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Abstract 

Many of the empirical strength tests used for deter

mining end use performance of a paper sheet do not give 

a true indication of actual sheet properties and per

formance.' The empirical tests of burst, tear, and fold

ing endurance were made on eighteen paper samples of 

different grades of papers. The fundamental tests of 

tensile strength, elongation, and tensile energy abso�p

tion were also made on the same saJl:lples using a stress-

strain tester. The fundamental tests were used in show

ing deficiencies and discrepancies in the empirical 

test values. 

The d1sorepanc1es found indicated a need for in

creased fundamental testing to be used in predicting 

the end use performance of a paper sheet in routine 

cont.rel work. Elongation was found to be an important 

fundamental property showing little significance in tne 

empirical tests. Fundamental properties explained the 

reasons for one sheet being better than another sheet, 

but the empirical tests could not. Stress-strain testing 

u�ed in conjunction with a computer could determine

other fundamental properties of the sheet. Stress-strain 

testing appeared to be an improved approach in predicting 



end use performance. The fundamental properties ob�ained 

from stress-strain testing could be used to make sheet 

improvemento based on sound scientific reasoning.' 
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Introduction 

Many paper strength tests are used at the present 

time in predicting the end use utility of the· paper 

�heet. Most of these tests are empirical in nature 

and do not always indicate the actual sheet properties 

or accurately predict end use performance. Fundamental 

properties obtained from stress-0train testing should 

be of more value in determining actual sheet performance. 

Little work has been done in using �tress-strain testing 

for predicting the end use performance of paper, partly 

because the relatively complex testing procedure and 

mathematical calculation� are not compatible with routine 

quality control work. However, recent developments in 

strebs-Gtrain in6trumentation and in the use of computers 

tend to reduce these problems," It shoulft··naw be· ... p·oss1ble: to. 

develop a new philo0ophy of routine control directed 

toward obtaining more and better information from fewer 

tests by emphasis on the fundamentals.· 

This investigation was made to provtde some insight 

into the deficiencies of several empirical tests through 

the correlation of ta�t re�ults obtained from a variety 

of paper grades with the more fundamental test results 

obtained with a stress-strain tester. 
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Literature Review 

One of the major purposes of testing paper is to 

determine the end use properties of a sheet at the time 

of manufacture. According to Gallay (l) and Rance(�), 

the failure tests of burst, tear, and fold bear little 

relation to most end use applications or have little 

regard to the actual properties demanded. The tests 

are not only inadequate, but can often be actually mis

leading for both the paper maker and paper consumer. 

These tests can not be totally disregarded, because 

they are valuable in testing specific gradea of paper. 

An example would be the burst te�t being used to pre

dict the utility of a wrapping paper.i In the case of 

the burst test being used to predict the utility of an 

offset printing paper, the burst test has little rela

tionship. 

Many new tests have been developed to predict better 

end use performance. ·rhe new test is often an attempt 

to simulate the end use. Most of these tests are complex 

and contain a combination of other more fundamental 

tests. A high degree of interdependence develops be

tween the tests. If a test doe.3 give a good indication 

of the end use performance, the test is usually of little 



value to the paper maker 1n trying to improve quality 

if problems arise. The emp�rical test cannot•.•�pla1m 

the reason for one paper being better than another.' 
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T.he correction of one problem may result in the creation 

of other problems. A gap exists between manufacturing 

variables and the end use of the paper sheet. 

Most of the conventional strength tests record 

only the ultimate rupturing strength of the paper sheet. 

The prerupture behavior of a paper in stress-strain is 

frequently of far greater value than results obtained 

in the failure tests.' Many important properties of the 

paper sheet can be determined without reference to the 

actual ruptu�.e. The determination of elastic and in

elastic limits would be examples. The degree of elon

gation at some given tensile load before rupture would 

be another example. This could be applied to a printing 

press when the amount of tension is known, and the 

amount of elongation is needed for proper register.1

The load-elongation or stre�s-strain curve obtained 

with the stress-strain testers can give important pre

rupture properties along with fundamental rupture pro

perties. Prerupture characteristics and behavior are 

important, becau}�e most papers are in use before rupture 

than after rupture. After failure or rupture, the sheet 

is of no u::,e in most ordinary processes of mmge. 
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Many of the conventional rupture tests measure 

only the strebsability of a paper sheet and little or 

no strainab111 ty.'(g) Relatively few processes exist in 

which the UGage behavior of the paper is determined by 

stressabili ty alone." Most processes use a combination 

of stressabll1ty and strainab111ty. Testing paper for 

end uoe utility should include both Gtress and strain. 

