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Introduction

Report 1803 and Supplements 1803-A and 1803-B of this series presented
formulas for computing the strength and elastic properties of glass-fabric-
reinforced laminates for any direction of loading from the properties estab-
lished for the material parallel and perpendicular to the warp direction.
Those formulas also appear in ANC-17 Bulletin, "Plastics for Aircraft:
Part I, Reinforced Plastics. "

Report 1803-B shows the graphical relations between properties and direc-
tion of loading for tension, compression, and Shea; primarily for polyester
laminates. Graphical relationships were presented because they are more
convenient than formulas for use in design.

-This progress report is one of a series prepared and distributed by the
Forest Products Laboratory under U. S. Navy Bureau of Aeronautics No.
NAer 01756 and U. S. Air Force No. DO 33(616)53-20 Amend. A2(55-295). -
Results here reported are preliminary and may be amended as additional
data become available.

2
—Maintained at Madison, Wis. , in cooperation with the University of

Wisconsin.
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The purpose of this report is to show similar directional curves for several
epoxy laminates. Reduced values of moduli and ultimate strength properties
were used in computing data for these directional curves, as was done in
Report 1803-B. This work was undertaken by the U. S. Forest Products
Laboratory at the request of and in cooperation with the ANC-17 Panel on
Plastics for Aircraft.

Formulas for Directional Properties 

Directional properties are presented herein for moduli and for ultimate
strengths. The formulas are those shown in Report 1803-B.

Tension and Compression 

Tensile and compressive moduli (Ex) at any angle • to the warp direction of
the laminate were computed from-

1	 cos 4 4) sin4	[ 1Flag]2	 sing	 cos 2 	(19)Ex 	
Ea En	 G

ag	
E

a

where E = tensile or compressive modulus parallel to warpa

Eg = tensile or compressive modulus perpendicular to warp

Gag = shear modulus when shear forces are applied parallel and per-
pendicular to warp

ag = Poisson's ratio of contraction in,the f3 direction to extension
in the a direction due to a tensile stress in the a direction

The formula appears as equation (7) in Report 1803.

The ultimate strength (Fx) in tension or compression at any angle CI) to the
warp direction was computed from

1	 cos 4	• 4sin 4) +	 1	 1 sing 4) cos
2 

4)	 (20)
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where F
a = tensile or compressive strength parallel to warp

= tensile or compressive strength perpendicular to warp

F
af3 

= shear strength when shear forces are applied parallel and per-
pendicular to warp

This formula appears as equation (15) in Report 1803 except for the addition

of the term( sing cost 
4)). The derivation leading to this additional termF

is described in Forest Products Laboratory Report 1816. 3—

Shear

Shear moduli (03sx) when shear forces are applied in the x and y directions,
which are at an angle $ to the a and directions, were computed from

1 cos
2
 21) + 1 +	 1	 4. a/3

sin	 24)sing (21)
xy Gap Ea EP Ea

which appears as equation (9) in Report 1803.

Values for shear strength (F ) when shear forces are applied in the x andja
y directions described above were computed from

1	 cost 24) +	 1 +	 1	 4. 1
F 2 F 2	 r. 2 F F	 2

xy	 x a	 a 13

sing 2$ (22)

which appears as equation (17) in Report 1803 except for the addition of the
sing 24) 3

term
aFg

If the shear stresses are applied in such a way that components of stress in
the a direction are tension, Ea and Fa are taken as tensile properties parallel

to the a axis, while E13 and F R are , taken as compressive properties perpen-

dicular to the a axis. If the shear stresses are applied in such a way that

-Norris, C. B. Strength of Orthotropic Materials Subjected to Combined
Stresses. Forest Products Laboratory Report No. 1816. July 1950.
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the components of stress in the a direction are compressive, Ea and F
a

are taken as compressive properties parallel to the a axis, while Ea and

Fp are taken as tensile properties perpendicular to the a axis.

Reduced Properties 

Reduced values for mechanical properties of glass-fabric-reinforced lami-
nates are presented in ANC-17 Bulletin. These values were reduced to cor-
respond with the minimum requirements contained in appropriate military
specifications. Modulus of elasticity values of the epoxy laminates were
reduced on the basis of flexural moduli requirements of the proposed revision
of Military Specification MIL-P-25421, "Plastic Materials, Glass Fiber Base,
Low Pressure Epoxide Resin Laminated.	 Minimum requirements for
flexural modulus of elasticity that will appear in this specification for 112,
120, 143, and 181 parallel-laminated epoxy laminates tested under wet con-
ditions are, respectively, 3.2, 3.2, 5.0, and 3.2 million pounds per square
inch.

