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THE INSTITUTE CF PAPER CHEMISTRY
fppleton, Wisconsin
-END-LOAD COMFRESSICN AND RELATED TOPICS
SUMMARY
Previous studies have indicated that end-to-end box compression strength
is primarily dependent on the mechine-direction edgewise compression strength
P  of the combined board. The methodology of evaluating P has been improved
by using a harder wax, Carbowax 4000, as the agent for reinforcing the loading
edges of a short column in place of Mobilwax D employed previously. On the average,
column strengths were increased by 23% with the new method. There is evidence,
however, that an even harder reinforcing agent may be needed for combined boards

constructed with heavier grades of liner and for B-flute board.

The end-load compression .formula was rederived using the improved
estimates of P . This resulted in some adjustment in the empirical constants

of the formula but no over-all improvement in accuracy was achieved. The accuracy
hY

of the formula is about 8%, on the average. Allied work is in progress to confirm

the form of the end-load equation, particularly with respect to box dimensions,

In view of the importance of me to end-load compression, an analysis
was made of the relationship of this pro;;rty to component properties and combined
board gecmetry. It was found that the combined board does not reach the edgewise
compression strength of the liners in the machine direction. This result coincides
with the observation that the combined board fails by buckling of the liners be-
tween flute tips. Interflute buckling of the liners depends upon tﬁeir flexural
stiffness (E;, e.g., Taber stiffness) and the distance between flute tips. A semi-
empirical formula based on column buckling theory and involving Taber stiffness and

distance between flute tips 1s shown to give reasonably good agreement with ob-

served P, with an average accuracy of 9.4%. This result indicates that the
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manufacturer of linerboard should be concerned primarily with the machine-direction

Taber stiffness of the liner for end-to—ehd compression performance.
TNTRODUCTION

The object of this study is to develop an equation relating end-to-end
compression strength of RSC boxes tco combined board and component properties and
box dimensions. A preliminary equation was developed (1) involving (a) machine-
direction edgewise compression strength of combined board, (b) flexural stiffness
of the combined board in its principal directions, and (c) the length, width, and
depth dimensions of the box. While the equation was in gualitative agreement with
the major characteristics of end-locad compression, it is believed that the accuracy
(8-1/L%, on the average) can be improved upon. As discussed below, steps have
" been taken in an atitempt to improve the accuracy. This invoived improvement in
the methodology of the edgewise compression test of combined board in the machine
direction; this is the dominant material property in end-load compressicn., Con-
sideration is also given to0 the component properties and combined board geometry

governing edgewise compression in the machine direction of the combined board.
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MACHINE-DIRECTION EDGEWISE COMPRESSION STRENGTH
OF COMBINED BOARD

It appeared in earlier work that the methodology of the machine-~direction
edgewise compression test was not fully satisfactory, as evidenced by considerable
rolling and bending of the loading edges despite their reinforcement with Mobilwax
D paraffin. A number of harder formulations for edge reinforcement were screened,
from which it appeared that Carbowax 4000 (melting point 200°F, approximately )
offered real improvement. Subsequently, 52 samples from the original study were
re-evaluated by the improved method, with the results shown in Table I and Fig. 1.
The strengths tabulated are the averages for ten column specimens from a sample.
The column dimensions were 4-1/2 flutes in the machine direction (load direction)
by two inches wide. The loading edges were reinforced to a depth of cne flute

by dipping in molten wax.

It may be seen in Table I that the strength levels were markedly in-
creased with Carbowax 4000 reinforcement relative to Mobilwax. . On the average:
the loads increased by 22.9% Except for two samples, the differences ranged
from essentially zero to 51.6%, with no evident trend depending on flute size or
grade of board. The two exceptional samples were Samples 2324 and 2375, which
exhibited significant decreases in lecad with Carbowax reinforcement — namely,
-6.% and -12.1%, respectively. Some of the board from the latter sample was
subsequently found to have crushed flutes; this condition may affect the machine-
direction column strength because of diminished lateral support given the liners
by the crushed flutes. Accordingly, the results shown in Table I for this sample
should be viewed with reservation. No reason was evident for the significant 6%
decrease in the Carbowax specimens of Sample 232L. 1In the majority of samples,

however, there was a marked increase in column strength through the use of Carbowax
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EDGEWISE COMPRESSION STREWGTH OF COMBINED BOARD IN MACHINE DIRECTION

WITH TWO TYFES OF EUGE REINFORCEMENT

Bample Edgewise Compression, 1b. fin,
No. Series Mobllwax D Carbowax 4000 D fference,

