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THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin
ﬁFFECT OF RELATIVE HUMIDITY ON THE STACKING ?ERFORMANCE OF BOXES
MADE WITH WATER-RESISTANT ADHESIVE AND WITH
REGULAR AND WET-STRENGTH COMPONENTS
SUMMARY
A previous study sponsored by the Fourdrinier Kraft Board Iﬁsﬁitute, Inc.
(FKBI) showed that the stacking (creep) perfqrmﬁnce_of corrugated boxes made.with
regular starch adhesive and regular éomponents is more adversely affected by exposure
to high RH qonditions thén would be exéected on the basis of box compression per-
formance. It appeafed that this result was partly due to adhesion failure under
loné—term loading at high RH levels vhen regular (nonwater-resistant) starch adhesive
is_dsed. ‘Therefore, this study was initiated to study the effect of RH on the top-
load box stacking (creep) performance’ of boxes madelusing water-resistant sﬁarch

adhesive and both regular and wet-strength components.

For this study, two 350-lb,series C-flute box samples made in the same
size as used in the brefious study were evaluated. Both samples were‘made with
wvater-resistant starch adhesive (5% resin). One sample was made using regular
linerboard and medium; the othér sampie was made using wet-strength liﬁerboard and
medium. Box comp}ession and stacking (creep) tests were carried out at the following
conditions: (1) Soi'RH, 73°F (standard conditions); (2) 85% RH, T3°F; (3) 85% RH,

LO°F; and (4) 90% RH, 90Q°F.
The following results were obtained:

1. The boxes made with water-resistant adhesive and either regular
or wet-strength components exhibited significantly better (lower)
stacking "safety factors" than boxes made with regular components

and starch adhesive at high RH (moisfure) conditions. The stackiﬁg
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éafety factor is the ratio of the box compreséion strength

required at standard conditions to the stacking load, for

example, for a stacking load of 500 1lb and a safety fapfor

of 3, the box compres;ion.strength at standard conditions
would need to be 1,500 1lb; for a safety factor of 4, the |
required box compression strength would be 2,000 lb; The
results below show that for equilibrium méisture contents

in the 15-20% }ange (RH levels from 85 to 90%) the pércentagé
improvemenfs in "saféty factors" ranged from 15.5 to 21.8%.
for a 180-day failure life.

Stacking "Safety Factor"

Equivealent Boxes Made with Boxes Made with
Test Condition Water-resistant Regular Starch Diff.,
(Approx.) ' Adhesive Adhesive . % -
85% RH, T3°F 3.8 4.5 15.5
.85% RH, 40°F - - 4.8 6.0 : 20.0
90% RH, 90°F 6.1 7.8 21.8

Thus the fesults indicate that the use of water-resistant
starch adhesive in fabricating the combined board can effect
a significant imprbvement in box stacking performance under'
humid étorage conditions and possibly permit savings in
packaging.costs. |

For the boxes iade with water-resistanf adhésive, the type
of components — regular vs. wet-strength — did not appear

to significantly affect stacking pefférmance.

At a given loazd ratio the failure times for both box samples
made with water-resistant adhesive significantly increased

as the combined board moisture content decreased as expected

on the basis of previous work. -
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INTRODUCTION

The moisture content of the board is one Qf the major factors affecting
the stacking (creep) performance of corrugated boxes. It is wgli known that a
corrugated box loses 50-60% o£ mofe of its short-term box compression strength
when the RH is increased from 50 to 90% RH. Under loﬁg—term stacking.conditions,
Kellicutt (1), iﬁ an early study, indicated that long-term stacking perf;fmanée
deéreased with increasing moisture in exacfly the same way as short-term box
compression strength —:i.e., laboratéry box compression. However, St;tt (2), in
more recent work, éhowed thaf stacking performance is more adversel& affected by
exposure to high RH conditions than is short-term box compression strength. This
?ESult‘was confirmed in a past study at the Institute for FKBI apd in other work
carried out at the‘Institute on the stacking performance of corrugated boxes con-
taining plastic bbttles (3,4). A review of the above and other reiated literature

may be found in Ref. (3).

In the previous study (3) carried out at the Institute for FKBI, the
boxes which were evaluated were fabricated with regular (nonwater—resistant)
adhesive and regular componehés. Dﬁring the stacking (creep) tests; it was
observed that there was a tendency for %he adhesion to fail at 90% RH, 90°F as
exposure time increased. It appeéred this would not occur if weather-resi;tant
adhesives and components were employed in the box and, hence, that high moisture
contents might have a lesserveffect on the stacking behavior of such boxes.
Accordingly, this study was initiated for the purpose of evaluating the effect
of RH on the top-load box stacking (creep) performance of boxes made using water-

resistant adhesive and sized or treated components.
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In ‘the pre%ious study (Project 2695-9), 200- and 350-1b series C-flute

boxes made with regular kraft liners, 26-1lb semichemical medium and regular starch

adhesive were evaluated. The box size was 20-1/2 x 13-1/2 x 12-1/2 inches. In

order to permit comparison with the previous study, two 350-1b series C~flute box

samples were obtained in the same size as follows:

1.