Much of the past stress-strain tester use has been 

performed in research and laboratory work�' Past re&earch 

has studied the effect of variables like specimen length, 

width, moisture, and rate of elongation on stresa-�tra1n 

testing (J,�). Other studies have concentrated on the 

effect of fiber characteristics and formation on the 

stress-strain curves (5,§.,1) •· Attempts have been made 

using stress-strain testing to understand the structure 

and flow properties of different papers under different 

conditions (�,�,2). Nazzaro (10) and coworkers found 
-

that the viscoelastic properties were a better indication 

of the performance of laminated glassine than the con

ventional phyciical tests. For example, a glassine with 

high plastic flow performed better than a glass1ne of 

higher tensile strength, burst, and tear. 

The stress-strain curves have been used·· and· studied, 

but very few of the studies have concentrated with the 

curve and the fundamental properties in relation to 

end u.se properties. Rance did some work 1n relating 



the stress-strain curve to folding endurance (g) • 1 His 

method of testing was different than the constant rate 

elongation method used in this study. 
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Some work was done by Welsh (11) in relating the 

stress-strain curve to actual end use. Welsh used the 

area under the curve in his work. This area is called 

the tensile energy absorption and can be r-elated to end 

use performance in terms of toughness. The stresa-strain 

curves were compared to the bag drop test and trial 

shipments of bags. A good correlation was found between 

the tensile energy absorption and the behavior of the 

bags in use; 

Walsh's work (11) also showed that knowledge of 

the whole load-elongation curve or function was necessary 

for a better evaluation of the paper sheet. Two papers 

had identical tensile strength and elongation, but had 

dLrnimilar stress-strain curves. The differences in the 

curves resulted in differences ln tensile energy absorp

tion. Consequently, the toughness of the two papers 

was different indicating that one paper would be superior 

in end use. This should verify.the point that a com

parison of tensile strength and elongation at the rup

ture point could tell little of how the paper would 

perform in a specific end usage. Knowledge and use of 

the entire stress-strain curve is necessary for proper 

end u:se evaluation.' 



6 

Experimental Design 

The experimental procedure consisted of testing paper 

samples for various strength properties. The strength 

tests of burst, tear, fold, tensile strength, elongation, 

and tensile energy absorption were performed on the samples�l 

Testing was performed over a wide range of paper grades 

and basis weights. Papers of low filler content were 

used, so the tests would relate more to the fibers than 

to fillers or coatings. 

Paper samples were obtained from two local companies. 

The paper grades varied from wrapping and bag paper to 

bond and offset printing paper. The basis weights of 

the papers were in the range of 21+ to(66 pounds per 

ream (24 x 36 - 500). 

The paper samples were conditioned in accordance 

with TAPPI Standard T 402 m-49, and tested in the same 

standard atmosphere. The basis weight of the samples 

was determined following TAPPI Standard T 410 os-68. 

The caliper was determined following TAPPI Standard T 411 

oa-68. The apparent density was calculated from the 

caliper and basis weight determinations. 

The bursting strength of the paper was determined 

according to TAPPI Standard T 403 ts-63. The tearing 
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strength tests were performed. according to TAPPI Standard 

•r 414 ts-65. The MIT type apparatus was used for deter

mining the folding endurance following TAPP! Standard 

T 511 su-69. 

The tensile strength, elongation, and tensile 

energy absorption were determined·using an Instron 

tester following the Operating Instructions !2.!:, :hl!!, 

Ins� Universal !�l!.!!8 Instrument, Manual 10 - 13 -

IM - (B), Instron Corporation, Canton, Massachusetts, 

1964. Calculations were performed using the proposed 

revision and expansion of TAPP! Standard T 494 su-64. 

