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ABSTRACT 

The New Zealand Apple and Pears Marketing Board exports apples to over 50 countries, 
and is one of the New Zealand ' s largest export earners. netting approximately 500-600 
million dollars per year. Competition on the overseas market is very high, and the 
importers set strict requirements on the condition of the fruit being exporled . Therefore , 
this fruit must be in optimum condition. wherein packaging methods play a vital role to 
protect the fruit during handling and transit. 

The packaging is very important to protect the fruit. but little research has been done on its 
physical and mechanical behaviour. The apple tray is the core object and an integrated part 
or apple packaging made out of paper pulp, called '·Friday Trays", and here is studied for 
its rnec hanical and physical behaviour. The project has two phases, testing the material at 
different environmental conditions and stress analysis of the tray by using "Finite Element 
Analysis"' technique. ln the first phase of research, since the "Friday Trays" are handled at 
different temperatures and humidity levels. the paper pulp material was tested for its 
111echanical properties such as Stress, Strain , Young's Modulus and Creep at different 
moisture content levels. The physical and mechanical properties of Paper Pulp materials are 
affected by moisture contelll, which is dependent on the humidity of the surrounding 
environment. The function or the trays is. firstly to transport the apples from conveyor to 
apple boxes and remove them from the boxes and secondly to act as a cushioning between 
apples or different layers to pre vent damage . 

In the second phase of the research, the b haviour of the trays was studied in the above 
conditions by using finite element analysis . The technique wa: chosen because it can 
model very complex shapes. The results are displayed in graphical format and can see with 
maximum stresses or displacements highlighted. The Z pack 70 count trays are 
investigated at two different conditions of mechanical properties, at 8% moisture content 
:ind 20 9'r moisture content. Creation of FEA models are challenging because of the 
complexity or the problem and vast size of the computer files. The handling situations are 
successfully generated and used to investigate the relative advantages of packing fully 
loaded trays. which are then supported at different positions. The tray performed better 
while being picked up by the ends of the tray and at 8% moisture content. In this situation, 
the deflection in trays was less when compared to the other situations and the apples less 
likely to fall orf the tray. 

It was seen that the apples themselves protected the tray from bending during handling, 
brought about by the apples making contact with each other. Following from this a 
complete shell model was generated for holding full apples that has contact between 
neighbouring apples. This used non-linear controls and slidelines. The results show the 
apples contacting and supporting each other and produce less impact in terms of load on the 
tray. Analysis of Friday tray is far from complete, greater computer resources will be 
needed, and has to be checked for the response of lower material properties. Future work 
should concentrate on developing a dynamic model of a full carton of apples. From the 
dynamic model , conclusions can be made about the behaviour of trays within the carton. 
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CHAPTER 1 
INTRODUCTION 



1.1 GENERAL INTRODUCTION 

The New Zealand Apple and Pears Marketing Board (NZAPMB) exports apples to over 50 

countries and is one of the New Zealand's largest export earners. The majority of the 

exports are tray packed in 20 Kg. corrugated board cartons with a net weight of 18+/- 1 Kg. 

In 1996, NZAPMB packed 85% of the 18 million-carton pipfruit produced in new Z pack 

palletisable packaging. In comparison, only 1.5 million cartons were packed in paiierisabie 

units in 1995. The high competition in the export industry and the strict requirements of 

the produce being imported makes the export industry to concentrate to develop new 

designs in the packing industry. 

Traditionally, apples come from the farmer in large bins and cleaned by water. The 

cleaned apples come along conveyors and correctly sized apples placed either manually or 

by automated machinery in the cups of the trays. The filled trays are lifted manually and 

placed in the cartons one on top of another. The main role of the tray is in the placement 

and separation of apples in 4 to 6 layers depending on the count size in standard 20kg 

corrugated cartons. Big size apples involve 4 or 5 layer packing and 6 layer packs are 

required for very small apples. The packed cartons are then transported to the cold storage 

and palletized for the shipment on export demand. In this scenario, the trays play a vital 

role in packaging system. At present, New Zealand industry manufactures about one 

hundred and twenty million trays per annum from recycled paper pulp. 

As expressed by Ashdown ( 1995), the trays play three important roles in the packaging of 

apples, they are: 

• During the packaging process the fruits are loaded onto the trays while on a conveyor, 

and then the trays used to transport fruit from the conveyor into the apple box. Trays 
are also often used to remove fruit from the box. 

• The trays provide an accurate means of positioning the fruit inside the apple box in 

order to optimize the available space. 

• The trays are stacked on top of each other within the box to provide vital cushioning 

between apples of different layers in order to prevent bruising during shipping. 

In addition, the trays also add overall strength to the carton by absorbing the excess water 

from the apples. 

There are variations in packing styles such as dimensioning in carton and palletisation. In 
the past two years NZP AMB has dramatically altered the packing designs, the on going 

packaging is Z pack (discussed in chapter 2) palletisation, but there is no alteration in tray 

designs. Approximately 60 years ago paper pulp trays were first introduced into the apple 
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industry as a more efficient means of separating and pos1t1oning the fruit. In the mid 

1930' s the original patents for these trays (called 'Friday Trays' , the name originated in 

America as Mr. Friday designed the first trays) (McLeod 1993) were taken out, though the 

patents have been expired for many years, are still in use. 

Though the tray plays a key role in the packaging, the mechanical properties of the trays 

that are made out of paper pulp are not clear. Specifications for moister absorption, weight, 

colour, and dimensions are available but there is no consideration for strength, stiffness and 

energy absorption properties. The mechanical properties such as Young's Modulus, tensile 

strength, Poisson's ratios etc. are not clear. Such mechanical properties are used to 

establish the static behavior of paper pulp tray when it is loaded with full load of apples. In 

addition to that, the dynamic behavior of paper trays in the carton is important, to prevent 

the bruising and spoilage of fruits when the carton is dropped or subjected to the impact 

load. With the better understanding of the packing design it can be possible to make 

adjustments to the present system or replace with the best one available. 

1.2 PROBLEM DESCRIPTION 

Knowledge of the behavior of the apple tray while packing and transportation is limited and 

inconclusive. There are two main problems involved while packing the apples onto the 

trays. In traditional packing system, an apple tray was placed in the bottom of the carton, 

and then sized apples are placed manually in the cups of trays. When the first was filled 

then another tray will be placed on top of it and filled in the same way. But in automatic 

tray fillers, trays moves along with the conveyor belt and correct sized apples placed in 

them. Then the trays are lifted manually and placed in the apple cartons. 

The problem experienced during this operation is that trays are bending to an extent that the 

trays some times tear and apples fall out and endure bruising; these trays were not designed 

for lifting a full load of apples. There are two methods employed in picking up the tray, 

either held at the sides or held at the ends. It was necessary to know which method was the 

most effective way to understand the dynamics of the tray behavior in the non-linear 

region. 

The second problem was bruising of the apples in the cartons during export shipping. The 

percentages of bruised apples are given in Table 1. 1; this is noticed by NZAPMB in their 

survey. The behavior of apples inside the box, in particular, the mechanisms that would 

cause bruising is also a major factor. Z count 70 apples (which is equivalent to 72 count 

apples) were chosen to analyze this problem. This is due to two main reasons, one is 70 

count apples are rare and costly in the market place, and the second reason is the weight of 

this apples are higher then the other count apples. To gain the knowledge of static and 

dynamic behavior it was decided to use finite element stress analysis to create the model. 

By setting up the model analysis it is easy to know the apples behavior and the interaction 
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between the apples and tray inside a carton for the given set of loading and support 

conditio ns. Once the analysis is proven realistic then the modifications in material s and 

shape of the tray could be changed quickly and effortlessly. 