Semple No. 790 — 90-1b reguler kraft Liners, 26-1b semichemical
medium, fully vater-resistant starch adhesive (5% resin).
Sample No. 791 — 90-1b wet-strength kraft liners, 26-1b wet-
strength semichemical medium, fully water-resistant starch.
adhesive (5% resin).

The wet§strength and regular components were fabricated
into C—flute boxes ﬁy-a 1§cal box shop. The regular liners
and medium were taken from the local combany's inventdry,
whereas the wet-strength liners and mediums were furnished
by an FKBI meﬂber‘é@ﬁﬁanﬁ;ﬁ"‘ -

' The results obtéined in this study on the above materials
were cbmpared to the resglts obtained in a previous study on
C-flute béxes made wiﬁh regular combonentS’and regular (non-
water—resistané) starch adhesive (3).

A comparison of the physical characteristics of the combined
boards used in this and the previoué study is shown in Table I.
It should be noted that the pin adhesion strengths of the com-
bined boards made with water-resistant adhesive were consider-

ably higher under all RH and temperature conditions than the
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corresponding results for the combined boards made with:regular

starch adhesive for the previous-study.
TEST ATMOSPHERES

1. 50% RH, T3°F — standard conditions.
2. 85% RH, T3°F. |
3. 85% RH, LO°F.

Y. 90% RH, 90°F.
CONDITIONING

The boxes were preconditioned for at least 2L hours at less than 35% RH
and T3°F. For tests at 50% RH, the boxes and combined board were conditioned at
least 48 hours prior to fest. For the tests in the other atmospheres, the hoxes

and combined board were conditioned at least 120 hours prior to test.
" TEST PROCEDURES

Box Compression Tests

For each sample, ten boxes were evaluatgd for top-load compression
strength after condifioning in the prescribeé atmosphere. In the case of the
tests on bo#es conditioned at 85% RH, LO°F and 90% RH, 90°F, the boxes were
inserted in polyethylene bags after condifioniﬁg, placed-ih an insu;ated enclo-
sure, transported to the box compression téster and tested as quickly as possible

after removing the plastic encased. box from the insulated enclosure.

Box Stacking (Creep) Tests

In general, four boxes per sample were tested at each of four load levgls
in each atmosphere using the.equipment described in Ref. (5). The load levels were

selected in so far as possible to give failure times no longer -than 60-90 days.
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DISCUSSION OF RESULTS

BOX COMPRESSION RESULTS

The box compressién and moisture content results for the box samples méde‘
for this study with water-resistant sterch adhesive and regular (Sample No. 790) and
wet-strength (Sample No. 791) components are shown in Table II. 'For comparison
purposes, results are shown for the two box samples evaluated in the previous study
(Project 2695—9) which were made with regular components and nonwater-resistant

starch adhesive.

At-8§% RH and T73°F, decreases in box compression strength of 41.1 and
"39.7% were obtained for Samplés T90 and 791, respectively, which were made with
water-resistant adhesive. Thus, the reductions in strength were about the same
‘for these two éamples as would be expected even though one was made witﬁ regular
components and the other with wet-strength components. The reductions in strength
for these two samples were also about the same as obtained in the previous study

for boxes made with regular components and nonwater-resistant adhesive.

At 85% RH and L4LO°F, Samples 790 and 791 also exhibited approximately
equal reductions in box cémpression strength of 52.4 and 50.1%, respectively.
These reductions iﬁ strength were greater than at 85% RH and T3°F because of the
higher moisture content values obtained in the 85% RH‘and LO°F gtmosphere. In
general, the léwer the temperature at éonstant RH, the higher the equiiibrium
moisture content. It may be noted that the humidity control tolerances could not
be maintained as close at 40°F as in the other atmospheres for which a 2% RH
tolerance was employed and méy have produced a slightly greater difference in
equilibrium moisture éontent between the hd and'73°F, 85% RH atmospheres than

might be expected on the‘basis of the temperature alone,

]
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At 90% RH and 90°F, decreases in box compression strength of 59.1 and

57.1% were obtained for Samples T90 and 791 — i.e., approximately the same per-

centage reduction. These percentage losses in strength were of about the same

magnitude as exhibited by the box samples evaluated in the previous study.