A �pecimen width of 25 mm. and length of 100. mm. were 

U8ed. The jaw separation speed was set at 2 cm/min. 

The results of the testing were averaged.' These 

averages were used in determining the correlation coef

ficients and regression analysis.,_._ 
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Discussion 

Descriptions of the paper samples used in this study 

are presented in Table I. The averaged results of the 

empirical and fundamental tests appear in Tablea II 

and III, respectively. The correlation coefficients 

between the empirical tests and the fundamental tests 

are shown in Table IV. Comparisons between the tests 

are shown in Figures 2-31. 

Of the empiric·aL tests, the burst test indicated 

the best correlations with the fundamental properties. 

Regression lines for the comparison of burst and tensile 

are drawn in Figures II and III. Even though good corre

lation.coefficients exist between the two variables, 

some of the points plotted fail to appear close to the 

regression line. Table V gives the actual deviations 

from the regres8ion lines for the tensile and burst 

comparisons.' The reason for these deviations is due 

to the burst test being somewhat dependent on the elon

gation of the sheet. The burst test cannot d1stinquish 

between elongation and tensile. Therefore, the burst 

test could be misleading in predicting the actual ten

oile property of a paper sheet. 

Although two papers have the same bursting strength, 

the fundamental tests may show many differences.' This 
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can be shown by a compari�on of Samples 1 and 3. Sample 

1 has a slightly lower burst value than Sample 3. The 

MD tenoile of 12.65 kg. of Sample l is much higher than 

the MD tencille of Sample 3 of 9.4 kg. The CD tensile 

is just the opposite with 6.05 kg. for Sample 3 against 

LJ .• 5 kg. for Sample 1. The TEA values follow the same 

trends as the tensile values. Cons�quentJ,.y, Sample�. 

l would be a superior paper, if used in the machine

direction, while Samp1e·0 3 would be a superior paper in 

cross machine direction usage. The burst test is unable 

to determine the direction in which the paper sheet will 

perform better.· 

The burst test correlated well with the MD TEA and 

fairly well with the CD TEA. The better corr•elation of 

burst with the MD TEA iB due to the fact that TEA is a 

function of tensile and elongation� Since a sheet has 

more elongation in the cross machine direction than 

machine direction, the sheet reaches its maximum elon� 

gation 1n the machine direction before the cross machine 

direction when the diaphragm of the burst tester presses 

against the sheet. Therefore, the rupture will tend to 

be more a function of MD tensile and MD elongation 

rather than CD tensile and CD elongation.' 

Even though the elongation illustrated the best 

correlations with burst, the correlations were not sig

nificant.1 These :poor correlations are shown by the poor 
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correlation coefficients presented 1n fable IV and the 

ligure Jtt. Even though both coefficients are poor, the 

MD elongation shows signs of better correlation than 

the CD elongation� The CD elongation indicates very 

little significance in the burst test. 

The tear tests indicated poorer correlations with 

the fundamental tests than the burst test did. The 

actual correlation coefficients are shown 1n �able IVi 

One of the major reasons for the poorer correlations 

with the tear tests is due to the differences in the 

rate of elongation and rupture between the tear testing 

and stress-strain testing. Past work in stress�strain 

te�ting has proven the rate of elongation to have a 

significant effect on the test results. Higher rates 

of elongation tend to give erroneous test results. 

Since the rate of tear testing is faster than the stresB

strain testing, the tear test values could tend to give 

delusive results • ..:Samples 12 and 14 have approximately 

equal tear test values, but the fundamental test values 

are greatly different. Sample 12 has much higher test 

values over Sample 14 for all of the fundamental tests. 

ExampleH 8 and 9 exhibit about the same fundamental 

properties, but the tear test values vary greatly.1

From these examples, it is evident that the tear test 

can give delusive test results that do not represent 

_the actual Bheet properties. 



