


neSiS

This is to certify that the
thesis entitled

A MATHMATICAL MODEL TO PREDICT THE LOSS IN
COMPRESSION STRENGTH OF CORRUGATED BOXES
DUE TO OFFSET

presented by
Kuen Woong Park

has been accepted towards fulfiliment
of the requirements for the

MS  degreein Packaging

( ///GQM P/&cmm,oa,

" Majbr Profeséor's Signature
12/14/10

Date

MSU is an Affirmative Action/Equal Opportunity Employer

LIBRARY
Michigan State
University




PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE

DATE DUE

DATE DUE

5/08 K:/Proj/Acc&Pres/CIRC/DateDue . indd



AMATHEMATICAL MODEL TO PREDICT THE LOSS IN COMPRESSION
STRENGTH OF CORRUGATED BOXES DUE TO OFFSET
By

Kuen Woong Park

A THESIS

Submitted to
Michigan State University
In partial fulfillment of the requirements
For the degree of

MASTER OF SCIENCE

Packaging

2010



Abstract
AMATHEMATICAL MODEL TO PREDICT THE LOSS IN COMPRESSION
STRENGTH OF CORRUGATED BOXES DUE TO OFFSET
By

Kuen Woong Park

Misaligned boxes in a stack reduce the stacking strength of the boxes. Most
industry citations use the results developed in 1963 by McKee to predict the loss in box
compression strength. These predictions are based on the assumption that each side of a
box contributes about 1/12 of the total compression strength and each corner contributes
1/6. Actual tests prove these to be inaccurate. A formula for the loss in compression
strength versus amount of offset is developed and fitted to the experimental data. A
simplified equation was developed from this. The equation shows that for every 1%

offset in any direction, the box loses 2.5% of its compression strength.
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1. INTRODUCTION AND LITERATURE REVIEW

Corrugated board is the main material used to distribute and store many kinds of
products. By the early 1900’s, corrugated boxes were coming into common use, and they
remain the most common type of distribution packaging. They are used as transport
packages for a wide variety of products including fresh fruit and vegetables, consumer
products, household appliances and industrial and military machines. Moreover, boxes
are equally suited to all the different modes of transport. This versatility is largely due to
the possibility of using different types of raw materials and thereby adapting the quality
to each particular requirement and distribution system. Moreover, due to the trend toward
standardization of container sizes and quality grades for typical products, it certainly
improves efficiency.

Containers made from corrugated board provide protection from compression
forces for products in transit or stacked in warehouses. Therefore, the stability of stacked
corrugated boxes is important. A lack of information about the compression strength of
stacked boxes can result in leaning stacks that could eventually collapse. Finally, it can
result in excessive product damage and the possibility of human injury. The most
important information about the stability of stacked boxes is the compression strength
(CS) of the box.

Individual box CS is determined by the quality of corrugating mediums and
linerboards as well as outside dimensions of the container. However, the stacked CS of

corrugated containers is controlled by the stacking method. When we stack boxes in the



warehouse, the edges and/or corners can hang over other boxes. The type and extent of
the overhang is occurred due to a lack of space and human error. Therefore, the prediction
of the loss in container CS as a function of overhang is necessary to ensure stack stability
in a warehouse.

Ever since the broadening of motor freight and rail carrier classifications in 1936
to include corrugated board shipping containers, manufacturers have sought predictive
compression strength models for corrugated containers. Many researchers have tried to
generate predictive equations that estimate the container compression strength without
hav@ng to test every container.

In 1963, McKee developed a mathematical formula to predict the compression
strength of corrugated boxes. The McKee study found that each side contributes 1/12" to
the box CS and each vertical edge contributes 1/6". Therefore, the four vertical edges of
the box make up about 66% of the CS and four sides about 33%. This conclusion does
not take overhang into account. It may also not apply to boxes produced nowadays
because raw materials and production methods of containers have changed. Moreover,
because of limitations in computing tools at the time, the McKee equation is a
simplification of a more general relationship with many constraints (1).

The purpose of this study was to investigate the loss in compression strength of
corrugated board containers due to offset. Based on the data from the investigation, a
mathematical model to predict the loss in CS will be developed. This study was initiated
by the Fibre Box Association (FBA) through the Consortium of Distribution Packaging

Research at Michigan State University. The purpose was to evaluate the data published in



“The Effect of Warehouse Mishandling and Stacking Patterns on the Compression
Strength of Corrugated Boxes” that was produced by U. I. levans of Container

Corporation of America in 1975.

