximately 1/3 the weight of
other core materials.

Where design computation indicates a low shear requirement the other cores
would compete, especially on a cost basia.
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