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THE INSTITUTE OF PAPER CHEMISTRY

Appleton, Wisconsin
STUDY OF FIBER TUBE AND CORE PERFORMANCE
SUMMARY

The objective of thisAphase of the study was to investigate the
relationship between tube and core performance aﬁd the core diménsions. ’To this
end, cores were fabricated from two core stocks with inside diameters of 1.5, 3,
6, and 10 inches and nominal wall thicknesses of 0.15, 0.27, 0.48, and 0.66 inch.
The winding angle was 68° for the 1.5, 3, and 6-inch diameter cores and. 77° for
the 10-inch cores. The cores were evaluated for axial crush, side crush, and

beam strength. The following conclusions were reached:

1. Analysis of data indicated that the structural formulas proposed
in Report One did not adequately account for the effect of winding angle,
diameter and thickness on axial crush, side crush, and beam strength. Modified

equations were statistically derived and are shown at the end of the Summary.

Good agreement between observed and predicted values was obtained with the

modified equations.

2. Core performance appears to be affected to a greater extent by
winding angle than would be expected  from the edgewise compression strength
measured in the proper orientation relaﬁive to the winding angle. This may
occur because failure almost invariably occurs along the spiral path defined by
ply gaps. In general, for a constant diameter and wall thickness, a lower
winding angle (and hence wider ribbon width) gave higher beam strength and
axial crush than expected on the basis of edgewise compression strength. Side
crush strength decreased with decregsed windiﬁg angle but not as huch as ex-

pected on the basis of edgewise compression strength.
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The above is based on rather limited'evidence because winding angle was
not varied systematically in Phases I and I1I. .In fact, oniy two comparisons of
winding angle effect were possible as follows: (a) 3-inch diameter cores made
at 58 and 68° wind angle and (b) 1.5, 3, and 6-inch diameter cores made at a

68° angle as compared to 1l0-inch diameter cores made at a wind angle of TT7°.

Winding angle and ribbon width govern the advance of the core during
manufacture. Hence, they affect production speed and presumably manufacturing
cost. For this reason it is believed that the effect of winding angle and

ribbon width core performance should be studied further.

3. Because torque strength was not determined for the Phase II cores
it was not possible to check the effect of dimensions on torque strength. The
equations (Va, Vb, VI) shown in Report One may be used to estimate torque
strength for cores of various dimensions. However, it appears likely that, for
best agreement with obsgrved to;que strength, modifying factors should be intro-

duced as for axial crush, etec.

4, With regard to the placement of "high" and "low" strength stocks
in the core wall it is believed that the maximum effect. would be observed in
the case of side crush. Placement of the high strength plies near the outsidg
should give higher side crush strength than the reverse arrangement. Beam
strength may also be improved with the "high" strength plies on the outside,
although the effect would probably be less than on side crush. Work in this

area may be of interest to the group.

5. The above equations do not take into account such factors as
fabrication quality, type.or amount of adhesive, etc. Such factors mey affect

strength and should be considered as‘céndidate subjects for future work.
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6. The approximate eguation derived in Report One [Equation (100),:

page 141, Ref. (1)] to estimate core stock modified ring strength at intermediate

angles based on strength in tﬁe M.D..and C.D. was further tested and found to be

reasonably accurate. Estimates from the equation were compared with test data

at 13, 22, 30, 60, 68, and T7° from the core stock M.D., and the average pre-

diction errors were found to be 4.5 and 3.4% for core stocks A and B, respectively.

The equation is as follows:

1. cos?y . sin?y
rz  x? Y?
where I' = modified ring strength at y degrees from the M.D., 1Y./in.
X = modified ring strength at the M.D., 1b./in.
Y = modified ring strength at the cross-machine direction, 1b./in.
Y = angle from the M.D., degree

a. Axial c¢rush

n(D ‘- Diz)Pma | '
P = ° = [-0.03116 +,(0.o3573)Di + (0.24916)(n + l)hc
c

a

+ (1.45741) cos al

The average prediction error> was T.02%

b, Beam strength

(D * -D.")P

_ T o i mo
b T T BTE [049940 - (0.00TT) T/D; + (0.k9133)(m + 10

+ (0.00184) L + (1.28887) cos a]

The average prediction error™ was 5.78%

®3ee next page for footnote.
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¢c. Side crush

‘1,398 N Pme

P = > - [-0.04033 + (0.08236)Di"- (0.66127)(n + 1)n_

(1+ —2—j(1 - 2)
(M)n_ N

The average prediction error: was 8.38%

a'Ba.s.ed on observed values for Phase I and II as reference.

1=

=]

-

axial crush, 1b. P , P . = modified ring compression
- — strength at o and 90 -0 degrees,
respectively, 1b./in.

beam strength, 1lb.

side crush, 1b./in. o

inside core diameter, in.

outside diameter, in.

D, +2(n + 1)h,

n + 1 = effective number of core stock plies

number of core stock plies

core wall thickness and core stock thickness,
respectively, in.

L = beam span, in.