1.1 Compression Strength

The compression strength of a box is the maximum top load that can be applied
to it under specified conditions before it fails. It is expressed in pounds. It is used to
determine how well the container will perform during transportation or stacking. In the
ASTM standard, D 4169-05 (2): “Performance Testing of Shipping Container and
Systems”, the ability of a package to withstand the compressive loads that occur during
vehicle transport or warehousing can be estimated using a formula that takes into account
an assurance level factor, the weight of the product and the height of the stack.

The compression strength test is described in ASTM D642-00 (3). Shipping

containers with or without contents are tested an apparatus like that shown in Figure 1.

Figure 1. Compression Tester



This test is accomplished by placing the test container between two horizontal
plates. The upper plate moves at constant velocity, about a half an inch per minute. When
it squeezes the container, a load cell measures the force applied. The tester measures

force (lbs) and deflection (inches). (See Figure 2)

‘ force (1bs)

500 T eak

deflection
4 =g
0.5 (inches)

Figure 2. Stress and Strain Graph

The compression strength is the maximum force recorded, and it includes the
corresponding deflection to the peak at the curve. In Figure 2, CS = 500 lbs at 0.5”. This
is the moment when the container begins to buckle and start losing its resistance. Typical
compression damage includes crushing, deformation, stress cracking, and breakage.

Compression strength is measured by applying the load evenly over the top of
the box. However, containers in warehouses usually do not have full support over their
top surface. Without full support, a proportion of the stack strength is lost. This loss may

lead to leaning stacks that could potentially collapse. This could produce secondary
4



damage. Once a stack starts to fall, it could cause a chain-reaction collapse (4).

The box CS is determined by various factors such as board properties,
construction, and style of container. However, the various environmental factors result in
the loss of CS too. Therefore, a safety factor is generally used to convert CS to real
stacking strength. The safety factor depends on humidity, storage time, effect of stack
misalignment, pallet stacking pattern, vibration, handling methods, and distance and type
of transportation (4).

In 1977, levans studied the effect of humidity on compression strength of
corrugated containers. The effect of cycling humidity during some period of time and its
influence on the stacking strength was also investigated. He found that boxes collapse
immediately at some critical moisture content. The rate at which the failure occurred
depended on not only the contents of the box also the limits of the high and low extremes
in cyclic humidity. A 26.7% reduction in compression strength occurred by changing the
relative humidity from 50% to 85% (6).

Due to the effect of storage time, the boxes may have only about 80% of their
original stacking strength after stored more than 30 days. The stacking pattern or types of
pallets used. Misalignment of 2 cm in stacking method can result in a loss of CS of about
40%. The interlocking stacking pattern of the boxes results in more than 50% loss in
stacking strength. Also, the use of pallets with an open under deck result in a loss of up to
65% loss in stacking strength. Drop due to handling mistake can also weaken the boxes

considerably (7).



1.2 Prediction method of CS
In 1951, Kellicutt and Landt developed one of the earliest mathematical models
for predicting the compression strength of corrugated boxes. They developed an equation
relating the combined ring crush strength of the materials forming the board and the
container’s perimeter to the compression strength of the box. Based on the test, the

following equation was proposed (8)

2
F=P, [S5r| Z) M)

&

F = compression strength of the box
Py=Py+Pp+i Py
P)1 = ring compression strength of liner one in the cross machine direction
P2 = ring compression strength of liner two
i = take up factor of the corrugated medium

P, = ring crush strength of the corrugated medium
a x = constant for the flute style

Z = perimeter of the box
J = constant based on the type of manufacture’s joint and compensation for flaps

In 1956, Maltenfort also developed a linear equation based on the dimensions of
the container and the edgewise compression strength of the board liner, as measured by
the then newly developed Concora Liner Test (8)in order to predict the compression

strength of single wall containers. After about 300 containers were tested, the following

relationship was established each flute styles, A, B, and C (10):

F=58L+12W-2.1D + 0 (2)




F = compression strength of the box
L = container length
W = container width
D = container depth
O = constant based on flute style

for A flute O = 6.5(CLT-cd) + 365

for B flute O = 5.4(CLT-cd) +212

for C flute O = 6.5(CLT-cd) + 350

CLT-CD = Compression strength from the CLT test in the cross machine

direction

The main problem with these early models was their dependence on the strength
of the paper used to form the corrugated board. These models were useful to the container
manufactures that had access to data on component properties but not to the actual
container users who had no way to know this information. Other investigations have
shown that processing variations during the formation of corrugated fiberboard has a
significant effect on the strength of the combined board (11).