A-Flute
1192 175 13.0 18.4 +11.5
1188 175 13.5 18.6 +37.8
2046 175 19.2 22.5 +17.2
176 200 17.0 23.6 +38.8
1184 200 6.4 b 22.0 +34,1
232b 200 235.4 (20} 21.9 (20) - 6.4
1146 200 17.8 22.5 26,4
1167 200 17.2 23.2 +3k.9
1163 200 20.0 26,1 +30,5
2hop 200 19.0 21.8 18,7
2397 200 23,7 28.4 +19.8
2315 200 21.9 23,3 + 6.4
2303 200 19.3 21.6 +11.9
20k1 275 34,0 38.4 +12.9
2373 275 3h.6 (26) 30.4 (27) -12,1
2099 275 43,1 57.2 +32.7
2159 275 hi,7 (20} 60.2 (5) +hh L
2155 275 39.0 56.7 +h5,h
Av. 123,9
C-Flute
2019 175 20.6 24,3 +18.0
2211 200 20.2 (20) 20.0 (20) - 1.4
2176 200 23.0 29.8 +29.6
2107 200 2h.3 28.1 +15.6
2081 200 23.5 28.3 +20.4
2228 200 27.6 £8.8 + b3
2076 200 24,8 32,1 (9) 29,4
2058 200 26.2 28.7 + 9.5
2365 200 22.9 23.9 + bh
2215 200 26.4 (20) 25.9 (20) - 1.9
21hs5 200 23.1 30.8 +33,3
2171 200 23.6 33.5 +h1.9
2398 200 22.9 3h,7 +51,5
2150 - 200 23.6 26.0 +10.2
2090 200 23,8 26.5 +11.3
2094 200 21.8 25.0 +14.7
2111 275 Lo,6 v 4 +16.7
21kl 275 br.o 20; 57.6 EB; +22.6
2369 275 L41.8 {20 51,0 (9 +22,0
2033 275 38.9 52.8 +35.9
2050 275 212 gE} +3h 4
2103 275 0. .3 + 9.1
Av. +19.
B-Flute
234y 175 19.0 26.9 +11.6
2353 200 26.3 26.8 +39.9
2311 200 34,4 (20) 39.0 +13.kb
2009 200 25.9 35-3 +36.3
2001 200 25.h 38.5 +51.6
2029 200 32.8 37.6 +1h.6
2319 200 32,2 (20) 32.6 {20) + 1.2
2307 200 3h.1 k1.9 +£2,9
2062 275 50.9 {20) 2.2 +41,8
2240 275 . 52.7 6.6 +22.6
2182 275 k3.7 (20) 59.2 +35,5
2248 275 52.9 57.6 + B,
Av. +27.5

Composite av. +22.9

Z‘Difference, % based on values for Mobilwsx D.
Numeral in parentheses denotes number of specimens 1f other than 10,
No. of specimens per sample of 10 Carbowex spec¢imens.

No. of Carbowax Specimens
Exhibiting Edge Roll®
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Columns Reinforced with Carbowax 4000 and Mobilwax D
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reinforcement. In compression testing, the magnitude of lcoad is probably the

best practical eriterion for rating one test method against another, so that

the superiority of Carbowax reinforcement is clear.

During the testing of the Carbowax reinforced columns the nature of
failure of each specimen was observed. In general, the specimens failed between
flute tips in the uwnreinforced .portion of the specimen; this mode of failure is
Jjudged to be desirable and typical of machine-direction edgewise compression
failure. Occasional rolling or bénding of the reinforced edges did occur,'how-
ever, as noted in the right-hand column of Table I; this mode of failure is

Judged to be undesirable.

The frequency of edge-rclled specimens in samples of size 10 is sum-

marizéd in the following:

Number of Samples Exhibiting:

No Edge Roll 1 roll 2 rolls 3 rolls 4 rolls 5 rolls

29 9 8 3 1 2

It may be noted that the incidence of edge rolls increases with the sturdier
combined board construction;, that is, heavier weight liners and/or small flute
size., At first thought it may seem surprising that the incidence of edge roll

is higher in boards with sturdier liners. It should be recognized, however, that
edge roll is prevented by making the Eg'of the wax-~reinforced liner at an end of
the specimen sufficiently greater than the EI of the liner between flute tips to
compensate for the lack of end-fixity of the former; it is a matter of the ratio

of the two EI's. While a given type and amount of wax may be sufficient for a

liner of low EI, it may not offer a sufficiently high ratio for a liner of high ET.
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It is not clear ai this time, however, whether the edge rolls can be

definitely attributed to inefficient reinforcement or, on the other hand, to

imperfections in cutting plane and parallel loading edges; the latter are known

to adversely affect the machine-direction column test. Further study should be

made of the sturdier combined constructions.