+ (1.62042) cos q]

angle of wind, degree
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INTRODUCTION

This éroject is.directed to the studyvof (a) spifal wound tube and’
core performence, and (b) the development of relationships betweén spiral wound
tube and core performance and the properties of the base stocks and dimensions.
The first phase of the study investigated relationships between tube and core
performance and the properties of the core stocks. The results obtained are

summarized in Report One, dated March 24, 1971 (1).

The second phase of the study is directed toward evaluating the effect
of tube and core dimension on core performance. Cores were fabricated having in-
gside diameters of 1.5, 3, 6, and 10 inches. At each diameter the cores were
fabricated with nominal wall thicknesses of 0.15, 0.27, 0.48, and 0.66 inch.

Core stocks from two different manufacturers were employed. The results obtained

are summarized herein.

A review of the literature pertaining to the effect of material prop-
erties and core dimensions is contained in Reference (;). In addition, a review
of the structural aspects of the various core performance tests is also contained

in the same reference.

Generally, tubes are used to protect an enclosure, whereas cores are
used to give support to something wrapped around them. However, they are
basically the same in a structural sense; therefore, in this report.the terms

are used interchangeably.

As in the case of the first phase, the cores for this study were

fabricated using the same nominel inner and outer liners. Inasmuch as the
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liners were essentially a constant factor, their contribution has been approxi-
mated in formulating relationships between core tests, core geometry and core

stock properties.

It has been assumed that to a first approximation, the core liners
were one-half as thick but otherwise identical to the perticular core stock

being used.
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MATERIALS

Two 0.030-inch core stock samples were obtained for this phase. As
set forth in the project proposal, one sample was selected so as to represent
higher than average strength (but gg}_extreme) and the other was selected to
represent lower than average strength (also not extreme). The sample identifi-

cations are shown below:

Report One No. of
Sample Identification Parent
Code (Run) Rolls Description
A 15 1k Lower than average strength
B 9 9 Higher than average strength

The above samples were manufactured at the time the Phase I samples
were made. Standard inner and outer limers (0.01k in.) supplied by the Appleton

Manufacturing Company were used in fabricating the cores.
CORE DIMENSIONS AND CONSTRUCTION
The nominal core dimensions are shown in Table I.

The ribbon widths were selected to maintain a constant winding angle
for the 1.5, 3, and 6-inch diameter cores. Because the winder used was limited
to T-inch wide ribbon reels, it was necessary to use a winding angle of T7° in

the case of the 1l0-inch diameter cores.
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TABLE I

NOMINAL CORE DIMENSIONS AND CONSTRUCTION

: Inner
Inside * Wall No. of Ribbon Inner Ply
Diameter, Thickness, Core Stock width, Winding Angle,
. in. in. Plies® in. degree
1.5 0.15 b 1.75 68
3 0.15 4 3.5 68
6 06.15 L 7.0 68
10 . 0.15 L4 7.0 7T
© 1.5 0.27 8 1.75 68
3 0.27 8 3.5 68
6 0.27 8 7.0 68
10 0.27 8 7.0 7
1.5 0.48 15 1.75 68
3 0.L48 15 3.5 68
6 0.48 15. 7.0 68
10 0.48 15 7.0 77
1.5 0.66 - 21 1.75 68
3 0.66 21 3.5 68
6 0.66 21 7.0 68
10 0.66 21 7.0 T

a0.015-In. inner and outer liners used for all combinations.

PMeasured from longitudinal axis.

FABRICATION PROCEDURES

The parent rolls were slit into ribbon reels at the Appleton
Manufacturing Company., At the time of slitting, full roll width samples were
obtained at start and end of each parent roll by Institute personnel, Table

II and III show the ribbon reel widths cut for each construction.

The 3, 6, and 10-inch dismeter cores were febricated at the Appletan
Manufacturing Company. Attempts to fabricate the 1-1/2-inch diemeter coreé
at Appleton Manufacturing Company were unsuccessful and they were fabricated at

a later date by the Sonoco Products Company. However, because of a material
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shortage, it was not possible to fabricate the 0.66 wall thickness cores

(1-1/2-inch diemeter) from core stock B.

TABLE II

RIBBON REEL WIDTHS FOR 1.5 AND 3-INCH DIAMETER CORES

Ribbon Regl Width, in.

1.5-In. Diameter

3-In. Diameter

Ply 0.66 in. 0.48 in.

IL 1-3/4 1-3/4
l ”" 1"
2 1" 1]
3 " "
)+ " "
5 " 1"
6 " "
7 1" n
8 " "
9 1" n
10 1" 1"
ll " "
12 " 1-13/16
13 " 1-7/8
14 " 1-29/32
15 " 1-15/16
16 "
17 1-13/16
18 1-7/8
19 1-29/32
20 1-15/16
21 1-31/32
oL 2 1-31/32

IL and OL denote Inner and Outer Liner, respectively.

0.27 in.

1-3/4

1-13/16
1-29/32
1-15/16

1-31/32

0.15 in. 0.66 in. 0.48 in., 0.27 in.