McKee developed a formula based on the theoretical compression strength of
edge supported plates. The “McKee formula”, developed by McKee, Gander and
Wachutta at the Institute of Paper Chemistry, provides corrugated box designers with a

mathematical model to predict compression strength of corrugated box using the

following equation (1).

P=a (ECT)’[/D;D,]" > 2V 3)

P = compressive strength of the box
ECT = edge crush test value for the board

Dy , Dy = flexural stiffness of the board in the machine and cross directions
Z = perimeter of the box
a and b are constants



The values for “a” and “b” were determined to be 2.028 and 0.746 respectively. Due to
the difficulty in measuring the flexural stiffness of corrugated board, the equation was
further simplified using an empirically determined relationship between the flexural

stiffness term and the thickness of the combined board. The simplified equation is
P=5.87(ECT)VhVZ 4)

P = compressive strength of the box

ECT = edge crush test value for the board
Z = perimeter of the box

h = thickness of the board

In order to get the ECT value of the board, a mini compression test is needed.
The standard test for this is TAPPI T811 (12). For C-flute, a 2 inch wide, 1.25 inch tall
rectangular sample of the board with its flutes vertical is placed in a miniature version of
a compression tester and the force to begin crushing is measured. Finally, this force is
divided by the 2 inch width in order to get the ECT value in Ibs/in.

The McKee equation had many advantages over the earlier equation developed
by Maltenfort, Kellicut and Landt. For the prediction of box compression strength, the
use of board properties vs paper properties compensated for variations caused by the
board forming process. Moreover, it allowed the user to independently confirm the
mechanical specifications of the material (13).

In 1989, Kawanishi used a different method to model the compression strength of

corrugated boxes. He developed a mathematical equation based on an analysis of the

physical properties of the board. Also included in this model were terms to compensate

8




for container perimeter and print area. His equation is

BCS=9.81x3.79x 10 xK"” x b,,*° x b,, 5"’ x TF*" x

CCZ.45x Ck3.43xBPk0.565xBT-.0315xPR0.0602xMCSW-I.IO (5)

BCS = box compression strength
K = linerboard factor (3 for K linerboard, 2.5 for K’ linerboard, 2 for B linerboard,
factor for C linerboard not stated)

bw.L = total basis weight of linerboard (g.m)

by.B = total basis weight of corrugated fiberboard (g.m?)
TF = take-up factor
CC = average corrugation count (dimensions not stated)

Cyi = corrugated fiberboard thickness (mm)

BPy = box perimeter (cm)
BT = box type factor
PR = print ratio (dimensionless)

MCgw = sidewall moisture content (%, basic not given)

The analysis of the physical properties of the board indicates that the most significant
effect on the compression strength of the container is the moisture content of the sidewall
(14).

In 1996, Rha developed the percent reduction in compression strength of the
single wall corrugated containers as a function of lateral offset and diagonal offset.
Through his investigation, he evaluated the effect of humidity and degree of offset. In
order to determine the loss in compression strength as a function of offset, he tested three
different sizes of containers at both normal and tropical conditions. He found that under
normal conditions the reduction in compression strength was 27%, 40% and 45% when
the contact area is reduced to 95%, 90%, and 85%. At tropical conditions, the reduction

in compression strength decreased about 50% compared to normal conditions (15).

9



2. MATERIALS AND METHODS

2.1 Materials

Five different size single wall C-flute corrugated boxes were tested. They are
labeled box A, B, C, D, E, and F in Table 1. All boxes were made from the same lot of
200 psi burst strength board except for box B, which had 275 psi burst strength. The box
styles were regular slotted containers (RSC). All containers were erected, and the

manufacture’s joint and flaps were hot melt glued together both at the top and the bottom

with the same glue in accordance with ASTM D642-00 (3).

Table 1.Boxes Tested

Sizes of boxes (inches)

Box Type Burst strength (psi)
LXWXH
A 19X10X 10 200
B 19X 10X 10 275
C 19X 15X 10 200
D 19X13X6 200
E 15X10X 10 200
F 16X 12X 10 200

2.2 Conditioning and test methods

All corrugated boxes were conditioned following ASTM D 4332-05 (16)—
10



“Standard Practice for Conditioning Containers, Packages, or Packaging Components for
Testing”. Standard warehouse atmospheric conditions were selected for this study. All
sample corrugated boxes were pre-conditioned at73°F 50% RH and 72 hours and then
compression tests were conducted at ambient conditions within 30 minutes after
removing these from the conditioning chambers. The ambient conditions ranged from 70-
80°F and approximately 50% humidity.