It may be.noted‘that the boxes made with the wet-strength components and
water-resistant adhesive (Sample No. T91) exhibited higher box.compression loads
in all test atmospheres than the boxes made with regular components and water-
resistant adhesive (Sample No. 790). However, if should pe kept in mind that the
components in the two samples were made by different mills, hence, the differences
in compréssion are not necessarily due to the wet-strength treatment of the com-

~ ponents.
- BOX STACKING (CREEP) RESULTS

The average box stacklng results are summarizZed in Table III and graphs
of load ratio vs. failure tlme are shown in Fig. 1 and 2 for Samples 790 and 791,
respectively: The load ratio is defined as the ratiolof the applied load to the
box compression strength in the test atmosphere. It may be noted that, at a given
load ratio, the failure fimes ma;kgdly'incréase as the RH in the test atmosphere .
and, hence, board moisture content décreases. An analysis of covariance indicated
that the differences ﬁn position of'the régression lines due to test atﬁosphere
were highly significant (beyond the 0.0l level) for both samples. Thus, these
results confirm the trends observed in the previous study (§) and the work of

Stott (2).

As discussed in Ref. (3) the change in "level" of the regression lines
in Fig. 1 and 2 are primarily due to the changes in equilibrium moisture content,

‘'of the board — i.e., apparently creep rates increase as moisture content increases.
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TABLE ITI

AVERAGE BOX STACKING RESULTS

Sample 790 Sample 791
Load . Regular Comp. Wet Str. Comp.
Ratio? - Water Res. Adh. . Water Res. Adh,
F, 1b © t, day Pa, 1b t, day
50% RH, T3°F

0.74 1045 . 0.50 -- --
0.70 988 . .5.0 1247 0.52
0.66 932 16.7 1176 1.5
0.62 - - 875 " 148.2 1105 10.6

0.58 -- -- ~ 1034 28.4

. ~ 85% RH, T3°F
0.66 548

0.07 699 - 0.14
0.58 482 1.9 623 2.7
0.54 449 7.2 580 9.0
0.50 - 416 . 21.0 537 34.3
0.46 382 . 68.0° -- - .
R " 8570 RH’ )'I'OOF
0.62 - 617 . 0.24 551 0.68
0.58 -- -— 516 4.3
0.54 363 3.6 480 5.2
0.50 336 11.6 Lhh 22.0
0.42 - 282 88.7 373 126.1
S 90% RH, 90°F
0.58 - - - 443 0.45
" 0.54 312 2.7 413 2.5,
0.50 288 4.9 382 5.6
0.42 242 44,5 321 45.3

aRatio of applied lbad to box compression strength in
the test atmosphere.

‘Note: P is the applied load and t is the failure time.
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Thus the lower position of the 85% RH, 73°F lines reiative to standard conditions
‘occurs'because of the increase in moisture content‘from about T-7.5% at 50% RH to
about 14-15% at 85% RH and 73°F. Slightly lower creep performaﬁcés were obtained
at 85% RH and L4O°F as comparéd to‘85% RH and T3°F — apparently because of the
change in moisture content from about 15 to 18%. The decrease in temperature from
73° to h6°F might be expeéted to have a reverse effect on the creep eur;eg but it
aﬁpears fhat the changes due to temperature are overshadowed in this case by the-

increase in moisture. It appears that a similar explanation holds for the 90% RH,

90°F results.

The regression constants for the regressiog lines in Fig. 1 and 2 are
‘tabulated in Table IV. Because of the variability in the test results and the
iimited number of tests in each at@osphere, parallel lines were fitted tb the
data in an effort to obtain more reliable estimates of the load ratios required
to cause failure in 90, 180 ana‘360 days. These predicted load ratios are shown
in Table III. In general, the predictéd load ratios for a given failure -time and
moisture condition were about the samé for the two samples. Thus, the difference

in components between the two sampies did not appear to have a significant effect

on creep performance.

The load ratios in fable IIT whicﬁ regulted in box failure in 180 and
360 days are graphed in Fig. 3 as a function of combined board moisture content.
Also shown are the corresponding data for the boxes evaluated in the pfevious
study which were made with regﬁlar components and regular (nonwater-resistant)
adhesive. It may be noted that at a given'moisture‘content, higher load ratios
to'qguse failure in 180 or 360 days were generally obtained with the boxes of

this study which were made with water-resistant adhesive. The differences in
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Figure 3. Relationship Between Combined Board Moisture Content
and the lLoad Ratios Causing Failure.in 180 and 360 Days
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load ratio due to type of adhesive were not very large at standard conditions but
appeared to become progressively greater at high moisture (high RH) levels. An
analysis of covariance showed that the differences between the regression lines
were statistically significant at the 0.01 level. Thus, it appears that boxes made

with water-resistant starch adhesive should give better stacking performance. in

high RH storage‘atmospheres.