1-3/4

1-1/16
1-29/32

1-15/16

3-1/2
"

1"

3-17/32
3-9/16
3-19/32
3-5/8

3-21/32
1-29/32

3-1/2
"

3-17/32
3-9/16
3-19/32

3-5/8

3-1/2

3-17/32
3-9/16

3-19/32

0.15 in.

3-1/2
"

"

3-17/32

3-9/16
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- TABLE III

RIBBON REEL WIDTHS FOR 6 AND 10-IN. DIAMETER CORES

Ribbon Reel Width, in.

6-In., Diemeter 10-In. Diameter

Ply 0.66 in. 0.48 in. 0.27 inm. 0.15 in. 0.66 in. 0.48 in. 0.27 in. 0.15 in.

IL T T T T T T T T
1 1" ' " " 1" " " 1" "
2 " ) " " " w o " " "
3 " n o " " n " " "
I n 1" " 7_1/32 " " 1 7_1/32
5 " " " " " "

6 n " 1" " 0 1"

7 1" n 7_1/32 " 1" 7_1/32
8 1 1" 7_1/16 1] " 7_1/16
9 " 1" n "

10 1 n " "

11 1" n n "

12 " n n "

13 1" 7_1/32 ) 1" 1"

1k " T-1/16 " T-1/32

15 " 7-3/32 " T7-1/16

16 " 1

17T T-1/32 "

18 7-1/16 "

19 T7-3/32 "

20 7-1/8 7-1/32

21 T7-5/32 T-1/16

oL T7-3/16 7-1/8 7-3/32 T-1/16 7-3/32 T-3/32 7-3/32 T-1/16

IL and .OL denote Inner and Outer Liner, respectively.
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The mandrel diameters used were as follows:

Nominal
Inside

Diameter, Diameter,
in. in.
1.5 -
3 3.015
6 6.015
10 10.015

All cores were fabricated using PVA adhesive (Corn Products No. 8901).

The solids content was sbout 12%.

Méisture content samples were obtaiped at the end of each run on the
3, 6, and 10-inch diameter cores. These samples were weighed and subsequently
preconditiopéd at 10% R.H., 7T3°F., until equilibrium was attained. They were
then conditioned at 50% R.H., T3°F., to equilibrium and oven dried to determine

moisture contents. The results are shown in Table IV.

Approximately forty to fifty 80-inch cores were obtained for each
combination except in a few instances where difficulties were encountered in

the winding operation.
Samples of the inner and outer liners were obtained during the runs.

Difficulties were encountered during the winding operation for the
10-inch diameter cores and to a lesser extent for the 6 and 3-inch diameter cores.
Greater difficulties were encountered in winding cores using core stock B than
the core stock A. In the thicker wall constructions, particularly frequent stops
due to ply breakage and motor throw-outs due to high power consumption made it

difficult to achieve steady-state operation and uniformly good adhesion between
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Sample
Code

i

>rkr ©ODHWW

P> WHWW

W

Core
Diameter,
in.

10
10
10
10

10
10
10
10

ONO\O\ON  ONONO\ON

AN \WN W W N AN W \WN
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TABLE IV

MOISTURE CONTENT OF SPECIMENS TAKEN
IMMEDIATELY AFTER FABRICATION RUNS

Wall
Thickness,
in.

0.150
0.270
0.480
0.660

0.150
0.270
0.480
0.660

0.150
0.270
0.480
0.660 -

0.150
0.270
0.480
0.660

0.150
0.270
0.480

" 0.660

0.150
0.270
0.480

. 0.660

Moisture Content, % o.d.
After After
After Preconditioning Conditioning
Winder at 10% R.H., T3°F. at 50% R.H., T3°F.

k.2 b7 9.2
16.4 3.9 8.6
19.4 3.8 9.0
18.9 b2 8.6
12.2 3.5 8.2
15.0 L,2 9.0
- Lol 9.0
18.4 4,3 9.0
15.1 3.3 8.1
16.8 4.5 9.2
18.2 4.3 9.1
19.3 ] 8.6
15.1" 3.3 8.2
16.4 4.5 9.2
17.0 4.8 9.0
17.5 LoL 8.9
15.9 3.5 8.3
15.4 4.3 8.7
15.9 - b4 8.9
16.9 L.l 8.8
k.2 3.4 8.2
12.0 L7 9.4
16.1 L1 8.7
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plies. During storage it was observed that severe circumferential blisters
developed on many of the lO-inch diemeter, 0.66-in. wall thickness cores made
from éore stock B. Observationsvduring test indicate that many of the 1l0-inch
diemeter cores made from core stock B exhibited evidgnce of po§r ply adhesion.
This also occurred, but to a lesser éxtent, in the case of the 10-inch diaﬁeter

(0.15 and 0.27 in. thick) cores made from stock A.

It should also be mentioned that inadvertently the l0-inch diameter,
0.15-inch wall thickness cores made from core stock B were made with five plies

of core stock rather than four plies.
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CONDITIONING

The cores wefe preéonditioned at less'thén,25% R.H.,'73°F., and fhen‘
conditioned at 50 + 2% R.H., T3°F., for at least 30 days prior to test. Selected
cores were weighéd at éeriodic intervais during.the conditioning'pefiod to check
the adequécy of the conditioning éeriod. Figure 1 shows data obtained during £he
conditioning of the l.5-inch diameter coreé’at 50%’ﬁ.H. and indicatés the cores

reached equilibrium with the conditioning atmosphere in the 30-day period.