11 

The elongation showed no significant correlation 

with the tear tests. Part of the poor correlation may 

be attributed to the speed of the tear test. The rapid 

rate of stress in the tear test may not give the paper 

or fl bers much of' a chance to elongate.· Consequently, 

the tear test 1s another e«ample of the failure of the 

important property of elongation to enter into quality 

control testing. 

Fold showed the worst correlation with the funda

mental tests of' the empirical tests examined. The only 

indication of a slight correlation was between the MD 

fold and MD tensile. This correlation was probably due 

to the tension which was applied to the sheet during 

the fold test. This tension may cause some fold test 

results to relate more to tensile strength rather than 

actual folding endurance. This affect is evident in 

11g}).t weight papers. The tension causes the rupture 

rather than folding, and erroneous values of folding 

endurance result. 

The fold test is believed to be a function of the 

flow properties of the paper sheet, such as th elastic 

and inelastic portions of a stress-strain curve.· The 

flow properties are determined by the different shapes 

of the curves. These different shapes were not studied 

in this investigation due to the difficulty of visual 

analysis.· If the stress..:;straln curve was put into a 
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computer, the computer could quickly analyze., the curve 

and determine other fundamental properties not presented 

in this study. 

Samples 1 and 8 represent two papers with approx

imately equal fold test results. The fundamental tests 

show the tensile strength and TEA values of Sample 8 

being twice as great as the values of Samp1�·,.1. The 

elongation values do not show any correlation with the 

folding teat .values. 

The need for the entire stress-strain curve to be 

used in analysis is shown· by Figure I. This figure 

shows two different stress-strain curves with equal TEA 

values. The curves, are the.MD stress-strain qurve of 

Sample 16 and the CD stress-strain curve of Sample 17. 

Although the TEA values are equal, the tensile and elong

a�ion values are greatly different.1 The elongation of 

Sample 17 is over twice the elongation of Sample 16. 

The tensile is the opposite with Sample 16 having a 

tensile value over twice that of Sample 17. The curves 

exhibit different amounts of elastic and inelastic flow. 

Sample 17 reaches a load early 1n the testing and then 

develops elongation over a relatively small increase 

in stress. 

Another example of treneed for analysis of the 

entire curve 1s the comparison of samples 2 and 3. 

Both samples have equal MD tensile strengths, but the 
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elqngation and TEA values are significantly different. 

If only the tensile values were reported, the papers 

would appear to have the same characteristics. The 

different values of elongation and TEA indicate many 

differences in the properties of the papers.1 

Elongation is an important paper property that is 

not determined by the empirical strength tests.' This 

1s shown in the results by none .. of the empirical tests 

examined ohowing any significant correlation with the 

elongation values determined by stress-strain analysis. 1 

Since better correlat�ons were found with the tensile 

than elongation, the empirical tests of burst, tear, 

and fold are more dependent on stressability than stra1n

ability. Since most end use operations involve both 

stress and strain, it seems absurd to neglect strain 

in testing for end use utility. The fundamental test 

of elongation should be more generally considered in 

determining end use performance. 

Since the entire stres��strain curve would give a 

good indication of end use performance, a computer could 

be used to correlate stress-strain data and relate to 

end use performance.1 If a paper lacks aome end use 

quality, the present empirical tests tell little of 

why one paper is better than another.1 The fundamental 

properties determined by stress-strain could be uaed to 

better -explain the causes of poor quality. These funda-



mental test6 could be better used to systematically 

make improvements, that are based on sound reasoning rather 

than .. ' empirical ast;;umptions. The effects of changing 

a ariable could be determined before the change or 

sheet was formed. More fundamental tests must be 

developed to improve predictab111ty through scientific 

reasoning.' 3treas-3tra1n testing is one very likely 

method of increasing predictability which deserves more 

con;:;ideration. 