ASTM D642-00 (3) was followed for compression testing of the corrugated
boxes. The compression tester had a fixed platen and applied a load at a constant rate of
0.5 in/min, as recommended. When the box is glued shut, the box flaps do not form a flat
level surface. They tend to bulge upward. Full contact with all four corners of the
container is not established until this bulge is flattened out. ASTM D642-00 requires that
a preload be applied to ensure definite contact before any deformation is recorded. A
preload of 50 Ibs for the single-wall container was applied in this study.

A Lansmont Corporation Compression Tester (Model No 152-30K) (16)was used
for this study. This Model is designed to evaluate the performance of packages under
compressive forces including individual shipping containers, pallets, unit loads, and large
bulk containers. The maximum force at failure and corresponding deflection were

measured for all the box types using various amounts of overhang.

2.3 Procedure
First, individual boxes were tested to establish individual box compression

strength. Thirty samples for each box type were tested to establish average strength and

11




standard deviation in accordance with ASTM D642-00 (3). (See Table.2) All standard

deviations are less than 10%, indication that the data is consistent.

Table 2. Individual Box CS

Box Type AVG CS STDEV
A 552.5 43.85 i
B 720.6 35.1
C 305.7 25.8
D 503.9 23.1 i
E 621.3 33.0
F 4203 25.2

Next, a stack of 3 boxes was compression tested in accordance with the test plan
shown in Table 3. The middle box was shifted the distance shown in the table to simulate
overhang. An overhang of 0.5 inches on the length panel means that the length panel was

pushed back 0.5 inches. (See Figure 4)

Table 3. Amounts of Overhang in 3 Box Stack

Overhang | Control | Length Panel | Width Panel | Two Adjacent Panels

inches 0 05|1]15]05(|1(15]| OS5 1 1.5

Ten samples each were tested for no offset and the 3 different types of offset

described above.
12



First, 3 empty boxes were stacked perfectly aligned as shown in Figure 3. This
data was used as the ideal compression strength of a perfectly aligned stack and
represents the “Control” value. Next, the middle box pushed back as shown Figure 4. The
reduced compression strength of this misaligned stack represents the “Length Panel”
offset value. Next, the middle was placed with on offset as shown in Figure 5. The
reduced compression strength of this stack represents the “Width Panel” offset value.
Finally, offsets on two adjacent panels were used as shown in Figure 6. This represents

the “Two Adjacent Panel” offset value. Fresh boxes were used for each test.

13




TOP VIEW

FRONT VIEW

Figure 3. The Control Stack
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TOP VIEW FRONT VIEW

Figure 4. Length Panel Offset
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TOP VIEW

FRONT VIEW

Width Panel Offset

Figure 5. Width Panel Offset
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Width Panel Offset

Figure 6. Two Panel Offset
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2.4 Statistic Analysis

A paired sample T-test was performed to analyze the statistical differences
between actual CS and CS values based on two predictive CS models to be developed for
all boxes, and between predicted CS values for each model. Due to enough number of
sample 54 (9 types offset and 6 different boxes), the power was enough to identify
important predictors as statistically significance at the standard significant level (a=0.05).

This test was conducted using the SPSS software (SPSS Inc, Chicago, IL, USA).

18



3. RESULTS AND DISCUSSION

3.1 Results & Observation
Tables (9-a to 9-r) in Appendix A show all the results of the compression tests. All
standard deviations are less than about 10%. This suggests that all the collected data is

consistent. Observations can be drawn from the data.

A larger offset resulted in a larger loss in CS.

- Two adjacent panel offsets resulted in a larger loss in CS than single panel
offsets.

- A box has a larger burst strength resulted in a larger loss in CS

- No effect of loss in CS due to the difference of box dimensions.