The core stock and liner samples were precohditioned for at least 2u

hours at 50 + 2% R.H., T3°F., prior to test.
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TEST PROCEDURES
CORE TESTS

The tests carried out on the cores are listed in Table V. In general,
NFCTA test procedures were employed. However, for the axial crush tests it was
necessary to reduce the test rates to the following to avoid exceeding the rate

of load response of the test machine:

1. 1-1/2-in. diameter, 0.66-in. wall thickness: 0.15 in./min.;

2; all other core sizes: 0.2 in./min. (same as in Reﬁort One).

To prepare the axial crush specimens, the same procedure used in.
Report One was employed for the 1-1/2, 3, and 6-inch diameter cores:(except 0.66-

inch wall thickness) as follows:

‘i;' The specimens were saw-cut to a length slightly in excess of the

Y-inch length specified in CT-10T7.

2. An sluminum plug of appropriate diameter was then inserted in the

specimen,

3. The specimen and plug were then placed in a V-block Jig and the
loading edges were sanded so &s to obtain smooth, flat and parallel edges. A
12-inch diemeter vertical disk sander was used. The aluminum plug was removed

prior to tésting.

In the case of the lO-inch diameter cores (and 0.66-in., 6-inch
diemeter cores), the specimens were very carefully cut to length. They were.
then placed on a V-block Jig and the edges were lightly sanded using the outer

circumference of the vertical sander.
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TABLE V

TESTS ON CORES

Test
. . b
Side-to-side crush
Axigl (end-to-end) crush®
End supported beam strengthd

(a) 36-inch span
(b) T2-inch span

Wall thickness

Inside diameter

OQutside diameter

Moisture content (at time of test)

Weight (l-inch long specimen
at time of test)

No. of
Tests

16
16

o Co

32

16

aCéiculated from inside diameter and wall thickness.

Test rate was 2 inches per minute.

Page 17
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Method
NFCTA T-108

NFCTA T-107

NFCTA T-11k
NFCTA T-11L4

NFCTA CT-101, Method B
NFCTA CT-102, Method B
NFCTA CT-103, Method C

NFCTA CT-111

“Test rate was 0.2-inch per minute for all cores except the 1-1/2 diameter,
0.66-inch wall thickness cores when the rate was reduced to 0.1l5-inch per
minute to avoid exceeding the speed of response.

dTest rate was 2 inches per minute.

The 10-inch diameter cores when tested as 36-in. beams exhibited

excessive distortion at the end supports and near the belt when the central

load was applied (see Fig. 2). These results should be viewed with caution

for this reason.

Also, it was not possible to evaluate the 0.66-inch wall

thickness beams in the 1l0-inch diameter because the strength of the belt or its

attachment to the fixture was exceeded.
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Figure 2. Distortion of 10-Inch Diameter Core in 36-Inch Beam Test

CORE STOCK AND LINER TESTS

At time of slitting, full roll width samples were obtained from each
parent roll of core stock. The tests carried out on each core stock roll sample’

are listed in Table VI.

Samples of the inner and outer liners were obtained during the fabri-
cation of the 3, 6, and 10-inch diameter cores. Because of the narrow width
(1-3/4 to 2 in.) of the liners for the 1.5-inch diameter cores, no liner samples
were obtained. The outer liner samples obtained during fabrication of a given
diameter were composited and evaluated as shown in Taeble VI. The inner liners

were treated similarly.
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10.
1i.

12.
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TABLE VI

TESTS ON CORE

Weight
Caliper

Density

Bursting strehgth'

Tensile, stretch and modulus
M.D.
C.D.
13, 22, 68, T7° to M.D.

Modified ring compression
M-Do
C.D.
13, 22, 68, T7° to M.D.
Taber stiffness
M.D.
C.D.
Elmendorf tearing strength
M.D.
C.D.
TAPPI ply bond
ZDT test
Water drop

Gurley porosity

aHalf the tests were made on the
and half on the sample taken at the end of the roll at
time of slitting.

bNot evaluated on 3-1/2 in. wide liner samples,

STOCK AND LINERS

Core Stock Liner Stock

No. of Tests No. of Tests Per
Per Roll? Composite Sample

2000 sq. ine. 1000 sq. in.
12 : 12
12 12
12 12
12 l2b

12 each 12
12 12
12 12b

12 gach 12
12 12
12 12
12 12
12 12

6 6
6. 6
6 6
6 6

sample taken at the start
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DISCUSSION OF RESULTS
PROPERTIES OF CORE STOCK AND LINERS

A summary_of core stock properties is given in Taeble VII, while inner
and outer liner test results afe summarized in Table VIII. Test data for core
stock samples taken from each of the several rolls used to fabricate the cores
are listed in Table VII. For the purpose of core strength calculations, however,
average values of core stock caliper and modified ring compression strenéth were
used for each of the materisal typgs. It was féelt that this approximation was
warranted due to the relatively narrow range between the highest and lowest

values for a given core stock type.