Past reasoning for not using stress�strain analysis 

has been the complex and time consuming procedure over 

empiricalttests or the difficult mathematical calcula

tit>ns which are not compati'.ble w1 th routine control 

work. The introduction of computers has eliminated 

moot of the calculatj.ons and analysis problems., Since 

more empirical end use teBts are constantly being dev61oped, 

the complexity and time required for stress-strain test

ing has become less of a factor� The major point is 

that the fundamental tests can explain the reasons for 

one paper being better than another, where the empirical 

tests canhot. 
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Conclusion 

This investigation has shown some of the discrep

ancies and deficiencies in the empirical tests of burst, 

tear, and folding endurance. The fundamental property 

of elongation was found to have little significance in 

the empirical tests. The fundamental tests obtained 

from stress-strain testing were of more value in deter

mining the actual paper properties than the empirical 

tests. 

Stress-btrain testing deserves more attention and 

consideration in order to improve the paper making proe

ess and end use performance predictability.· The use of 

computers in connection with stress�strain testing could 

make the paper making process more contro--llable and 

predictable�� 
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APPENDIX 



Sample 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

lli 

15 

16 

17 

18 

Ta.ble I 

De�cription of Samples 

Grade 

Water leaf 

Coating Base Stock 

Bond 

W�app1ng Paper 

Printing 

Water leaf 

Waterleaf 

Unbleached Kraft 

Bleached Bag 

Offset 

Bond 

Bond 

Ledger 

Envelope 

Offset 

Offset 

Offset 

Writing 

Wt. Cal. Density 

1!1£h 
lb�. 1000 g/cc 

27. 2 3.1 

28.5 2.5 

36. 2 2.;5 

36.8 3.2 

21 .·s 2. 3

27.4 3.1 

24.o 3.0 

61.8 4.81.\, 

65.8 5.84 

36.3 3.4 

27. 3 2.'4 

34.9 2.9 

65.4 $.4 

34.7 3.5 

38. 5 4 •. 6 

46.3 4.5 

43.9 3.9 

37.0 3.2 

0.562 

0.732 

0.774 

o. 737

0.776 

0.566 

0.514 

0.818 

0.723 

0.1684 

o. 730

0.773 

0.111 

0.637 

0.536 

0.659 

0.122 

0.743 

Samples 1-9 from Brown Company 

Samples 10-18 from Georgia-Pacific 

18 



19 

Table II 

Empirical Tests 

Sample No. Tear Burst Fold 

grams psi # double folds 

MD CD MD CD 

1 37 49 26.1 486 181 

2 33.5 44 16.9 78.3 15. 7

3 31+ 42.5 26.9 337 496 

4 51 65.5 23.3 213 61.7 

5 38. 5 51 22.9 384 38.4 

6 32 38. 5 19.0 304 53 

7 29 38.5 17.4 264 44.5 

8 92 108 55.3 475 203 

9 166 203 50.2 786 145 

10 37 36 19.6 144 42.5 

11 25 29 15.2 98 46 

12 34 39 20.5 78 24.4 

13 98 106 39.5 69.5 50 

14• 32-5 36 9.3 6.9 5.4 

15 66 64 29.4 120 118 

16 L�6. 5 52 24.2 115 22.4 

17 42 43.5 19.2 139 38.6 

18 40.5 54. 5.:: 23.2 117.3 22.7 

NOTE: 'rhe values l'epresent the averages of ten testc 

performed on each sample. 
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Table III 

Fundamental Tests 

Sample Tensile Elongation TEA 
No. 

kg m/m2kg/2.5 cm 

MD CD MD CD MD CD 

1 12.65 4.5 2.06 4.08 804 672 

2 9.4 3.45 1.92 3.08 600 408 

3 9.4 6.05 1.52 3. L1-8 440 828 

4 10.1 4.05 2.10 5.00 672 756 

5 10.7 3.18 1.98 2.48 656 332 
6 8.85 4.2 2.40 5.52 648 792 
7 7.3 3.6 1.96 5.24 448 728 
8 25.9 11.l 2.28 3.32 1812 1200 

9 24.3 9.9 2.20 2.52 1660 1256 

10 8.3 4.35 2.26 3.48 620 532 

11 3.6 Lt-. 0 2.04 3.92 580 604 
12 10.2 4. 75 2.24 3.00 748 552 

13 15. 75 10.7 2.56 4.�4 1376 1920 

14 5.5 2.55 1.76 2. Lt8 288 228 

15 12.0 6.8 2.26 4.24 1080 1108 

16 11.3 5.9 2.28 3.04 824 656 

17 10.35 4.4 2.22 4.72 772 820 
18 11.4 L1-. 6 2.36 3.48 880 584 

NOTE: The values represent the average of ten tests. 