Count % Bruising No Frui t insp. No Bruised Configuration 
72 1.74 518 9 2X2 

80 1.66 2653 44 2X2 

88 4.98 4422 220 2X2 
100 I. 7 5286 90 3X2 

113 1.65 5285 87 3X2 
125 3.-+6 10042 347 3X2 
138 1.26 23212 293 3X2 
150 1.7 1 20790 355 3X2 
163 1.82 19838 362 3X2 
175 1.44 9591 138 3X2 

198 2.71 627 17 3X3 

T able I. I Percentage Bruising on Out-turn in Europe ZAPMB (Heap, 1994 ). 

Ashdown ( I 995) and Heap ( 1994) s tudied the mechanical properties of paper pu Ip 

Ashdown used FEA (Finite Element Anal ysis) as a tool and Heap used traditional 

mechanica l ins truments to calcul ate the Young's Modulus. Both researchers conduc ted 

their experime nts on pulp trays in the linear region and ignorin g non -linearity . Also Finite 

Element Models were made at two different mois ture content levels as the material 

properties of the pulp tray changed. 

Hence, it is essentia l to analyze the tray behavior within the non-linear region to achieve an 

improvement in the tray design. 

1.3 PR EVIOUS RESEARCH 

Holt and Scoorl ( I 983, 1984) have undertaken the majority of the pub lished research at the 

Un ivers ity of Qeens land; much of work was done in early 1980's. Chen et al ( 1993, 1996) 

and Lu and Abbott ( 1996) have largely concentrated on fruit texture and vibration analysis 

by using Finite Element Analysis. Most of the research mainl y concentrated on produce 

bruisi ng and damage in packaging by using mechanical instruments on a whole carton . In 

the mid 1990's Heap and Ashdown focussed on the effect of apple trays on brui sing, and 

the mechan ical properties of apples and trays. 
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This research is an extension study of Ashdown's research and mainly focuses on the study 

of the behavior of apple trays within the non-linear region. 

1.4 APPLICATION OF FEA TO P ACKAGING INDUSTRY 

Initially, FEA was used for highly complex engineering problems such as civii engineering 

and aeronautical problems because of its difficult analysis techniques and high capital cost. 

Despite extensive search through research papers, very little information has been found on 

the usage of FEA in the field of the packaging industry. The horticultural industry has 

made attempts use numerical analysis techniques in modelling the physical properties of 

fresh produce, but have found this extremely difficult due to the nature of the material. 

Fresh produce may be considered a living organism, with a complex cell structure, 

respiration mechanisms and intricate physical attributes. The complex shape of fruits that 

continuously change their physical and mechanical properties with time makes it very 

difficult to create an accurate model using FEA modeling packages. 

For the past few years, the revolution in the computer industry has an immense impact on 

in mechanical engineering. For example using CAD and CAM (FEA software is one 

among them) packages product design and analysis of strength can be accomplished in 

short time periods and with great accuracy. Due to a drop in the cost of such packages 

FEA is being used more widely, particularly in the less sophisticated engineering areas. 

The absence of FEA in the field of packaging because packaging styles change very 

quickly, so often a package is outdated almost as soon as it goes into production. Producers 

therefore reluctant to spend money on analyzing a product that has a short life cycle and 

which effects the product cost. But packaging is an essential requirement to protect the 

fruit from the damage, particularly in the export business. Spending on designing good 

quality packages will help exporters reduce damage, giving quality produce to the customer 

and improving profits. 

FEA was chosen for this problem because of two main reasons. Firstly, due to the complex 

shape of paper pulp trays other analysis techniques required large approximation. Using 

FEA the complex shape of the tray can modelled and the results can be reliable given 

proper material properties. Secondly, it provides the results at each and every point on the 

tray, and the results can be viewed graphically to provide an overall picture of the tray 

response for the given applied load. One more strength of the FEA package is once the 

model is formulated it is a simple exercise to modify to improve designs. Instead of 

spending money and time to build a prototype for physical testing, it can be easy to build 

different virtual models by using FEA. 
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1.5 RESEARCH OBJECTIVES 

The research objectives for this part of the study are: 

• Obtain a full set of physical properties of apples and mechanical properties of paper 

pulp material such as Young 's modulus, Poisson's Ratio, the relation between Stress 

and Strain and Creep at different moisture content levels . 

• Develop a working non-linear 2D finite e lement model of an existing tray design and 

ana lyze it under the given loading and support conditions, and at two different moisture 

content levels. 

• To incorporate the tray model into a full 3D-model in order to gain an insight of the 

tray behavior under different loading conditions, and at two different moisture content 

levels. 

• By using the data from the results of above objectives improve the tray design to 

strengthen to its acceptable stress levels. 

By achieving these objectives, the compiled information from the practical study is then 

used to compare with the present packaging system and can be used for further 

modifications in the packaging system. 
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CHAPTER 2 
LITERATURE REVIEW ON APPLE PACKAGING 



2.1 INTRODUCTION 

The market for fresh produce is large and varied . Market for fresh produce is greater then 

the other processed foods such as freezing, canning and drying. The basic object of 

packaging is to maintain the produce at the desired quality and to prevent damages . For 

the most part, packaging cannot delay or prevent the produce hundred percent from 

spoiling. Incorrect packaging accelerates spoilage. However, packaging can serve to 

protect aga inst contamination, damage and excess moisture loss and packaging must be 

robust enough to survive transport, particular enough to facilitate easy storage and 

handling. 

Fruits and vegetables are very high in moisture content, ranging from 75-95%. Their 

equilibrium humidity can be as high as 98%. Under any normal atmospheric condition 

they will dry rapidly. This causes wilting and shrivelling due to loss of rigidity and 

shrinkage of the cells (Sacharow et al, 1980). Proper packaging is able to prolong the 

storage life of fresh fruits and vegetables by preventing wilting. Too much moisture barrier 

will cause an excessively high relative humidity in the package and result in accelerated 

spoilage due to micro-organisms or in skin splitting on some fruits. 

2.2 PACKING METHODS 

The packaging of fresh produce is not new; initially, boats and horse-drawn carts 

transported fresh produce. Later generation boxes, barrels, baskets or sack served as a 

container for transporting small loads . Now a day with the available technology, packing 

technology has been changed to reduce spoi ling, improve the quality of produce and to 

reduce the packaging costs. Packing sty les differ from product to product, the quantity of 

supply and the market place. 

Pack ing of the fruits depends on quantity of supply, either bulk suppl y or retail supp ly. In 
early days, shipping barrels were used, due to close packing and heavy shaking during 

transport the spoilage of fruit was high. Hence, suppliers have developed different packing 

styles to protect the fruit from bruising. For example, potatoes are supplied in corrugated 

boxes, apples and similar fruit are supplied in moulded trays and using foamed polystyrene 

trays protects easily bruised fruits. 

The materials and methods used for retail packing of produce are extremely varied, 

however, they can be categorised as films, backings, boxes, bags , bands, closures and 

labels (Sacharow et al, 1980). This review is about the packing of apples in bulk supply 

using trays. 
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2.2.1 PACKAGING OF APPLES 

Packing styles of apples, in particular, wholesale and bulk supply can be categorised into 

three main groups: 

Jumble, Random Packs 

Pattern-Packed Fruits and 

Tray and Cell Packs 

2.2.2 RANDOM PACKAGING 

Random packing known as "Jumble packing" is the oldest and simplest for wholesale 

produce packing. In this style of packing, fruits are simply poured into a shipping 

container at random, either manually or by a variety of filling machines . The major part of 

the fresh produce and vegetables are generally shipped by random packing because of the 

simplicity and low cost. 

Filling of this type of packing is usually by weight, or less frequently, by count size with no 

thought of optimising the space. The major disadvantage of jumble filling is the poor 

packing density of the container. In addition with poor vo lume utilisation, fruit settling 

occurs from in-transit vibrations, even on short hauls (Peleg, 1985). Though this style of 

packing is most damage prone, yie lds lowest packing density, and is the least attractive 

looking, it is sti ll popular in fresh produce distributing due to the low cost of packing. 