In Report One (1), an approximate equation was derived which related
the core stock modified ring compression strength at an intermediate angle to
those for the machine- and cross-machine directions of the stock [Equation (100),

page 141, Ref. (1)]. That equation is the following:

1 . cos?y + sin’y
r2 x? Y?

where I' = modified ring strength of core stock at an angle of
Y degree from M.D., 1b./in.

Y = angle from core stock M.D.; angle at which modified
ring strength T is defined, degree

modified ring strength of core stock at mechine
direction, 1b./in.

(o
1}

(=<
]

modified ring strength of core stock at cross-machine
direction, 1b./in.

This equation might be useful if it were too inconvenient to test the core stock

at the appropriate intermediate angles.l.The'accﬁracy of the equation in
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100.8
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76
80
70
82
70

261
255
26h
272
2719

928
93k
93k
920
831

265
ash
217
258

9k6
907
907
958

T2

265

918

718

68.7 63.h 61.6 L41.8 39.3 37.9 547

31.9 3.3 172

106.3

Av.
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TABLE VIII
INNER AND OUTER LINER TEST RESULTS
Inner Liner Quter Linef
~ 3-in. 6-in.  10-in. 3-1in. 6-in. 10-in.
" D. Cores D. Cores D. Cores D. Cores D. Cores D. Cores
Test T117 7118 7122 Av. 7116 7119/20 7121 Av.
. . 2 . . . .
Basis wt., 1b./M ft. 55.9 57.1 61.6  58.2 58.0 58.6 56.5  5T7.7
Caliper, pt. 15.3 15.k 5.6 15.4 15.5 . 15.7 15.8  15.7
Density, 1b./pt. 3.7 3.7 3.9 3.8 3.7 3.7 3.6 3.7
Bursting strength, - '
Pes.i.g. 120 120 130 123 121 118 116 118
Mod. ring compression,
1b.7’§n,, M.D.  31.7 29.3 29.5 30.1 32.2 29.0 28.7 30,1
13° to M.D. - 29.0 28.8 28.9 --a 28.h 27.8 28.1
22° to M.D. - 28.3 28.5 28.4 -- 27.5 27.0 2T.2
68° to M.D. - 20.3 21,2  20.8 --: 20.b 19.8  20.1
77° to M.D. -- 18.8 19.7-  19.2 -- 18.4 18.0 18.2
C.D. 17.3 17.7 18.7 17.9 21.2 17.b 17.0 18.5
Tearing strength, g., . )
M.D. 193 212 2kl 215 213 206 203 207
C.D. 388 397 429 l&0§ Los 393 397 598
Taber stiffness, g.cm., '
: M.D. 149 158 176 161 156 155 158 156
c.D. 54 Lk 53 50 L7 L6 bo Lh
Porosity, sec./100 cc. 124 114 132 123 114 11k 108 112
TAPPI ply-bond,
P.S.ieg. 149 149 148 19 148 146 150 148
ZDT test, p.s.i. 6 80 80 9 . Th 76 9 76
Water drop, sec. 117, 107 179 134 111 z 280 . 2%
Tensile, 1b./in., M.D. 11k.2 11k.1 117.5 115.3 118.3 111.6 111.1  113.7
13° to M.D. - 86.8 97.6 92.2 -ca 85.8 81.7 83.8
22° to M.D. -a 62.9 73.1 68.0 e 63.2 59.6 61.k4
68° to M.D. --a 22.5 2h.3 23,4 = 21.9 21.4 21.6
77° to M.D. -a 20.9 22.1 21.5 --a 20.2 19.9 20.0
C.D. - 20.0 20.8 20.4 - 20.0 19.1 19.6
Stretch, %, M.D 2.3 2.1 2.0 2.1 2.3 2.1 2.2 2.2
13° to M.D. e 2.3 2.2 2.2 e 2.1 2.2 2.2
22° to M.D. e 2.5 2.4 2.4 e 2.3 2.4 2.4
68° to M.D. -a k.5 k.9 b7 e 4,2 4.6 by
77° to M.D. - 4.7 b7 4,7 - L4 by I
' COD - 500 500 5-0 - hoT h’.B )4»-5
Tensile modulug, :

p.s.i. x 1077, M.D. 731 - Ths 783 755 752 727 77 33
13° to M.D. e 624 675 650 . 612 585 598
22° to M.D. - L5 530 502 ~a 482 hso L6t
68° to M.D. -a 150 153 152 - 142 137 - 10

. T7° to M.D. -- 142 140 1h1 -- 130 121 126
‘ c.D. --% 136 123 130 .8 123 115 119

aNot tested because of

narrow ribbon width.
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Modified Ring Compression Strength, 1b./in.
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Axial Crush, 1b.
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diameter cores are excluded. Similarly, the trends shown in Fig. 5 indicate that

the relationship between axial crush strength and wall thickness is also linear.