Table IV 

Correlation Coefficients 

Variables 

Burst vs. MD Tensile 

Burst vs. CD Tensile 

Burst vs. MD Elongation 

Burst vs. CD Elongation 

Burst vs. MD TEA 

Burst vs. CD TEA 

MD Tear vs. MD Tensile 

MD Tear vs. CD Tensile 

MD Tear vs. MD Elongation 

MD Tear vs. CD Elongation 

MD Tear vs. MD TEA 

MD Tear vs. CD TEA 

CD Tear vs. MD Tensile 

CD Tear vs. CD Tensile 

CD Tear V'� 
;;,. MD Elongat� �:m 

CD Tear vs. CD Elongation 

CD Tear vs. MD TEA 

CD Tear vs. CD TEA 

21 

Coefficient 

0.969 

0.947 

0.364 

-0.114

0.946

o. 752

o.864

0.837 

�0.364 

-0.175

o.864

0.715 

o.868

0.795 

0.307 

-0.204

0.838

0.655



Table IV (cont.) 

Correlation Coefficients 

Variables Coefficient 

MD Fold vs. MD Tensile o.677

MD Fold vs. CD Tensile o. 4�-0

MD Fold vs. MD Elongation -0.063

MD Fold vs. CD Elongation -0.149

MD Fold vs. MD TEA 0.'511
' .

MD Fold Ys. CD TEA 0.261

CD Fold vs. MD Tensile 0.275 

CD Fold vs. CD Tensile 0.349 

CD Fold vs. MD Elongation -0.477

CD Fold vs. CD Elongation -0.054

CD _Fold vs. MD TEA 0.133

CD Fold V:J. CD TEA 0.256

22 
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Table V 

Burst vs. MD 'Dens1le 

Sample Actual Predicted Deviation % Deviation 

1 26.11 27 .·3 -1.2 4.4 
2 16.9 20.3 -3�14 16.;7 
3 26.9 20.3 6.6 32.4 
4 23.3 21.8 1.4 6.;4 
5 22.9 23.'l -0.2 0.19 

19.0 19.2 -0.2 1.0 
7 17.4 15.8 1.6 10.0 
8 55.13 55.8 -0.'5 0;;9 
9 50.� 52.4 -2.1 4;�0 

10 19.6 18.0 1�·6 8 .. 9 
11 15. 2 �8.-6 -3.'4 . 18."3 
12 20.6 22�·1 -1.5 6;8 
13 39.5 .:;�.·o 5;,5 16;i2 
14 9.3 12.0 -2;•7 22.5 
15 29.4 25.9 3.5 13;,5 
16 24.2 24.4 -0.2 0�18 
17 19.2 22.4 -3.2 14.13 
18 23.2 24.16 -1�'4 5�'7 

Burst vs�1 CD Tensile 

Sample Actual Predicted Deviation % Deviation 

l 26.1 21.11 5.0 23�17 
2 16.t9 16.5 o;,4 2.14 
3 26.9 27 .·9 -1.-0 3.16 
4 23��3 19;12 4;1 21;14 
5 22.9 18�1 4."8 26�15 
6 19.0 19.8 -0.8 4�•4 
7 17 •14 17.�2 0.2 l.'2 
8 55�13 50�12 5.·1 10�-l 
9 50.12 44.9 5.3 11.8 

10 19."6 20;!5 -0.9 4.·4
11 15��2 18.9 -3."7 19.·6
12 20�i6 22.i2 -1.16 7.2
13 39;•5 48.14 -8�'9 1s.14 
14 9,3 12;-9 -3.'3 26:2 
15 29.4 �1.2 -1.18 5.8 
16 24:12 27;3 -3.1 11.14 
17 19.j2 20.17 -1.'5 7 •14 
18 23��2 2l.6 l.'6 7 �14 
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