In summary, the harder reinforcement given by Carbowax L0000 markedly
increased the machine-direction column load relative to Mobilwax D. On the basis
of these results, Carbowax 4000 rather than Mobilwax D should be used for rein-
forcing machine-direction short columns. There is some indication that further
improvement may be possible with sturdier combined board constructions {for
example, B-flute and/or heavyweight liners) through the use of even stiffer re-

inforecing agents or possibly by improved cutting technigues.
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END- LOAD COMPRESSION FORMULA

In view of the marked increases in column strength discussed above, the
numerical analysis leading to the end-load formula was performed again using the
Carbowax column strengths in place of the previously used Mobilwax column strengths.
In this case only 45 samples of boxes were available (rather than 57 samples as in
the original study) because supplies of combined board of some samples were exhausted.
Also, seven box samples with zero flap gap were omitted for reasons discussed in

(1). Tne resulting equation is shown in Equation (1):

0.214
B 0.785 0.754 [ 0.571
P = 0.26me + 2.29P (/’ﬁxny> (L +W/L) W (1)

as contrasted with the earlier formula, Equation (2):

0.213
_ 0.787 0.512 _ 0,57k :
P = 0.30P_ + 3.10P <./D_X'Dy> (1 +w/L) W (2)

It may be seen that the numerical constants of the two equations are
nearly the same. There is only a modest differeﬁce in the coefficients of the
first term which represents the contribufion of the side panels. The relative
contributions of E_, /§;§£ and W (all of which pertain to the flap panel) are
virtually the same_;n both equations., The coefficient of the flap panel term
decreased from 3.10 to 2.29; this is a change of 26% and probably mainly reflects

the fact that the Carbowax column strength was higher than Mobilwax column strength

by 23%, on the average.

The only change of substantial magnitude is in the exponent of the
(1 + H/E) factor which accounts for the effect of flap gap on end-lecad compres-

sion. This exponent increased from 0.512 to 0.754, with the interpretation that
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somewhat greater importance is attached to the flap gap. This exponent is not
determined very precisely, however, with this collection of samples. The 95%
confidence interval on the exponent 0.754 is + 0.53. [In contrast, the exponent
0.785 on P__ is known ten times more precisely — namely, to within + 0.05.] Thus,
the apparent difference in the exponents of (1 + W/L) is not significant. It

remains, however, that the effect of flap gap is not'precisely determined in this

mathematical model of end-load compression behavior.

The accuracy of the two equations is compared in Table II in terms of
L3 samples of boxes which were commen to both studies. It may be seen that the
new equation improved the average accuracy only modestly — namely, from 8.6 to
8.2%. The distribution of aifferences within various ranges shows no over-all

improvement with the new formula.

TABLE IT

ACCURACY OF END-LOAD FORMULAS

Average % Difference Within:
Equations Diff., % +5% +10% +15% +20% +25% +30%
New [Equation (1)] 8.2 Y 70 86 93 95 98%
01d [Equation (2)] 8.6 30 60 91 98 98 100

SMaximum aifference was 334,

In summary, despite an improvement in the methodology of the machine-
direction edgewise compression test, the accuracy of the end-load formula was
not materially improved thereby. It is believed that further improvement in
prediction of end-load compression strength should be directed to the functional
make-up of the formula (relating to the underlying physical model of erd-load
compression). Work is in progress to confirm the effect of box dimensions on

end-load compression.
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RELATIONSHIP BETWEEN COMPONENT PROPERTIES AND EDGEWISE
COMPRESSION OF COMBINED BOARD

Equations (1) and (2) reveal that the edgewise compression strength
of the combined board is the dominant factor in end-to-end compression as in the
case of top-to-bottom compression, although differgpt directions of the board
are involved in the two cases. It is important to control of quality in the

mill and box plant to know which properties of the components govern machine-

.

direction edgewise compression of the combined board, P . It may be recalled

— -

that cross-direction edgewise compression of combined board (relating to top-to-

/
bottom compression) is approximately equal to the sum of the modified ring com-

pression of the component materials, accounting for medium draw, although more

refined estimates take into consideration an effect of flute size (g).