2.2.3 PATTERN-P ACKED FRUITS 

Pattern packs known as "place packs", is used for high quality produce and is intended for 

distant markets. Each individual fruit is placed into its place in the pattern, either "bare" or 

wrapped. Most of the fruit operations are manual, although automatic wrapping machines 

are available in the market. The objectives of wrapping are as follows (Peleg, 1985): 

Isolation between individual fruits and between fruits and container walls , this is 

particularly important in wood containers with rough surface. 

The wrappers will provide cushioning effect. 

Attractive and uniform fruit appearance. 

Better control of gas exchange, mainly carbon dioxide and oxygen . 

Application of fungicide micro-atmospheres around fruits by impregnating wrappers 

with, for example biphenyl in citrus. 
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There are several benefits of wrapping to protect the fruit from damage, except cost. A new 

trend in pattern packing is to abandon wrapping in favour of less costly container wall 

liners and diphenyl-impregnated paper pads between fruit layers. For example, apples are 

packed bare in wire-bound wooden containers using polyethylene bags as liners and 

evaporation barriers, in place of individual fruit wrappers. 

2.2.4 TRAY AND CELL PACKS 

Due to a large amount of mechanical tnJury sustained by fruit during handling and 

transport, were up to 30-40% (Peleg, 1985), attempts have been made to develop 

cushioning and isolate individual fruit to relieve the pressure and reducing impacts between 

the fruits. This has led to the design of internal partitions with in the packing cartons that 

can be classified into two main groups: Tray Packs and Cell Packs. The main function of 

the partitioning is to isolate the fruits , eliminate transfer of stacking loads by the fruits, and 

reduce the pressure on the produce. As this review is mainly concentrated with the packing 

of apples, and cell packs are generally not used for this purpose, this packing method can 

be dealt with briefly. Peleg provides a good summary of the attributes and characteristics 

of the eel I pack. 

2.2.4.1 TRAY PACKS 

Peleg (1985) discussed tray packs and categorised them into two groups, the first is 

described as Peg Type (shown in the Figure 2.1) tray packs and the other one is Cushioning 

Trays (shown in the Figure 2.2). As explained by Peleg the description of these trays is as 

follows . 

In peg type packaging every fruit is isolated in its own pocket formed by two consecutive 

trays , placed on the top of each other by means of specially constructed supporting pegs. 

This prevents the fruits from bearing any pressure due to stacking loads in container piles . 

Rather, the pressure is transmitted by the trays, as shown by the arrows in the Figure 2.1. 

Because of fruit size variations within counts and to prevent the fruit from bearing any part 

of stacking loads, headspaces between fruits and trays must be provided, as shown in the 

figure. Unfortunately, this headspace is also a potential source of damage due to possible 

bouncing of the fruits inside their cells, especially the smaller fruit size fraction. The 

pressure of bouncing fruits in tray packs or cell packs is easily verified by shaking the 

container up and down. The noise made by the bouncing fruits inside is easily 

distinguishable. If the transportation vibration environment contains frequencies 

corresponding to the natural frequency of the fruits in the trays or cells, they will be excited 

to bounce violently all the way. Under such circumstances, there will be some damage, no 

matter how soft the tray material is. 
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To eliminate the fruit bouncing problem is to remove the pegs from the structure of the tray 

and to let the container and fruits support the stacking loads, while being cushioned tightly 

by the trays. This type of tray known as cushioning trays and has a number bf advantages. 

The cushioning-type trays keep the fruits comfortably against each other, effectively 

preventing any bouncing. Another advantage is better packing density, as compared with 

the peg type trays. Figure 2.1 shows how much container space the trays take up. Thus, 

the elimination of head space somewhat improves this aspect of tray packs. 

SUPPORTING PEGS 

Figure 2.1 A Typical Peg-Type Tray Pack Steak in a Shipping Container (Peleg, 1985) 

To alleviate the stacking load compression, however, cushion -type trays must be made to 

contact a maximal part of the fruit surface area. The greater the contact points supporting 

the fruit in the pack, the less pressure at each contact point, since the loading forces are 

distributed over a larger part of the fruit (Peleg, 1985). One type of construction aimed in 

this direction was patented by Keyes Fibre Co. and dubbed Spring Hammock (see Figure 

2.2). This tray configuration is said 1to direct the downward pressure, due to stacking load 

forces, downward and away from the fruit, as shown by the broken lines. Effectively, this 

means more fruit content area and consequently, less pressure on the fruit. 

The main packing component used by the New Zealand Apple and Pears Marketing Board 

is tray pack in the form of Spring Hammock cushioning tray and is called Friday tray or Z 

pack tray. 
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Figure 2.2 Spring Hammock construction, directs pressure downward and away from fruit, 

as shown by the broken arrows. (Peleg, 1985) 

2.2.4.2 CELL PACKS 

There are three main types of cell packs: the hexagonally shaped honeycomb cell pack, the 

triangularly shaped honeycomb cell pack and the square-shaped cell pack. The cells of the 

first two types are formed from expanded paper honeycomb stock and plain paper sheets 

placed in between each consecutive two layers. In the square-shaped cell pack, similar 

plain paper sheets are used in between the layers, but the sidewalls of the cell are formed 

from interlocking stripe stock. All three types are usually made of heavy-duty craft paper. 

While the hexagonally shaped cells are most commonly used for packaging spheroid­

shaped fruits, special cell configurations, e.g., triangles, may accommodate pears, avocados 

etc. 

There is essentially no difference between peg-type (as explained in section 2.2.4.1) tray 

packs and cell packs, as regards their protective qualities. The honeycomb-structured cell 

packs are even stronger then peg-type tray packs in their ability to carry vertical stacking 

loads. This makes it possible to use relatively inexpensive thin wall regular slotted 

container (RSC) and obtain exceptionally high stacking strength, even in evaluated 

humidity environments . If the panels of the corrugated fibreboard container are weakened 

by absorbing moisture, the paper of the internal packaging, i.e., peg-type or cell pack, will 
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not be appreciably affected and will retain most of their strength. Thus cell packs are ideal 

for prolonged high-rise stacking of produce in high humidity environments. 

2.3 APPLE PACKAGING IN NEW ZEALAND 

2.3.1 TELESCOPIC CARTON CONFIGURATION 

Prior to 1995, two-piece telescopic boxes with inner and outer dimensions of L51 7 X 

W 318 X H312 were used to pack the apples . These cartons were stacked onto a wooden 

pallet of W1626 X Ll080. Apples were packed us ing a moulded paper pu lp tray ca lled 

Friday tray placed in the carton. Each count s ize (count s ize refers to the number of fruits 

required to makeup one carton) had its own unique arrangements to allow the correct 

number of fruit per carton. The count s izes are 64, 72, 80, 88, 100, 11 3, 125, 

138,150, 163,175, 198 and 216 and each carton contained 18.8 Kg. of fruit. 

The main types of packing involved 4 or 5 layers of fruit, whilst 6 layer packs were 

requi red for very smal l apples. Correct usage of app le trays was and is essential to ensure 

correct fruit positions in the carton, and the correct constant net weight of the fruit. The 

packing instructions for pack houses packing apples in the telescopic carton are g iven in 

the Table 2.1. 

Standard Count 48 56 

Tray Usage Ax 2 (+C) Rev x 4(+C) 

Bx2 

Standard Count 113 125 

Tray Usa~e Ax 3 (+C) Rev x S(+C) 

Bx2 

(+C) = An upturned tray used as a capper 

Rev = Means the tray is revers ible 

64 72 

Ax 2 (+C) Rev x 4(+C) 

Bx2 

138 150 

Ax 3 (+C) Rev x S(+C) 

Bx2 

A and B trays have different number of fruits, the A has more fruit 

80 88 100 

Ax 2 (+C) Rev x 4(+C) Rev x S(+C) 

Bx2 

163 175 198 

Ax 3 (+C) Rev x S(+C) Rev x 6(+C) 

Bx2 

An extra tray used as a capper tray. It is turned over to cover encase the top layer of the fruit , the capper is a 

B tray or a reversible tray. 