In Report One (;) an equation was derived which enables estimation of
axial crush strength based on core stock properties and core dimensions, and is

as follows [Equation (47), page 91, Ref. (1)]:

Tr(Do2 - Diz)
Pa = hhc Pmu (2)

where P = axial crush strength, 1lb.
D = outer core diameter, in.
D, = inner core diameter, in.

h = core stock thickness, in. .

4
]

modified ring compression strength of core stock in a
direction o degree from the M.D., 1lb./in.

o = angle between core stock M.D. and core axial direction;
angle of wind, degree
Although it is not apparent from the form of this equation, the estimated axial
crush strength is linearly related to both the average core diameter and wall

thickness. An equivalent form of Equation (2) is the following:

P
mo., .
P, =T —=—TD (3)
c
where T= (n+ 1)1_1c = wall thickness, in.
D = D, + T = average core diameter, in.
—av =1
n = number of core stock plies

Although Equation (3) predicts a linear relationship between axial crush strength,
average diameter and wall thickness, and the trends shown in Fig. 4 and 5 support

that prediction, Equation (3) by itself could not provide adequate estimates of
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axial crush strength, This fact is illustrated by Fig.-6 in which the estimated
axial crush strength [computed from Equation (3)] is plotted vs. the observed

axial crush strength. To provide a common scale for all data, both ordinate and

abscisgsa were divided by a common factor, section area.

The data points in Fig. 6 would all lie on the indicated straight line
if BEquation (3) were accurate. Unfortunately, not only do the dafa deviate signifi-
cantly from the line, but the amount of deviation is dependent on the core diameter
and wall thickness. In addition the 1l0-inch diameter datea suggest that an additional
factor may be involved, inasmuch as these data violate a clearly indicated trend

in the amount of deviation from the line with respect to ¢ore diameter.

The only apparept difference between the 10-inch diameter cores and

the others from this study, other than the diameter itself, was the winding angle.
The 1.5, 3, and 6-inéh diameter cores were constructed by winding at 68° while
the 10-inch diamefer cores were made by winding at 77°. It was suggested, there-
fore, that increased winding‘angles may have a deleterious effect on axial core
performance. Aé a test of tﬁis hypothesis, the 3-inch diameter cores from Phase I
of this study, wound at 60°, were compared with the 3-inch diamefer“coresvof'the
current phase, ﬁound at 68°.“.The tw;-sets of cores employed the same core stock,
adhesive, number of plies, and manufécturer. The results indicated that the cores
wound at 68° were significagtly weaker than those wound at 60°. Thus, winding
angle was again implicated as a significant factor in determining the axial crush

strength of cores.

Statistical analysis of the axial crush data supports the preliminary
conclusions reached by inspection of Fig. 6, namely, that core diameter, wall

thickness, and winding angle were significant factors which were necessary to
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adjust the estimates provided by Equation (3). Lending further support to the

significance of these thrée factors, is the fact ‘that similar'adjusting terms were

required to obtain accurate estimates of side crush and beam strengths as well.

Axial Strength Equation
The final form of the equation to be used in estimating the axial crush

strength of cores is as follows:

P = Pnom,a {-0.03116 + (0.03573) D, + (0.24916) (n + 1)hc
+ (1.45741) cos o} (4)

where P_ = axial crush strength, 1lb.

- 2 2

= 7/k (Do - D, ) P a/h, (5)

= nominal estimate of axial crush strength, lb.

D, =D, + 2(n + 1)hc (6)

outer core diameter, in.

Di = inner core diameter, in.
n = number of core stock plies
hc = core stock thickness, in.

P = modified ring compression strength of core stock in a
— direction o degrees from M.D., 1lb./in.

o = winding angle; angle between core stock M.D. and core
axis, degree
The average error of estimation incurred through the use of Equation (4) when
applied to all Phase I and Phase II data was T7.02%, and the correlation
coefficient was 0.847. The correlation is illustrated by Fig. 7 in which the

final estimated loads are plotted vs. observed values.
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It may be noted that both wall thickness and outer core diameter are
defined in terms of the core stock thickness and the number of plies. Thus, the
strength of the core may be estimated before manufacture, whereas the use of the
measured wall thickness and outer diameter dimensipns would require that - a

finished core be on hand for measurement.

No interpretation can be offered at this time which would adequately
explain the necessity for the winding angle correction term. It has been noted,
however, that core failure usually occurs along one or more of the spiral ply-gap
lines. It may be ﬁheorized that, at a winding angle of zero degrees, in which the
Ply gaps would be parallel with the core axis, the axial load would be parallel
with the gap and no load transfer across the gap would be required. On the other
hand, at a winding angle of 90 degrees, in which ply-gaps would be perpendicular
with the core axis and load direction, the entire axial load would have to be
transferred across the ply gaps. Thus, at least for the two extremes of all
possible winding angles, one might expect that cores wound at higher winding
angles would be weaker than those wound at lower angles, even though each
strength estimate were based on the core stock strength at the appropriate angle.
It becomes less clear, however, exactly why this trend should hold true for
angles intermediate between zero and ninety degrees, as it apparently does. Due
to the very high significance of the winding angle term, and the paucity of

pertinent available data, further work on this subject is indicated.