The regression lines are shown below where M is the o.d. moisture .content

and R is the load ratio for the indicated storage time.

180-Day Storage Life

Water-resistant adhesive: R = 0.63 - 0.01226 M (1)
Nonwater-resistant adhesive: R = 0.63 - 0.01632 M (2)

360-Day Storage Life

Water-resistant adhesive: R = 0.61 - 0.01222 M (3)

Nonwater-resistant adhesive: R = 0.61 - 0.01636 M (k)

Values of the load ratio for 180 and 360-day storage life were calcuiated
using the above regression equatioA; as sﬁown in Table V. As may be noted.for a
180-day life at a moisture content of 2Q% which approximately corresponds to
a 90% RH atmosphere, the'léad ratio increased from-  0.30 for boxes.made with regular
starch and components to 0.38 for the boxes with water-resistant adhesive —i.e.,
an improvement of about 27%. At a moisture content of 15%, which approximateiy

corresponds to an 85% RH, T3°F atmosphere, the percentage improvement was about 15%.

In the industry it is common practice to employ stacking "safety factors"
in the selection and design of boxes for the trade. The term "safety factor"

refers to the ratio of the box compression strength at standard.conditions to the
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maximum stacking ioad which will be applied to the box in service. For examplg,
for a box strength of 2;000 1b and an expected load 6f 500 1b, the stacking safety
factor would be 4. Various rules of thumb are used in selecting éafety factors
depending on storage conditions; tiﬁe, palletizing arrangeients, transportation
conditions, ete. Thus, depending on experience and the'particulér requirements in
a specific'packaging app1i¢ation, it is not.uncémmon to emplo& "safety faétbrs" in

the'range of 3 to 5 or perhaps mofe;

TABLE V

CALCULATED LOAD RATIOS FOR BOXES MADE WITH NONWATER-RESISTANT
- AND WATER-RESISTANT STARCH ADHESIVES

Load Ratio

_ 180-Day Life 360-bay Life
Moisture, Water-Res. Nonwater-Res. Water~Res. Nonwater-Res.
% (o0.d.) Adhesive Adhesive Adhesive . Adhesive
1.5 0.8 . 0.51 | 0.52 0.49
10.0 . 0.51 ' . 0.47 - 0.kg 0.h45
12.5 048 0.43 0.46 0.4
15.0 0.45 0.39- 0.43 0.36
17.5 o2 T 0.3k 0.40 " 0.32
26.6 o 0.38 0.30 - ; 0.36 o.28~

" With thé aﬁove in mind; the results‘of this»;tudy were converted té
stacking "safety factors“ for the 180 and 360-day storage periods. The resulting
safety factors are plotted vs. moisture content in Fig. U4 and 5 fof the 180 and
360-day storage periods, respéctively. Table VI shows values of the "safety factor"
read from the curves in the.figures. In general, the'results indicate that lower
safety factors may be employed for boxes made wifh water-resistant adhesive as

compafed to boxes made with regular starch adhesive. The differences are rather

small and probably not of practical significance at moisture contents below 10%.

B
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Figure 4. Effect of Combined Board Moisture Content on Stacking "Safety
Factors" for 180-Day Failure Life for Boxes Made with
Regular and Water-Resistant Starch Adhesive
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Figure 5. Effect of Combined Board Moisture Content on Stacking "Safety
Factors" for 360-Day Failure Life for Boxes Made with
Regular and Water-Resistant Starch Adhesive
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"roughly equivalent to 85% RH and 4O°F in this study.  The required box compression
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However, for moisture contents in the 15 to 20% range the improvements in safety
factors vary from 15.5 to 21:8% for 180-day failure life and 18.k to 25.6% for

the 360-day failure life data. Even considering the variability in the data the
latter improvements seem great enough to be of practical importance. As an
example, assume that a package-must be capabie of supporting 500 1b for at least
180 days under'hugjd conditioﬁs whére the moisfure content may approach 17.5% —

i

strengths at standard conditions are obtained by multiplying the safety factors. .

shown in Table V by 500 1lb as shown below: . |

l. Boxes made with water-resistant adhesive:
Box compression strength = 4.8 x 500 1b = 2,400 1b
2. Boxes made with regular starch adhesive:

Box compression strength = 6.0 X 500 = 3,000 1b

..Thus, in this example, the required box strength is 600 ib-(20%) lowér
if water-resistant adhesive is employed rather than regular starch adhesive.
Therefore, it.appears that the use of water-resistént adhesife in fabricating
the combined'béé}d caﬂ improve staqking performance under humid conditions and

potentially result in savings in packaging costs.
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