Table 2.1 Count Comparison by Pack 

2.3.2 Z PACK CARTON CONFIGURATION 

At present, as recommended by Dav is, Fish and Fisher, NZAPMB is fo llowing the ISO 

standard packing (McLeod, 1997). Their suggestions are to use a carton with external 

dimensions of L500 X W 330 X H278 mm (see Appendix 1 for N ZAPMB specifications), 

which is called Z pack palletisation. This will allow for palletisation on to 1000 X 1200-
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mm pallets. The commonly used counts for Z pack are 60, 70, 80, 90, 100, 110, 120, 135, 

150, and 180 (called Z count), weighs 18-18.3Kg (Lenting and McLeod, 1988(a)). The 

weight of the fruit in the carton has to be consistent, this regardless of the number of 

individual fruit or size of the fruit in the carton. The Z pack configuration and the Z pack 

tray usage is shown in the Table 2.2. 

Z count Trays of Fruit Fruit per Tray Tray Usage 

60 Rev x 4 15 Rev x 5 

70 Ax2, 8x2 A=18, 8=17 Ax2, 8x3 

80 Rev x 4 20 Rev x 5 

90 Ax2, 8x2 A=23, 8=22 Ax2, 8x3 

100 Rev x 4 25 Rev x 5 

110 Ax2, 8x2 A=28, 8=27 Ax2, 8x3 

120 Rev x 4 30 Rev x 5 

135 Rev x 5 27 Rev x 6 

150 Ax3, 8x2 A=30, 8=30 Ax3, 8x3 

165 Rev x 5 33 Rev x 6 

180 Rev x 5 36 Rev x 6 

Rev= Means the tray is reversible 

A and B trays have different numbe r o f fruits . the A has more fruit 

An extra tray used as a capper tray. It is turned over to cover e ncase the top layer o f the fru it. the capper is a 

B tray or a reversible tray. 

Table 2.2 Z Pack Configuration and the Z Pack Tray Usage (McLeod, 1997) 

2.3.3 VOLUME UTILISATION 

One of the major problems with the telescopic packing was the poor utilisation of space in 

the carton. The previous carton dimensions of 517 X 318 X 312mm, which has the volume 

of 0.051cubic meter contains 18.8kg of fruit compares poorly to a Z pack carton 

dimensions of 330 X 500 X 258mm, which has the volume of 0.042 cubic meter that 

contains of 18.1kg of fruit. The poor utilisation of space results in higher shipping and 

packing costs per one kilogram of fruit compared with the more pallet efficient Z pack. 

Wollim and Ledger (1985) when designing the stonefruit trays made similar observations 

for the Australian market. 

2.3.4 DAMAGE IN TELESCOPIC CARTONS 

Telescopic carton were called ' pressure packs ' as the fruit was placed inside the carton in 

moulded pulp trays, which sat on the carton base. The cup shape in the tray covers the 
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fruit, but in some counts the diameter of the fruit is bigger then the cup that compresses the 

fruit, in such case the packaging takes the load. The packaging takes the load until the pulp 

tray absorbs the moisture and formed around the fruit, then the carton is said to settle . 

NZAPMB maintained that damage caused by the pressure in packing was considerable and 

the load should be removed as much as possible from the fruit. Aitken and Crosby (1982) 

and Barr and Cardwell (1983) conceived that pressure aione was not a major contributor tu 

the fruit damage, but also a number of factors such as variety, apple size, carton position in 

transportation, fruit placement and sizing, handling conditions, pulp tray quality, carton fill, 

wrapping and the packing equipment. They found that 5 to 10% of the fruit was damaged 

prior to leaving New Zealand . This bruis ing appeared in the cartons independent of style, 

variety and count and may have originated in the pack houses when the fruit was crisp and 

more susceptible to damage. Aitken and Crosby (1982) reported that carton stacking 

strength was necessary to maintain stack stability during storage, but there was increasing 

evidence to suggest that dynamic effects relating to drop impact was a far more likely 

cause of bruising than static loading. They found that although bruising was more severe 

at the bottom of the stacks, the pattern of bruising in the carton indicated impact damage 

rather then static damage. Cartons dropped from waist height showed the bruising pattern 

was worst in the second to bottom layer and least in the top layer. Heap (1994) found 

similar bruising patterns on the cartons dropped from 600mm, but severity of the bruises 

varied between counts, which may have been due to the configuration of pocket placement 

in the trays. 

2.4. PERFORMANCE OF MOULDED TRAYS 

In 1996, NZAPMB packed 85% of the 18 million cartons, which contains 120 million 

moulded trays of pip fruit produced in new Z pack palletisable packaging. In comparison, 

only 1.5 million cartons were packed in palletisable units in 1995, which consumed forty 

five million trays. 

In the past, trays were placed in the carton and then filled with apples. With the 

introduction of automatic tray fillers, it has been necessary to lift trays with apples on them 

into the carton. Hence, the tray should be capable of supporting 3.7 +/- 0.2 kg (mean) in 

five tray configuration and 4.6 +/- 0.25 kg (mean) in four tray configuration. In automatic 

filling, the trays perform three main key roles as a packaging component for apples, these 

are: 

With the advantage of automatic try filling machines the fruit is positioned on the tray 

before placing it in to the carton, where the tray should be capable of lifting the full 

load of apples and to withstand from tearing and bending. 
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The pulp material absorbs the excess water that remains on the skin of the apple after 

cleaning and shorting operations. In addition to that, it absorbs the moister from the 

fruit to assist the try to soften and thereby providing better-fit and better protection to 

the fruit. 

The tray is expected to cushion the fruit and protect it from damage as it is transported 

from the pack house to its final destination at the marketpiace. 

The last explained function is the most important and the least understood despite there 

being several studies. Test results from different researchers are often conflicting and 

sometimes the performed results are unreliable or inconclusive. In terms of mechanical 

damage Schoorl and Williams (1972) showed that tray packed cartons with pulp trays were 

considerably superior to the traditional pattern packed cases with no trays, under single and 

multiple impacts. Holt and Schoorl (1984) showed that the pulp trays exposed for most of 

the energy absorption and dissipation on impact by stretching in two horizontal directions 

rather then compression at contact points . Their results indicated that only 15% of the 

kinetic energy was absorbed by the fruit, 60% was by the action of the tray stretching, and 

25% was by the other actions such as carton bulging and other complex mechanisms of the 

tray. Because of its extensive properties most of the packaging industries uses paper pulp 

trays for packing of apples worldwide. 

2.4.1 PAPER PULP PROPERTIES 

Most of the trays used in New Zealand and internationally are made from recycled paper 

pulp because of its distinguished properties. The important properties of paper pulp fibre 

are explained as follows (http://www.online.anu.edu.au/Forestry/wood/paper/rawmat.htm). 

Freeness is commonly measured in Canadian Standard Freeness (CSF), to measure the 

quantity of water drained from the pulp. 

Fibre length , both the mean and the distribution of fibre length play a very significant role 

in determining the characteristics that the end product will have. Long fibres generally 

give strength (most closely linked with tear strength) and short fibres will give surface 

quality. 

Fibre coarseness, this has two different measurements. One is the ratio of length to width 

of the fibre, the greater this ratio the more flexible the fibre is and that allows for better 

bonding strength. The other way is the ratio of twice the cell-wall thickness to the lumen 

diameter, if the ratio is high; the fibres are stiffer and less likely to collapse. 