3.2 McKee Equation

According to McKee, each side contributes 1/12" and each vertical edge (corner)
contributes 1/6™ of the container compression strength. For the 3 box stack where there
was an offset on either the length or width panels, one side and two corners offered no

support. Based on his report, reduction in CS should be
2x X + L(side) = = = 41.67%
p corner) E(SI e) 2 .67%

Therefore, 41.67% of the box CS should be lost. For stacks containers which have both
length and width panel offsets, three corners and two sides offer no support. The

reduction in CS should be

19




3X %(comer) +2X 1—12(side) = ; =66.67%

Therefore, 66.67% of the box CS should be lost.
Using the collected CS data from the experiments, the actual reduction in
compression strength of the boxes tested can be calculated. The percent reduction in

compression strength for a particular offset is defined as:

CS for Control — CS for particular of f set

0,
CS of Control x100%

Tables (4-a to 4-f) show the average of percent reduction in each type of box compression

strength for all offsets.

20
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Figures 7 and 8 show the comparison between predicted percent reduction in box

compression strength (McKee) and the actual percent reduction for single panel offset

and two panel offsets.
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Figure 7. Percent Reduction in CS: McKee prediction vs Single Panel Offset
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Figure 8. Percent Reduction in CS: McKee prediction vs Two Panel Offset
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Based on the data, the predicted percent reduction in box compression strength is
much higher than the actual percent reduction of box compression strength (Tables 4-a to
4-f). From the results, it was concluded that the loss in CS from his report did not fit the
tested boxes.

Moreover, McKee did not consider the amount of offset or the contribution of the
closed flaps to CS. Therefore, a different method is required in order to predict the

reduced box compression strength.

3.3 Simple Stress Analysis
If we make the assumption that the box failure occurs when the stress (force

divided by bearing area) reaches some critical amount, then this critical stress is

ccs 460

Lxw 19 x10

= 2.42 psi (6)

where CCS is the control (no offset) compression strength. If the offset on the length side
is “x” and on the width side is “y”, the bearing area is the block hatched regions: (L-x) X

(W-y) shown in Figure 9.

Figure 9. Stress on box
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If the critical stress assumption is correct, it should fail when the measured offset

compression strength (OCS) divided by the offset bearing area reaches 2.42 psi.

ocs
L-x)x(W-y)

=2.42 (7)
Table 5 shows the percent error between actual CS and predicted CS for box A
using equation (7). From this result, it can be concluded that the agreement between

actual CS and predicted CS based on the critical stress theory is not good. This means the

contact area alone between the load and the box does not account for the results.

Table S. Percent Error for Critical Stress Theory

Box Type X y actual CS pred CS %error
A 0 0.5 425.92 436.81 2.56
0.5 0 414 .41 447.70 8.04
0.5 0.5 421.71 425.32 0.86
0 371.94 413.82 11.27
1 0 391.53 435.60 11.26
1 1 337.30 392.04 16.23
0 1.5 338.10 390.83 15.60
1.5 0 395.92 423.50 6.97
1.5 1.5 292.81 359.98 22.94
AVG 376.61 413.96 10.64
3.4 Fitting an Equation.

The critical stress theory was not expected to give good results because the
surface area of box does not carry the load equally. The walls and corners carry more than

the flaps. Therefore, it can be assumed that the stress is not uniform within this area.
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From the critical stress theory,

CcCS ocs

IXW _ (L-0)x(W—y) t))
From this equation, OCS can be described as:

= o A A
OCS=CCS[I - 1~ w +LW ¢)

Since E and % are small, .l% is very small, so it can be ignored. Then, OCS can be

described as
= x_ Y
oCS=CCS[I - L w] (10)

Since equation (10) doesn’t fit the experimental data, the following equation will

be tried:
OCS=CCS[1-a () -b ()] (11)

Now fit this equation to the data by modifying “a” and “b” so that the sum of the
squares of the errors (SSE) between the actual and predicted OCS can be minimized.

The SSE is

SSE 314 (2 [1-a (2)- 5 ()] z

ccs L w
where N is number of test results, OCS; is the experimental CS with offset x; and y;, and
CCS is the control CS. Setting the derivative of SSE with respect to “a” and “b” equal to

zero in order to minimize SSE gives:

Lo st [a (-0 @@= av
Lo 32l e (@b @0 a9
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From rearrangement of these equations, following equations are defined

ax3(5) + o2 (5) () =2t (1- 22 (&) 19
ax i (5) () + b2 (5) = 3K (1-22) (5) 19
From equations (15) and (16), 5 sums can be defined as

§;= 2i= 1(:})2 (17)
s 31 () 2) as
5= 3k (2) 19
s=2(1-%5) () 20
ss= 2 (1-3D) (%) 1)

Equations (15) and (16) are

aS;+bS,=8, (22)

aS;+ bS3=S;s (23)

The solution to equations (22) and (23),

5354— Sst (24)
$153— S22
_ S155- 5254 (25)
§153- S22
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The BASIC program in Appendix B does these calculations for each box. Table 6

shows the results.