The reduced values for 112, 120, 143, and 181 glass-fabric-reinforced
epoxy laminates are shown in tables 8 and 9. These values were used in
computing the directional properties and will be included in the revised edi-
tion of ANC-17 Bulletin. The method used to obtain these reduced values is
described in Report 1803-B.

Application of Formulas 

Poisson's Ratio

5
It has previously been determined— that, for many glass-fabric-base plastic
laminates, Poisson's ratio.is about 1/8 when loads are applied at either 0°
or 90° to the warp direction. For the 143 parallel laminate, however,

±Under revision at the time this report was prepared.
5
—Youngs, Robert L. Poisson's Ratios for Glass-Fabric-Base Plastic Lami-

nates. Forest Products Laboratory Report No. 1860. January 1957.
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Poisson's ratios were about 1/4 for 0° loading and 1/16 for 90° loading. The
Poisson's ratio value, tict,B, used in making calculations for directional proper-
ties was taken as 1/8, except that 1/4 was used for the 143 parallel laminate.

Tensile Moduli

For polyester laminates, reduced secondary moduli of elasticity in tension
were used in computing both the directional tensile moduli and the modulus
of rigidity, Gag. This was done because other datai have shown that the final

modulus of elasticity in tension for polyester laminates preloaded to high
stress levels is only slightly higher than the secondary modulus of elasticity
obtained from the usual tension test. Thus, the use of the secondary modu-
lus provides a reasonable but conservative basis for the directional compu-
tations. For the epoxy laminates, however, limited data5 indicate that the

final modulus of elasticity in tension after preloading to high stress levels
is considerably higher than the secondary modulus obtained from the usual
tensile test. Thus, for epoxy laminates, the secondary modulus would be
too conservative to use in design. Therefore, in computing the directional
tensile moduli and the modulus of rigidity, for the epoxy laminates, the
average of the initial and secondary tensile moduli was used (table 8).

Shear Properties

Because of the lack of shear-test data and specification requirements for
shear properties of epoxy laminates, the values of G ag and Fag (table 9)

were computed from reduced tensile values.

If the angle (1) is taken as 45°, equations (19) and (20) reduce to:

1	 41	 1-	 -	 (1 - 2 1i )
I3Gag E45 Eg Ea

and

1	 4	 1. 1	 1 

F
al3 

F
45

2	 F 2 F FF
a

2	
cy

6
—Werren, Fred. Effect of Prestressing in Tension or Compression on the

Mechanical Properties of Two Glass-Fabric-Base Plastic Lamintes.
Forest Products Laboratory Reports 1811, September 1950, and 1811-A,
June 1951.
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From these equations and reduced tensile data at 0°, 45°, and 90° loadings
(table 8), the values of G ag and F ap on a reduced basis were calculated. A

sample calculation of the shear modulus, Gap, for the 112 epoxy laminate
follows:

1 _ 4 1 1 (1 - 2(.125))
GO 1.610 x 10 6 2.525 x 10 6 2.715 x 106

= 0.000001812

Gap = 552,000 p. s. i.

Properties of the 143 Cross Laminate 

The tensile and compressive properties of the 143 cross laminate at 0° and
90° to the warp were taken as the mean of the 0° and 90° properties of a 143
parallel laminate? (table 8). The shear properties along the warp and fill
directions were taken to be the same for both the parallel-laminated and
cross-laminated 143 laminates (table 9). This is to be expected, since
shear forces are applied both parallel and perpendicular to the warp flirec-
tion regardless of whether the layup is a parallel or cross laminate.—

Description of Directional Graphs

Tension and Compression 

The full range of variation in tensile and compressive properties with direc-
tion occurs in a single quadrant. Directional tensile and compressive proper-
ties are given in figures 85 through 94, therefore, for only one quadrant.
Properties in other quadrants than the one shown in the figures may readily
be found from the fact that the directional properties curves for tension and
compression are symmetrical about both the 0-180 degree and the 90-270
degree axes.