Fibre surface, a surface that is fibrillated has a very high surface area allowing for better 

bonding. Highly fibrillate pulp leads to a product with a high tensile strength. 
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Paper pulp has more freeness then any other fibres that are used to absorb moisture content 

from the fruits. However, paper pulp trays made out of paper pulp are widely used in 

pack ing industry because of tear strength, tensile strength and cushioning properties. The 

main packing component used in New Zealand Apple and Pear Marketing Board is a tray 

pack in the form of a spring hammock cushioning tray that is made out of paper pulp. In 

New Zealand three styles of pulp trays have been used in the appie industry, ihey are 

'Friday Tray' , 'Apple Tray' and 'Z Pack Tray '. 

2.4.2 FRIDAY TRAYS 

The 'Friday Tray ' is a lightweight component made out of paper pulp, which are used in 

corrugated apple cartons of internal measurements 500 X 300 X 277 mm (nominal), 

depending on count size 4 to 6 trays have been used in one carton. The name originated in 

America as Mr. Friday designed the first trays and can be identified by square slots at 

either end to facilitate lifting in and out from the carton . Trays made to original 

specifications are still in use all over the world, but since the original patents have been 

expired, there are other designs which are similar that have been produced in many 

countries. In New Zealand the imitated designs are called 'apple trays'. Detai ls of the 

manufacturing process of these trays are given in Appendix 2. 

2.4.3 APPLE TRAYS 

The 'Apple Tray', based on a Scandinavian design, has round holes at either end of the 

tray. It is also made out of paper pulp and to used for similar packing configurations as 

above. Lenting (1989a, 1989b and 1989c) undertook a series of trials to compare the 

performance of Apple Trays with standard Friday trays after cartons of fruits were stacked 

in cool-storage for a number of weeks. Bruising was assessed after the carton had been 

cool storage. The presence of bruising at packing was not considered, hence it was 

impossible to determine weather the bruising was a direct result of type of tray or not. 

In the first trail, Lenting (1989a) compared the two different counts (113 and 138) of Royal 

gala and the fruit was cool stored for three weeks. The data was showed that Friday Trays 

were more prone to ripping in both count sizes compared with Apple Trays . In comparison 

Apple Trays showed higher bruising levels. The Apple Trays were stiffer and easier to 

handle resulting in less fruit damage from apples falling off the trays. In comparison, 

corner pockets on the Friday Trays tended to flatten out and lose rigidity. There was less 

rip and tears in the Apple Trays . 

Lenting (1989b, 1989c) in his second and third trials found that the bruising levels were far 

higher and exceeded the NZAPMB standards. Lenting noticed that apples suffered more 

on the grader table rather then in-carton handling or from compression damage when 
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stacked in the coo l storage . From these inconclus ive trail s it was not poss ible to draw 

conclusions as to the performance of Friday Tray against Apple T rays. 

2.4.4 Z PACK TRAYS 

The geometri ca l constructi on of Z pack trays and apple trays are quite s imilar. Z pack 

trays are made to fit into 330 X 500 X 258 mm Z pack cartons with the dimens ions of 476 

X 322 X 100 mm (see Appendix 3 for specifications). A Z pack tray is made out of paper 

pulp and has also round holes at either end of the tray, and to use for s imilar packi ng 

configu ration. NZAPM conducted the tri als on the whole carton but none of the reports 

showed the ind iv idual experiments on Z pack trays. For compressive and impact tests, 

however, Z packs showed less bru is ing pe rcentage then tradi tional packs . M cLeod (1997) 

conducted the experiments on Z pack trays and reported that the percentage of the bruising 

depends upon diameter of the apple and the cup size. 

2.5 ALTERNATIVE TRAY DESIGNS AND MATERIALS 

A number of different materi als were tested as an alternative to traditional trays to assess 

the ir effecti veness in bruis ing reduction and to increase the strength . Most of the trays 

used in New Zea land were manufactured out of recycled paper pulp. However, d ifferent 

types of materia ls are avai lable for pack ing of apples such as polystyrene and compressed 

foa m materials. T hese are as fo llows : 

2.5.1 PULP TRAYS 

Pulp trays, being hygroscopic, may absorb moisture fro m produce or surrounding 

atmosphere, resul ting in softening and increased pl iability of the trays. This, in turn, may 

cause the trays to better conform to the fruit shape thereby increas ing contact surface area 

and reduc ing pressure. On the o ther hand, deformation of the cups in the bottom tray 

creates little fl at surfaces in the bottom of the cups, effectively destroy ing the curved 

surfaces that are supposed to cushion the frui t. Since the botto m layer fruits bear the 

greatest compress ion forces, created by all the frui ts above them, they must be suppo rted 

by as la rge an area as poss ible. Turning part of the curved cup surface into a fl at surface 

will cause commensurable fru it deformation s ince this leaves onl y on contact po int 

between the fruit and the tray bottom (Pe leg 1985). 

2.5.2 POLYSTYRENE TRAYS 

Expanded polystyrene trays are an exce llent cushioning material , light in we ight and 

attractive looking. Bottom layer cups will re tain their cushioning properti es and wi ll not 

flatten out, eve n under prolo nged compress ion (Pe leg, 1985). 
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Trials using South African moulded polystyrene trays, NZFP (1984) reported that the form 

structure of moulded polystyrene trays collapsed irreversibly and split immediately under 

impact and compression tests. Anderson (1983) found American polystyrene trays are 

more promising then Friday trays under impact tests. The test results showed that 

polystyrene trays gave more protection against bruising in the bottom layer then Friday 

trays. 

2.5.3 HIGH-DENSITY PVC TRAYS 

High-density PVC trays are relatively thin and flexible, enabling them to conform snugly 

around varying fruit shapes and sizes. Their ability to bear vertical stacking loads is less 

then in pulp or expanded polystyrene trays. The net effect is probably a compromise 

between the protective properties of peg-type and cushioning -type pulp trays. Bouncing 

is prevented due to the snug fit of the fruits in the thin-skinned pockets, while the peg-type 

structure carries part of the stacking load. Because of the thin material , high-density PVC 

trays waste the least amount of container space. Thus, somewhat better packing densities 

may be expected, in comparison to pulp or expanded polystyrene trays (Peleg, 1985). 

2.5.4 POLYURETHANE FOAM PADS 

Shipping trials were undertaken by Fountain (1962) using of polyurethane foam pads by 

placing them in between each layer of apples instead of using traditional pulp trays. The 

results showed comparable amount of bruising in small count apples and 150 % inr..r::. , .P.nt 

in large count apples, the severity of bruising was also more in large count apples. Jsby 

(1984) also conducted impact and compression tests on polyurethane foam pads, and noted 

that the bruise protecting characteristics of the foam sheets were not to the same standards 

as Friday trays. 

2.5.5 POLYSTYRENE FOAM PADS 

Fountain (1962) used polystyrene foam pads instead of pulp trays because of their ability to 

provide good cushioning. The reports shows that the polystyrene ruptured and cracked 

permitting direct contact between apples in adjacent layers and also bruising and severity 

of bruising were high. Crosby (1984) also noticed that styrene sheets were less effective 

then pulp trays under impact followed by compression tests; however, after being subjected 

to compression and then impact, styrene sheets afforded the greatest protection in terms of 

bruise volume. 
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2.5.6 PRESSED FOAM 

Crosby (1984) conducted experiments on pressed foam under impact and compression 

tests. The report stated that foam did not perform as well as pulp trays in protecting the 

fruit from bruising. 

2.5. 7 FOAM NETTING 

Crosby (1984) tested foam netting as a substitute of Friday trays. The test results under 

impact and compression showed foam netting was not a suitable replacement of Friday 

trays with ten times the bruise volume of the control fruit after impact by compression of 

the cartons. 