Table III and Fig. 2 give a comparison of g&x.and the composite modi-

fied ring strength of the two liners 1n the machine direction. Modified ring
strength of the corrugating medium is not included in this composite strength
because the fluted medium is not in a configuration such that it can carry

appreciable load in this direction and, moreover, the medium does not fail in

the P specimen. It may be seen that the composite ring strength of the two

liners is greater than P in all cases. On the average, composite ring com-

pression strength is 59% greater than P__, with individual differences ranging

from 10 to 132%. Two trends are evident in the data: (a) the difference

between P and composite ring strength is greatest for A-flute and least for

B-flute (specifically, 86% for A-flute, 59% for C-flute, and 2L% for B-flute);

{(b) the heavier the liner weight, the more nearly P _ approaches the composite

ring strength.
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BOARD AND COMPONENT PROFERTIES

RELATIONSHIF BETWEEN MACHINE-DIRECTION ECGEWISE COMPRESSION OF COMBINED
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The above comparison of P and composite medified ring compression of
the liners shows that the liners do not reach their edgewise compression strength
when the combined board is compressed in the machine direction. Instead, each

element of liner between flute tips apparently acts as an individual column that

bends and buckles rather than crushes.

From consideration of column theory, the following two properties of
the combined board and its components are of primary importance to interflute
buckling of the liners. The first property of importance is the height of the
element of liner between flute tips. B-flute board, for example, has a relatively
short column height between flute tips and, therefore, has substantially higher
machine-direction compression strength than A-flute board with the same components;
this may be seen in general in Table IIT by comparing the several flute sizes in
the same bursting strength series. For example, in the 200-1b. series boards, the
average value of P 1is 23.4 1b./in. for A-flute, 28.3 1b./in. for C-flute and

36.2 1b./in. for B-flute. Tt may be recalled that end-load strengths of boxes

constructed in these flute sizes are ranked in the same prder.

The second property of importance to liner buckling between flute tips
is the machine-direction flexural stiffness of the liner. Thus, in so far as
component properties are concerned, Taber stiffness of the liners, rather than

}

modified ring compression of the liners, may be expected to govern edgevise

compression cof the combined board in the machine direction.

It is believed that the corrugating medium has only a minor influence
on the edgewise compression of combined board in the machine direction. The
fluted medium probably carries negligible load and mainly serves to define the

column height and end fixity of the liner elements between flute tips.
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Column pheory indicates that the degree of fixity of the liner element
at the flute tips and the Poisson ratioc for the liner also determine the buckling
strength of the liner element (3). Neither of these factors is readily measurable
at the present time and in the following analysis it will be assumed that they are
constant for the several samples of combined board. With this approximation,
column theory indicates that me is related to liner properties and flute geocmetry

by an equation of the following form:

P. = kK Dx/w2 (3)
where
me = machine-direction edgewise compression strength of
. == combined board, 1b./in.
Ex' = average machine~direction Taber stififness of liners, 1lb.-in.
_T = distance between flute tips, in.
k = a constant reflecting average values of column end fixity

and Poisson ratio

Table III shows P, Qx and W Tor 45 samples of combined board avail-

able to this study. Figure 3 is a graph of me Vs, QX/E?, the latter being the
important parameter in liner buckling behavio;j It m;§ be seen that the entire
collection of data points does not cluster closely about & single straight line,
as would be expected from Equation (3). Only those 31 samples with QX/H? less

than about 2.5 show promise of fitting a straight line as indicated b; Eguation
(3). These samples have, in general, lighter weight liners with low Taber stiff- |

A straight line fitted to this selected group of samples was found to be

avl (=]
@
1]
0

= 11.13% QX/E? + 12.35. The average difference between observed and predicted

based on this equation was 8.7%. °

é"t‘l
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Consideration of all of the data pletted in Fig. 3 suggests that there
is 8 curvilinear relationship between me and EX/E?. Moreover, there are theo-
retical grounds for expecting a curvili;;ap relationship. This latter consider-
ation relates to the likelihood of inelastic buckling of the liners and is
developed in the Appendix to tﬁis ;eport. Briefly, the reasoning is as follows:
As QX/H? increases, corresponding to stiffer liners and/or smaller flute distance
betw;én tips, it is likely thét the liner buckles inelastically, that is, at a
stress level heyond the proportional limit of the stress-strain curve. For

example, Table III or Fig. 2 reveals that some of the "sturdier"” boards buckle

at loads approaching the edgewise compression strength of the liners and hence

" are probably at a level beyond the proportional limit. For these samples, the

Taber stiffness (EI) is not appropriate in the column formula. An inelastic
moduius is required which is less than the modulus in Taber stiffness inasmuch
as the latter is esseqtiall& an elastic property. Use of Taber stiffness in
these instances oﬁerestimafes the liner buckling strength. It is shown in_thé
Appendix that if the detailed calculations were made to account for inelastic
buckling of the liners, it would lead to & curvilinear relationship between
Eﬁx and QX/E?. Stated another way, QX/E? as evaluated in this study over-
e;;imates_the buckling strength and t;é plotted points for the sturdier liners
(large QX/H?) lie too far to the right in Fig. 3. Therefore, if it is desired

to employ Taber stiffness (the alternative involving inelastic modulus would

become quite unwieldy),. then the relationship between P and QX/H? should be

curvilinear.