Table 6. Fit results for “a” and “b”

Box Type a b
A 1.87 1.61
B 3.02 2.37
C 2.85 2.81
D 2.65 2.82
E 3.68 2.18
F 2.88 292

Since “a” and “b” for the six different boxes are similar, the same equation was
fitted to all of the data. The best value of “a” and “b” for all 6 box types is a=2.97 and
b=2.32. Table (7-a to 6-f) compare the actual CS to the predicted CS. The “Q” factor in

the test 3 column will be discussed later
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The percent errors for all treatments are shown in Figure 9.
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Figure 9. Percent Reduction error Comparison

3.5 Math model for one parameter

Based on the results of Table 6 and the value of “a” and “b” for all boxes together,
“a” and “b” are approximately the same. Therefore, only one parameter can be used for

simplification of the model,
OCS=CCS[1-QG+3) ] (26)

Now fit this equation to the data by choosing “Q” so that the sum of the squares

of the errors (SSE) between the actual and predicted CS is minimized. The SSE is

ssE= S, (% [1- @&+ (27)

Setting the derivative of SSE with respect to “Q” equal to zero in order to

minimize SSE,
36



2ssE) =3 2{2 - [1-e G+ | (E+Z) =0 (28)

From a rearrangement of this equation, the following equations can be obtained

N (i v\ _ N _ OGS\ (xi ¥t
szi=1(z.+w) - "=1( CCS)(L+W) (29)
From equations (29), 2 sums can be defined as:
_ N (10 (2t ¥
5= Li=1 ( ccs) (L + w) 30)
S,= 3N ("—‘+’—")2 %))
7 =1\, "w

Rearrangement and simplification gives
Q=58s/S; 32)
The BASIC program gives Q=2.55. Tables 7-a to 7-f and Figure 9 show the
actual CS and predicted CS for all treatments. The difference between actual CS and

predicted CS based on the above model is less than the difference based on the critical

stress assumption.

3.6 Result of statistical analysis

A verification of two models: prl (“a” and “b” for all box type) and pr2 (“Q” for
all box type) are used to scale the P-values, which are used as a measure of difference
between actual and predicted CS (pair 1 and pair 2), and two predicted CS (pair 3). Table
7 shows the P-value of both models. Both 0.071 and 0.051 are larger than 0.05, so that
there was no statistically significant difference between actual CS and two predicted CS

values based on two models. Also, 0.494 is much larger than 0.05; therefore, there was no
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statistically significant difference between two models.
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4. CONCLUSIONS

This study developed a mathematical model to predict the loss in compression
strength of boxes stacked with various amounts of offset. From Tables 7-a to 7-f, the
average of percent error between actual OCS and the predicted OCS for this model is

9.64%. This result shows that this model predicts actual CS fairly well. This equation is

ocCsS _ _ o _y_
=1-2. 55(1‘ +) (33)

ccs
x = extent of offset in length panel
y= extent of offset in width panel

L= length of box
W= width of box

Stepl: Find the (E + -vlv) value from the extent of offset.

Step2: Calculate the %cc;: value using the equation (33) and find the offset box

compression strength (OCS).

4.1 Practical use of this model

This equation can be used for practical situations. As an example, suppose that
three corrugated containers (20 in x 24 in x 10 in) are stacked with two adjacent panel
offsets. There exists a 0.5 in offset in the length panel and a 1.8 in offset in the width

panel. What is the loss in CS?

Stepl: Find the (% + %) value:

40



Step2: Calculate the % value using the equation (33):

= =1-2.55C+2) = 1-2.55(0.1) = 0.745 = 0.75

ccs
So the loss in compression strength is about 25%.
Based on this analysis, the following industry rule of thumb can be proposed. For

every 1% of offset in either the length or width direction, an empty box loses about 2.5%

of its compression strength because Z—E =1-2.55(0.01) =0.975.

Future work

After developing this model for predicting the offset compression strength for a box

with offset, a few considerations arise for further study.

- Application of the model should be conducted with various corrugated containers
using different flute types, double and triple wall types, different box styles and
different box sizes for verification.

- This model should be verified with samples provided by the same manufacturer
in different circumstances such as different RHs, temperatures, and times in

storage.
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