2.5.8 POL YBUBBLE SHEETS 

Crosby et al (1983) used polybubble sheets by placing below each tray of the apples in the 

carton. The data showed that there is no real advantage in using polybubble sheets in 

conjunction with apple trays. Using polybubble sheets instead of capper trays (inverted 

tray on top layer of the fruit) resulted in an increase in bruising percentage. Crosby (1984) 

showed that substituting polybubble sheets for pulp trays gave excess amount of bruising 

damage compared to Friday trays when subjected to impact test. 

2.6 TESTING METHODS 

Most of the researchers carried out tests on the full carton of apples and individual testing 

of the carton or tray itself was rare. In 1982, NZAPMB conducted the trials by anticipating 

static loads caused the bruise damage, so by increasing the carton strength the bruising 

level could be reduced. From their trails it was noticed that dynamic effects related to 

impacts was a more important cause of bruising then static loading. The same theory has 

been proved by Holt and Schoorl (1983) who stated that at high impact situations, 

mechanical damage was the result of energy transformation, and in the case of apple 

damage was directly related to the amount of energy absorbed. 

Attempts have been made to increase the strength of a tray by increasing its weight. 

Byrom (1989) increased Friday trays weight to check whether it increases the strength of 

tray or not and to see the response of bruising amount. Three different tray weights were 

tested, with only four cartons of apples being tested for each weight, so the results were 

indicative rather then conclusive. Tray weights tested were standard 90 grams tray, 75 

grams tray and l00grams tray. Results showed that 75 grams tray was capable of 

supporting a full load of apples when loaded to the carton, but the percentage of bruising is 

40% more than 90 grams tray when it subjected to impact. The 100 grams tray showed 

very little deviation from the 90 grams tray. This indicates that increasing tray weights 
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does not reduce the percentage of bruising; as Byrom concludes, it appears tray design will 

have to be modified in order to increase tray strength appreciably. 

A sophisticated load generation system was constructed by DSIR a using hydraulic facility. 

It was capable of test on single cartons and whole pallets under a range of loading and 

environmental conditions (Bastin, 1991). From the test results , it was concluded that 

moisture content in trays was one of the most important criteria in the performance of 

carton and tray. Heap (1994) agrees with this hypothesis after conducting a series of drop 

tests on trays at different moisture conditions. Heap stated that the trays with 15% 

moisture content are considerably weaker then trays with 8% moisture content, the amount 

of splits occurring in the drier tray was greater then the moisture containing tray. Heap 

suggested that this might be due to the trays having greater ability to stretch at higher 

moisture content. Heap further states that the presence of tray splits did not seem to cause 

bruising in apples in close proximity to split. 

Ashdown (1995) used finite element analysis as a tool to test the tray strength under static 

load conditions. Ashdown also conducted the experiments to find out the mechanical 

properties of paper pulp, and observed that the increase in moisture percentage reduces the 

strength. The experiments conducted by Ashdown showed that pulp material has no non-

1 inearity, and the model prepared for finite element analysis was also liner analysis. In 

reality, there is a difference between the linear analysis and non-liner analysis, a 10 tolS 

percentage variation being expected. 

2. 7 FINITE ELEMENT MODELLING 

From the literature it can be seen that trays are an integral part of the packing system and 

are largely responsible for protection of apples. The trays and cartons seem able to 

adequately protect the fruit during static compression loads but bruising is sustained during 

dynamic loads such as when the carton is dropped. 

General agreement among the researchers is that a new tray design is required if strength is 

to be increased. Attempts made to increase the strength of tray by increasing the weight (in 

terms of thickness) have proved largely unsuccessful. Moisture content is also a very 

important property of trays as it helps the formation of tray tears, which are thought to be 

important aspect in bruise protection. Relation between the tray cup size and apple 

diameter is another important character in protecting the fruit from bruising. If the 

diameter of the cup is greater then the apple diameter then the chances of percentage 

bruising through vibrations are more. Before creating a finite element model, the above 

points about packaging have to be considered. Initially, models need to be created with the 

existing methods then the information above can be used to make further modifications . 

Two basic models will be created. One model will simulate the tray being picked up by a 

pack house worker while laden with apples . This model will have two separate support 
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conditions, the tray being picked up from the ends and from the sides. The other model 

will attempt to simulate an entire tray of apples in three dimensional for compression tests. 

In both cases, models will be simulated by non-linear analysis with an extensive usage of 

slide-line properties. Once the existing system is successfully modelled improvements to 

the tray can be made. From the above practical information, a new design will have to be 

attempted, as efforts to strengthen the existing tray have proven unsuccessful. Results from 

the analysis of the existing trays should provide indications of design changes. 

To define a finite element model , physical property of apples, mechanical properties and 

geometrical properties of apples and trays are essential. Physical properties of apples and 

mechanical properties of trays are discussed in the next chapter. The relations between the 

fruit diameter and radius of cups are discussed below. 

2. 7. 1 FRUIT D IAMETER AND TRAY CUP DIAMETER 

McLeod (1997) conducted the experiments to establish a relation between fruit weight and 

diameter, and the effect of bruising related to cup size on Z pack trays. To create a finite 

element model the weight and diameter of the fruits and Z pack tray cup diameter are 

required but not the relation between them. However, the required data as given in the 

Table 2.3 was collected from the graphs provided by McLeod (1997). The diameter and 

length of fruits were measured by using calliper with the tolerance of 0.1mm and weights 

were recorded on electronic top pan scale with the tolerance of 0.3gms. 

Apple Count Average Fruit Tray Pocket Range of Fruit 
Weight (gms) Diameter (mm) Diameter (mm) 

so 362 97.0 90-104 

60 302 93.0 86-98 

70 259 89.0 82-92 

80 226 85.5 79-87 

90 201 82.0 72-84 

100 181 79.0 71-82 

110 165 76.0 69-76 

120 151 74.0 66-75 

135 134 70.5 63-72 

150 121 68.0 61-70 

165 110 66.5 59-68 

180 101 64.5 57-66 

198 91 62.5 55-62 

Table 2.3 Fruit Weight & Diameter and Tray Cup Diameter with Related to Count Size. 
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CHAPTER 3 
LITERATURE REVIEW ON PHYSICAL PROPERTIES OF APPLES AND MECHANICAL PROPERTIES 

OF PAPER PULP 



3.1 P HYSICAL PROPERTIES OF APPLES 

To develop a finite element model some physical properties of the objects are required. In 

reali ty it is very difficult to measure the physical properties of biological products like 

fru its. animals and elements of the human anatomy. These biological products differ from 

mass produced products: these m:itena!s are alive and continuou~ly undergoing r hange in 

shape. weight and representati on with respect to time. The cells in the biological products 

wi ll be influenced by humidity. temperature and oxygen content. wh ich are difficult to 

control. In bio logica l products the elasti c propert ies and density will change wi th the age 

and environment. T ypically researchers have found the mechanical properties when the 

fru it is fresh and delicious. 

3. 1.1 You~c 's Moo L US 

Young's modulus is a major model property for ·etting up an FEA analysis; there is some 

basic literature available on the Young's modulus of apples. M ohsenin ( 1970) reported the 

va lue of Young's modulus as 0.5-3.5 / mm1 (Golden Delicious) and Finney ( 197 1) 

measured as 6.2- 10 N / mm 1 (Red Delicious). Blahovec et al ( 1997) has gi ven the value of 

E as 4.88 / mm 2 (Golden Delicious). They measured this value until the apple reached its 

non-linear region; tests were performed on a Universal-test ing machine FZP I 0/ l . All the 

above values were calcu lated using compression test on whole apples. Ashdown ( 1995) 

measured the Young·s modulus of Granny Smith apples as 3.95 / 111111
1

. He conducted 

the tests using a three-point bend test on an lnstron screw driven testing machine. 