An explanation for the diameter correction term is even more difficult
to offer for the axially loaded cores. The diameter effect is one whereby the
axial crgsh strength is increased as core diameter is increased even though the
increase in section area is considered. Further work is indicated to provide a

more enlightened understanding of the mechanisms of core failure.
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Side Crush

Effect of Diameter and Wall Thickness

The effects of changing core diameter and wall thickness on the strength
of cores when loaded in a side-to-side manner are shown in Fig. 8 through 11. The
general trends of the data are indicated by straight lines. The graphs utilize
logarithmic scales'so that if the data appear to lie closely to a straighit line
a "linear" relationship is not implied. Figures 8 and 9 indicate that as a core's
diameter is increased, its strength in side crush is reduced. Figures 10 and 11,
on the other hand, show that increasing a core's wall thickness increases its
side- crush strength. These trends are in line with predictions based on the
fbllowing equation, which was derived in Report One (1) and which relates side
crush strength to core stéck properties and core dimensions.[Equation (66), page

121, Ref. (1)]:

P, t?
P = n a0 (7)
s 0.9549 (D, /t + 1)(t - 2h, - b )b,
where Es = side crush strength of core, lb./in.

P . = modified ring compression strength of core stock at a
- direction 6 degree from the M.D., 1lb./in.

‘6 = complement of winding angle; angle between core stock
M.D. and core circumferential direction, degree

t = core wall thickness, in.

Di'= inner core diameter, in.
hl = inner or outer core liner thickness, in.
h = core stock thickness, in.
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P = Poom,s {-0.04033 + (0.08236) D, - (0.66127)(n + 1)h,
+ (1.62042) cos a} (9)
where gs = gide crush strength, 1b.
Pnom g = nominal estimation of side crush strength, defined in
- .S

Equation (8), 1b.

The average error of estimation resulting from application of Equation

(9) to all the samples from Phases I and II was 8.4% and the correlation coeffi-
cient was 0.932. A graph in which the estimates made from Equation (9) were

plotted vs. observed values is shown in Fig. 13.

The winding angle adjusting term in Equation (9) implies that an in-
creased winding angle causes & reduction in core strength relative to nominal
estimates. As in the case of axial loading, no adequate rationale is available

at this time to explain fhis behavior.

The diemeter and wall thickness correction terms in Equation (9) imply

that for e given wall thickness and winding angle a decrease in core diameter
causes core strength to become lesg than the nominal estimate [Equation (8)].
And if diemeter and winding angle remain constant while wall thickness increases,
core strength again becomes less than nominal. Both of these trends — decreasing
diameter and increasing wall thickness — tend to move the core geometry away from
the thin ring shape which was assumed to exist in the derivation of the nominal

equation, Equation (8).

Some of the cores, particularly the small diameter ones, can hardly be
considered thin rings. An appreciable deviation from estimates based on thin
ring theory is to be expected then. But there is an additional problem involved

in analyzing the cores which can be considered thin rings. That problem is
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flattening at the loading poihts, and it occurs because ultimate tube failure
occurs long after the onset of nonlinear behavior. Higher strength than expected
may result from a very thin shape due to flattening [Ref. (1), page 12h].
Furthermore, it has become apparent that ply delamination frequently occurs prior
to core failure, and this further complicates the assessment of maximum core
strength. Thus, it should be pointed out that the use of Equation (8) to compute

nominal estimates of core side crush strength represents & compromise between

different expressions, both known and unknown, which might apply more realistically

to the different core geomefries.

To summarize, the factors which were found to significantly influence

the ultimate strength of cores when compressed from side-to-side are the following:

l. Core stock modified ring strength in a direction corresponding
to the complemgnt of the winding angle, or in the cross-
machine direction. Side crush strength was found to increase
when either of these core stock strength properties were,
increased.

2. Core winding angle. §Side crush strength was found to increase
with increased windingAaﬁgles. But Phase II data indicated
that the trend is not as great as was expected from nominal
estimates. Counterbalancing effects argaapparently involved
with this factor.

3. Core wsall thickness. Side crush strength wes foupd to
increase as the wall thickness increased, but not as much

as expected from nominal estimates.
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4. Core inner diameter. Strength was found to decrease as the
core inner diameter was increased, but the effect was less

than expected from nominal estimates.

Beam Strength

Effect of Diemeter and Wall Thickness

The effects of changing diameter and wall thickness on the strength of
cores when loaded as a beam at three points are shown in Fig. 14 and 15 and Fig.
16 and 17 for 36 and 72-inch span beamé; respectively. In Fig. 1% and 16 beam
strength is plotted vs. the square of the inner core diameter. It is evident
from these graphs that increasing core diameter causes an increase in beam
strength, and that to a fair approximation beam strength is proportionai to the
square of the inner core diameter. Figures 15 and 17 illustrate the trends of
the data when wall thickness is changed and inner diameter is held constant,
Beam strength evidently increases as wallvthickness.increases and is approximately

proportional to the first power of wall thickness.