In view of the above, a power function was fitted to the entire collec-
tion of data. That a power function is appropriate is apparent from the log-log

plot in Fig. k4, where it may be seen that the points suggest a straight line in
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these co-ordinates and hence a power function in rectilinear c¢o-ordinates. The

power function of best fit was found to be:

P =25.67 (0 /w)° 0% (1)

With this equation the average difference between observed and predicted P was

9.4% for the entire collection of samples. Individual sample differences are

shown in Table III. The distribution of differences is given in Table IV.

TABLE IV
ACCURACY OF PREDICTED P
S

[Bquation (k)]

% Differences Within: Max.
+5%  #10%  +15%  +20%  +25%  +30%  Diff.

38 60 78 9L 93 %8 31.5%

Inspection of Fig. 4 reveals that there is still substantial variation
in Eﬁx which is not accounted for by the liner buckling parameter QX/E?Z - Among
the ;;ssible reasons for the residual errors are (a) lack of inform;£ion on
column end fixity and Poisson ratio of the liner elements, (b) variation in
"washboarding" of single-face liner which is not accounted for in the interflute
buckling consideration, and, in the case of the constructions of high QX/H?,

{c) the approximate treatment of‘inelastic effects. Nonetheless, it ap;éars that
the essential behavior of combined board in machine-direction edgewise compression
involves liner buckling between flute tips rather than edgewise crushing of the
components. This result means that the manufacturer of linerboard should be

concerned primarily with the Taber stiffness of the liner with respect tec end-to-

end box compression.
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APPENDTX

CONSIDERATION OF INELASTIC COLUMN BUCKLING

The buckling load Ecr (load per unit width) of a wide column of length

W for which the stress is in the inelastic range is given by (E):

K Et I

P - —
oy 2 (5)

where Et is the slope of the tangent to the stress-strain curve at the stress

level corresponding to the buckling load; I 1s the moment of inertia of the
column cross section per unit width; and K is a function of end fixity and

Poisson's ratio. Equation (5) may be rewritten as follows:

D
P -Knik-xq-=% (6)

er KN E I

where 1 = Et/g, E being the elastic modulus and Px the Taber stiffness in the

case of linerboard. It should be noted that 7 = Et/E is a function of Ecr'

For a given material, Et may be evaluated from the compression stress-strain

curve. A graph of 7 vs. Ecr will eppear, in general, as shown in IFig. 5. That

is, for lecads less than the proportionzl limit (Epl)’ Et =K and n = 1.0. Above

P

B the tangent modulus progressively decreases and v decreases.

Taking Qx as the average Taber stiffness of the two facings of combined
board and P = P, Equation (6) may be written as
—cr  -mx

D

= DK — (7)

P
_mx
1 2

=

and it is seen that calculation with Taber stiffness yields an estimate of P

which differs from the true P__ by a factor 1/n. In view of Fig. 5, it may
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be deduced that a graph of P vs. the "fictitious" buckling load me/q will
appear as shown in Fig. 6. %he relationship is a straight line of ;iope 1.0

up to the proportional limit. At higher (inelastic) loads the relationship is
curvilinear in the sense shown, with the exact shape depending on the functicn

n = gt/g for the given meterial, as illustrated schematically in Fig. 5. As a
pract;cal matter one may reasonably approximate the entire curve of Fig. 6 by

a curvilinear function (say, a power function) although strictly it is a straight
line below the proportional limit. Although the curve illustrated in Fig. 6 is

specific to a given material, it is clear that all conventional linerboards will

exhibit curves of this general shape.

It may be noted that the variables graphed in Fig. 6 are the same as
were plotted in Fig. 3 in the main body of the report for the 45 samples of
corrugated board. Thus, it may be seen that there are theoretical grounds for
fittingva power function (concave to the horizontal axis) to the data for the

collection of samples given in Fig. 3.

It should be remarked that the relationship given by'Fig. & represents
a conventional procedure for calculating the inelastic chkling load for a
.column of a specific material. From the experimental stress-strain curve, Fig.
5 and hence Fig. 6 may be constructed. The latter curve may be entered on the
horizontal axis for a particular cross section and c¢clumn length, and the in-
elastic buckling load may be read out on the vertical axis. The procedure is

laboricus, however, because of the required determination cof Et

of the material.

i