The shape and nature of the stress/strain curves are similar in tension and compression. 

however Young's modulus and Poisson' s rati o give sl ightly different values. In 

homogeneous isotropic materials it i · accepted that compression tests <lo not reliabl) 

evaluate the simple elastic properties (Ashby and Jones. 1980). In addition. compression 

tests will damage the flesh that wi l l change the mechanical properti es of apple. In the bend 

test the area of test sample remains constant and little or no damage is done to the materia l 

in the way of crushing except at the loading and support points. Whereas in compression 

testing the area of the test piece will change in a non-linear manner as compression 

proceeds. The difference between the compression tests and the bending test is shown in 

Figures 3.1 and 3.2, in the form of graphs. Lu and Abbott ( 1996), assigned the material 

propertie of E = 4.0 / 111111
2 in his finite element modal , whereas Chen et al ( 1993) 

assumed 2.5 MPa to define materi al properties in his FEA model. 

From the above values it was decided to take that of Ashdown, because he followed the 

methodology laid down by Ashy and Jones; thu a fi gure of 3.95 1 / mm 2 for Young's 

modulus of apple is taken. 

24 



z 
r.J 
u 
~ 
0 
~ 

z 
0 Fr 

Fn 

LOAI>INC WOIU< 
~~\Nr 

UNLOAIJI NG 
WOIU< 

~T ~ .011 ti 

D E F O R M A T I O N , mm 

Figure 3.1 Compression Test of an Apple Fruit between Two Plates (Blahovec et al. 1997). 

Loading of 1he i'ru i1 ( I ) al J cons ram strain rare up to 101JI compression deformaiion ' r - folio,, ed by 

unloading at the same bur reversed strJin ('.! ). Fr = Total Force. Fs & X 0 = The Bioyield P01ms. \VT = Arca 

of Total Work Loading. \VL = l.,;nloading Work 

FORCE (N) 

~ ?owu of Fdurt 

~"':"''.'.' l~~-_:5-:N_ - f 
I 

EOBCr;/ PISPl ACEVENT 
OtBYf FOB 1 OX 1 OX4 S 
Y1 U"4ffiB SAHPL ~ OE 
GRANNY C::'"4[D:f YAB!ffi 
APPi f l/:YPEB 4. D:fBff 
po1NT BEND USI 

mu deflection • lmm OEA.fCTION (mm) 

Figure 3.2 Force /Deflection Curw: for Three Point Bend Test on Apple Material 

(Ashdown, 1995). 

25 



3.1.2 POISSON'S RATIO 

Poi sson's ratio is defined as the ratio of transverse strain to the corresponding longitudinal 

strain; it may have more then one value if the material is not isotropic (Mohsenin , 1970). It 

has been found that in the literature Poi sson's ratio varies with the variety of the apple. 

Chappe ll and Ilamann ( 1967, Originnl not seen) measured the Poi sson's ratio of Red 

Delici ous and Winesap variety app les as 0.21 and 0.29 respectively, by using the formula 

v=at b, Where tis time and ·a ' and 'b ' are stress dependent coeffici ents. Thi s time and 

stress dependency of Poisson's ratio revealed the non-linear viscoelastic nature of the apple 

flesh. Mohsenin ( 1970) also measured the Poisson's ratio of the McIntosh apple by using 

the fo rmul a E = 3K(l -2v), where K is bulk modulus and £ is elastic modulus. By 

applying hydrostatic pressure and considering the deformation as elastic, he found that 

K=3.612Nlnim 2 and E=3.198N/mm 2, then Poi sson' s ratio was calcul ated as 0.37. Both 

Chappell and Hamann and Mohsenin assumed that the apple has no non-linear properties, 

which is not true. Chen et al ( 1996), while doing hi s experiments to measure apple impact 

transmi ss ion wave measurement and apple texture properties, assumed a Poi sson's ratio of 

0.25. Lu and Abbott ( 1996) modeled the app le in finite element method to measure the 

vibration by using the Poisson 's ratio of 0.3 (data from Mohsenin ). Chen er al ( 1993) a lso 

modelled a finite element based model to analyse the fruit firmnes s used Poisson's ratio of 

0.3. bur the source of data was not given . The Royal Gala variety of apple is defined to 

create the model. as explained by Mohesenin the Poisson 's ratio changes with the variety. it 

was decided to take the va lue of Poisson's ratio as 0.3 which is very close to the literature 

values. 

3.1.3 MEASURI G DE SITY 

It is difficult to measure the density of irregu lar shapes such as agricultural products. 

However, the density and vol ume of such products was resolved by measuring the 

di ·placement of water. o literature has been found for dens ity calc ul ations of 70 count 

apples, however Lu and Abbott ( 1996) estimated the density of apple (US size 80 and 138) 

as 800-kg/cubic meter and 860-kg/cubic meter (for 170 gm apple, Chen et al 1993). So it 

was decided to pe1form an experiment to measure 70-count apple density. Mohsenin 

( 1970) explained a simple technique to obtain thi s value by using the "Platform Scale"; a 

s imple platform sca le is shown in Figure 3.3. The fruit is first weighed on the cale in the 

a ir then fo rced into water by means of a sinker rod. The second readin g of the scale with 

the fruit submerged minus the weight of the disp laced water will allow the volume to be 

calculated. 

Volume= Weight of di sp laced water/ Weight density of water 
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Figure 3.3 Platform Scale for Measurement of Volume and Density of Irregular Shapes 

(Mohsenin, 1970). 

By knowing the weight and volume, the weight density of the apple is calculated by the 

ratio of weight to volume. A sample of twenty of 70-count apples were taken to measure 

the density, a table of calculations are shown in Appendix 4. The average of calculated 

density is 978.47kg/cubic meter. 
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3.2 MECHANICAL PROPERTIES OF PAPER PULP 

Very little data has been found on mechanical tests for the paper pulp material. When 

detailing the material properties for paper pulp, most of the literature concentrated on 

chemical composition , burst strength and edge compression strength . The major material 

properties required are Young's modulus and Poisson's ratio. However, tensile tests had 

been conducted by assuming no non-linearity in the material, but the test procedures are not 

specified (Holt and Scholl, 1984). Moisture content has been found to be very important in 

the mechanical behavior of the trays as it contributes the formation of tray tears, which are 

thought to be an important aspect in preventing the apples from damage. It was found that 

the increase in moisture content decreases the stress and energy of failure and increases the 

deformation. 

3.2.1 STRESS, STRAIN AND YOUNG'S MODULUS 

Initially, Holt and Scholl (1984) detailed a test procedure on paper pulp material. They 

performed tension and compression tests by using the Instron Universal Tester and standard 

jaws. Heap (1994) followed the same experiments using the Instron Universal Testing 

machine. Holt and Scholl specified no test standards, but Heap followed the procedure as 

set out in test standard AS 1301.448s - 91 (Australian Standards). Both Holt and Scholl 

and Heap conducted the experiments when test samples were at 8% moisture content 

(which is as directly received from the supplier) and 14-15% moisture content (conditioned 

for 5 days in a cool store at 1 °C). Both authors used a 'Dog Bone ' shaped test sample (as 

shown in the Figure 3.4) for tensile strength despite the ASTM standard's requirement to 

use a straight sample. Heap found the failures in test sample at the grips of the test 

machine; specimen dimensions were as used by Holt and Schoorl. Holt and Schoorl have 

given the values of tensile strength as 1.39 N /mm 2 and 1.12N lmm 2 and the failure 

strains as 0.072 and 0.082 for 8% and 14% moisture contents respectively. Heap gives the 

values of stress as 4.43N lmm 2 at the deformation of 1.547mm for 8% moisture content 

and stress as 3.822N /mm 2 at the deformation of 2.252mm for 14% moisture content. 

With the above values, it was possible to calculate Young's modulus by using the formulas: 

F 
Stress (a) = - ; 

A 

Where: 

Strain E = a max • 
L , 

F = Force associated with maximum extension 

L = Original Length of test piece 

a max = Maximum extension of test sample 

A = Cross-sectional area of test piece. 