These basic trends are in agreement with estimates made from a previously
derived equation [Ref. (1), page 96]. That equation is the following:

4 Y
m(D * - Di,)

Pnom,b - 8L Doh'c Pma (20)

where P = nominal estimation of beam strength, 1lb.
-nom,b
D =D, +2(n + 1)h
= -i - =<
= outer core diameter, in.
Di = inner core diameter, in.
n = number of core stock plies
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hc = core stock thickness, in.
L = length of span between two simple supports, in.
Emu = modified ring compression strength of core stock at an

- angle o degrees from M.D., 1lb./in.
o = angle of wind; angle between core stock M.D. and core
axis, degree

Since wall thickness does not appear explicitly in Equation (10)-and
diameter is represented in a complex manner, it is not readily apparent from
inspection that the trends illustrated in Fig. 14 through 17 are represented by
Equation (10). But & rearrangement and substitution of terms into Equation (10)
reveals that, to a first approximation, beam strength is theoretically proportional
to the square ;f inner core diameter and the first power of wall thickness. Once
again, however, Equation (10) by itself did not provide sufficiently accurate
estimates of beam strength, and a number of gdjugting féctors were requirgd. The
necessity of adjustments is illustrated by Fig. 18 and 19 in which observed beam
strength is plotted vs. the section modulus for 36 and Te2-inch span beams,
respectively. The following equation is a more general representation of

Equation (10) and will explain the choice of scales in Fig. 18 and 19:

Pnom,b = %“h_.% (11)
Thus, for a given span and core stock, in which ring strength and
thickness are fixed, a plot of nominal beam strength vs. section modulus, E/E,
shouid result in a single straight line passing through the origin. It is
epparent from Fig. 18 and 19, however, that for both core stocks and-spaps.a
diameter effect exists which causes an offset between the various lines of

constant diameter. Statistical analysis confirms this conclusion and also
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indicates the need for additional terms involving wall thickness, winding angle,

and sﬁan length.

Strength Equation
* The final form of the strength equation to be used to estimate the beam
strength of both 36 and 72-inch span beams is the following:

P = Pnom’b {0.45540 - (0.00717) L/Di + (0.49133)(n + 1)hc

+ (0.00184) L + (1.28887) cos a} (12)

where P beam strength, lb.

nominal estimate of beam strength, defined by

1:nom b
= Equation (10), 1b.

When estimates computed from Equation (12) were compared with the test
results from both Phase I and Phase II, the average prediction error was found
to be 5.78% and the correlation coefficient was 0.850., Plots of estimated vs.

observed beam strength values are shown in Fig., 20 and 21.

Comments similar to those made concerning other loading modes apply to
the presence of the winding angle term. Once again the correction is one which
causes decreases in beam strength for increases in winding angle, even though
winding angle is accounted for in the nominal equation; Equation (10). The
effect of the wall thickness correction term is to increaée~the estimate of
beam strength for an increased wall thickness. A possible explanation for this

effect is similar to that offered for axially loaded cores.

The L/Di term may be interpreted és the well-known span/depth ratio

correction term. The effect of this term is to modify the nominal estimate so
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that, for a given diameter, the stirength estimates for T2-inch span beams are

somewhat less than one-half those for the 36-inch span beams.

The length correction term ié believed to pertain to another phenomena
which was observed during testing of the 10-~inch diameter beams. These large
diameter beams provided the highest section modulus to resist bending and thus
could be expected to fail at relativelyAhigh loads. And yet because the cores

were so thin (high Q/E), the capacity to resist radial section deformation at

the loading points was very low. Conseguently, severe section deformation .
occurred for these beams, particularly for the 36-inch span ones (Fig. 2). The .
problem was less severe for the longer beams since the ratio of bending stress
to shear stress was twice as large for the T2-inch beams as for the 36-inch ones.
Thus, the length correction term serves to reduce the estimated strength of 36-in.
beams relative to T2-inch ones when the diameter/wall thickness ratio is so
large that severe radial deformation occurs at the loading points.
In summary, the factors which were found to significantly influence
the ultimate strength of cores when loaded as a three-boint beam are the ~
following: -
l, Core inner diameter. Beam strength was found to increase
as inner diameter was increased, it being approximately
proportional to the square of the inner diemeter.
2. Core stock modified ring strength in a direction corresponding
to the winding angle, or in the cross-machine direction,
Strength was found to increase as either of these core stock -
properties was increased. '4-' N
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Core winding angle. Beam strength was found to decrease as
the winding angle was increased. Data from Phase II indicated
that the strength decrease was larger than was expected from
nominal estimates.

Core wall thickness. Beam strength was found to increase as
wall thickness was increased, and to a greater extent than was
expected from nominal estimates.

Span. Beam strength was found to decrease as the span was
increased, being roughly inversely proportional to the span.
In addition, a small span/diameter term was found to be signifi-
cant, céusing longer span beams to be slightly weaker than ex-
pected from nominal estimates. For beams of large diameters
(10 inch) and thin walls (0.48 inch or less) resistance to
radial deformation was found to be so small that premature

failure was noted for the shorter 36-inch beans.