7
—Freas, Alan D. and Werren, Fred. Mechanical Properties of Cross-

Laminated and Composite Glass-Fabric-Base Plastic Laminates. Forest
Products Laboratory Report No. 1821, February 1951.
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Shear

The full range of variation in shear with direction occurs also in a single
quadrant, so that the directional properties in shear plotted in figures 95
to 99 are shown in a single quadrant, from 315 to 45 degrees from the a
axis. As indicated earlier, the shear properties in any given direction are
dependent upon whether the components of force in the a direction are
tensile or compressive. The directions assumed for shear forces in draw-
ing the directional properties curves are shown in figure 42 of Report 1803-B.
Properties in quadrants other than the one shown may be found from the fact
that the directional properties curves for shear are symmetrical about the
45-225 degree line and about the 135-315 degree line.

Comparison of Polyester and Epoxy Laminates

In general, the form of the curves for reduced directional properties is
similar for comparable polyester and epoxy laminates. The directional
strength curves for all epoxy laminates are consistently higher than those
for polyester laminates reinforced with the same fabrics. The directional
curves for modulus of elasticity of the epoxy laminates are generally higher
than those for comparable polyester laminates but are lower in a few scat-
tered instances.
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Table 8.--Reduced values for tensile and compressive properties of glass-
fabric-reinforced laminates made with epoxy resin (MIL-R-9300) 

	

Laminate : Angle :	 Tensile properties	 :Compressive properties
:	 of	 • 	 : 1'
:loading-: Modulus of elasticity : Ultimate :Modulus of : Ultimate

	

: 	 : strength :elasticity : strength
:	 :Initial:Secondary:Average .	 :

:Degrees: 1,000 : 1,000 : 1,000 : P.s.i.	 1,000	 : P.s.i.

	

:	 : p.s.i.:	 p.s.i. : p.s.i. : 	 •. p.s.i.

	

:	 .	 :	 .	 .	 •. :

	112 fabric, :	 0 : 3,130: 2,300 : 2,715 : 45,000 : 	 3,180	 : 45,000
Parallel	 :	 90 : 2,920 : 2,130 : 2,525 : 40,000 : 	 3,100	 : 42,500
laminated	 :	 45 •	 • 1,610 • 1,610 • 21,700 	 •

	

:	 :	 :	 .	 .	 •. :

	120 fabric, :	 0 : 3,060 : 2,200 : 2,630 : 45,000 :	 3,250	 : 45,000
Parallel	 •. 90 : 3,010. 2,170 : 2,590 : 43,700 : 	 2 ,850	 : 43,600
laminated	 :	 45 •	  • 1,680 • 1,680 • 22,800 	 •

	

181 fabric, :	 0 : 3,320: 2,880 : 3,100 : 45,000 :	 3, 280	 : 45,000
Parallel	 :	 90 : 3,210 : 2,660 : 2,940 : 42,400 :	 3,140	 : 38,200
laminated	 45 •	 • 2,200 : 2,200 • 26,600 : 	 •

	

143 fabric, :	 0 : 4,860. 4,580 : 4,720 :• 85,000 :	 5,120	 : 6ol00o
Parallel	 •. 90 : 2,100 : 1,820 : 1,960 : 10,200	 2,080	 : 26,300
laminated	 :	 45 •	 • 1,730 • 1,730 : 12,700 	

	

143 fabric, 3 :	 0 •	 •	 • 3,540 : 47,600 :	 3,600	 : 43,150
Cross	 .	 90 • 	 •	 * 	  3,340 : 47,600 :	 3 1 600	 : 43,150
laminated	 :	 45 •	 •

1
-Angle between load and warp direction of fabric.

Average of initial and secondary moduli.

-Tensile and compressive properties of the 143 cross laminate were taken as the
average of the 0° and 90° properties of the 143 parallel laminate.
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Table 9.--Reduced values for edgewise-
shear properties of glass-
fabric-reinforced laminates
made with epoxy resin (MIL-
R-9300). Shear loads applied
parallel and perpendicular to
warp direction of laminate

Laminate	 : Modulus of	 :
:

1,000 p.s.i.

Ultima-4
stress:!--

P.s.i.
•

112 fabric, : 550 11,200
Parallel
laminated	 :

120 fabric, : 580 11,800
Parallel
laminated	 :

181 fabric, : 810
Parallel	 :
laminated	 :

143 fabric, : 590 7,860
Parallel
laminated	 :

143 fabric 1
2
-1

cross
590 7,860

laminated :

1
-The values of modulus of rigidity and

ultimate stress were computed from
reduced tensile values.

-Shear properties of 143 cross laminate
were taken to be the same as those
of 143 parallel laminate.
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