Young's Modulus= a IE 

Using the stress and strain calculated from the two test results found in the literature, the 

values of Young's modulus were obtained: 
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Heap= 143.183 N I mm 2 (8% MC) 

= 84.85N /mm 2 (14% MC) 

Holt and Schoorl = 19.37 N /mm 2 (8% MC) 

= 15.55 N /mm 2 (15% MC) 

Ashdown (1995) also performed an experiment on paper pulp material until it reached its 

non-linear behavior by using the Instron Screw Driven Testing Machine. He used the 

straight sample (as shown in the Figure 3.4) as recommended in the ASTM test standards 

instead of 'Dog Bone' sample, which was used by the other authors. He calcu lated the 

Young's modulus from the stress-strain graph (as shown in the Figure 3.5) using the e lastic 

region when the test sample was conditioned to normal atmospheric conditions. Ashdown 

gives the Young's modulus as 221 ± 64N / mm 2
. He also performed experiments on 

samples of pulp paper that had been conditioned in a cool storage for 24 hours, which 

contain higher moisture. He observed that the test pieces displayed essentiall y linear 

behavior with a lower Young's modulus, giving the value of E = ISON / mm
2

. 

-
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Straight Sample Dog Bone Sample 

Figure 3.4 Straight Test Sample and Dog Bone Test Sample. 
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Figure 3.5 Stress-Strain Graph of Paper Pulp Material (Ashdown, 1995). 

Neither Holt and Schoorl nor Heap used extensometers attached to the specimen, but 

simply measured movement of the test machine jaws. They assumed that all the 

deformation occurs uniformly along the test area, which is not true. Movement may occur 

due to settling in the jaws and there will be some extension to straighten the sample. 

Straight samples have an advantage over 'Dog Bone' samples of having a constant cross­

sectional area through the entire length. All the extensions during the test, with the 

exception of jaw settlement can then be assumed to occur over a known cross-sectional 

area. This makes the results much more accurate and reliable than for the ' Dog Bone' 

shaped test sample. 

Holt and Schoorl test pieces were cut from an actual tray and therefore curved in the. 

contour of the tray. The values they give for extension seem to include the movement of 

the testing machine jaws that was required to straighten the test piece; therefore, these 

results are not a reliable measurement of deformation of test sample. However Ashdown 

measured the Young's Modulus directly from the stress-strain graph. The graph is curved at 

the start of the stress-strain plot, before setting into a straight line. This c;:urve is where the 

test sample is to straightening out and the test machine jaws become firmly seated. 

Ashdown did not consider this initial curved part in measuring the Young's Modulus. 

Ashdown found a big variation between his calculated values and literature values therefore 

he performed another experiment by using Three Point Bend Test (a three point bend test 

was shown in Figure 3.6). A strip of 150mm x 10mm material was simply supported at 
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each end and loaded with a 0.1 N test weight in the middle. Theoretically, the deformation 

can be calculated by the formula: 

Where: 

a Max = Maximum Displacement 

P = Applied Load 

L = Length of the Test Sample 

E = Young's Modulus 

I = Moment of Inertia 

PL3 a =-­
Max 48EI 

He compared the theoretical values with practical and FEA model analysis, and he found 

experimental and theoretical tests give good correlation for maximum displacement. 

However, in a few incidents the moisture content in the tray might reach more than 18% 

MC, none of the authors has conducted experiments on Friday Trays beyond 18% MC and 

therefore it was decided to move forward to look at how the material properties will change 

with moisture content. 

Simple 
support 

Applied Test Load 
(W) = 0.1 N 

i 
Max. 
displ. 

Sample Length = 150mm 

Un-deformed paper pulp test 
/ sample 

Simple 
support 

Figure 3.6 A Three Point Bend Test on Paper Pulp Material. 
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CHAPTER 4 
EFFECT OF MOISTURE CONTENT ON MECHANICAL PROPERTIES OF PAPER PULP MATERIAL 



4.1 TENSILE STRENGTH TESTS 

During transit, the Friday trays are subject to complicated biaxial stresses including shear, 

and are handled at different temperatures and relative humidity conditions. Hygroscopic 

materials such as paper products, wood products, agricultural products etc will absorb 

moisture from the surrounding environment and tend to reach its equilibrium state 

(Kodandapani, 2000). The physical and mechanical properties of paper materials are 

affected by its moisture content, in which, it is dependent on the humidity of the 

surrounding environment. 

The research done by Yeh et al ./1991) shows that the changes in surrounding atmospheric 

conditions change the paper material properties and tend to exhibit non-linear mechanical 

behaviour. His experiments showed that increase in relative humidity from 40% to 95 % 

increases the percentage of moisture content in paper material from 6.63 to 23.04%, which 

decreases the strength (stress) from 60MPa to 30Mpa with increasing strain from 0.018 to 

0.028. Heap showed that keeping the tray samples at cool storage for 24 hours will rose the 

moisture content from 8% to 15%, and tested for stresses and strains at only these moisture 

content levels. Ashdown also performed the experiments that had been conditioned for 

one-day in a cool storage, but the data of moisture content percentage was not given. 

While reviewing the processes of apple packaging, there are three main occasions where 

the Friday trays can reach higher moisture levels; they are: 

• When the cleaned apples placed in the cups of trays the trays will absorb water from 

the apples. 

• When the packed cartons are placed in the cold storage for few days before going to 

warehouse or export. 

• When the packed cartons were placed in the "Chiller" in the warehouse. 

However, when testing the samples at room temperature and humidity of 21 °C and 52% 

they exhibited 8.52% moisture content, and in the cold storage under controlled 

environmental conditions of 2°C and 80% RH they attained 16.72%. And also the samples 

where tested by placing them in a chillier at the local warehouse Pack N Save at the 1 °C 

and 95% RH, they reached 23.76% moisture content level. It is impracticable to measure 

the moisture content level when the cleaned apples are placed in the cups of trays , as it is 

difficult to measure how much water the tray absorbs from the apples. At this stage the 

moisture level in tray might exceed\ther. ,the previous stages. Neither Heap nor Ashdown 

have tested the material above 18% of moisture level. Considering these facts and lack of 

research in the behaviour of "Moulded Pulp Material" properties with increasing moisture 

content, a decision was made to investigate further. Research done by Yeh et al (1991) 

33 



enthused to do further research on Apple Trays; a series of tensile strengths were therefore 

undertaken to assess the strength of the trays at different moisture content levels of 20, 

40,60, 80 and I 00%. 

4.2 SAMPLE DIMENSIONS 

Initiall y, al l the experiments were carried out by using the Hounsfield Tensometer. As 

recommended by Briti sh Standards (Hounsfield Tensometer Instruction Manual ) the test 

sample is in dog bone shape. The length of test sample is 63.5mm (testing area) and the 

width is 12.7mm. and the total length of sample shou ld be 159.25mm and width of 38.1 mm 

at the given radius of 25.4mm (LI , WI , L , W and RI as shown in the Figure 4.1 

respectively, all the dimensions were converted from inches to mm). 

The Australian Standards (AS 1301.448s-91) states that rectangular samples shou Id be used 

with the dimensions of 15mm wide and 250mm length that are used by Ashdown (1995). 

Heap ( 1994) found a high number of 'Jaw Breaks' where the test samples fa iled near to the 

testing machine jaws, rendering the data invalid . Therefore she followed the same 

dimensions, sample of 50mm length and I 0mm width (test ing area), which are used by 

Holt and Schoorl ( 1984). Yeh et al ( 1991 ) also used dog bone shape samples; he followed 

the ASTM & TAPPI testing standards. The pecimens were prepared by cutting out 152.4 

by 50.8mm rectangular samples. which were then cut into a dog bone shape. 

When starting the initial experiments two different shapes and four types of sample 

dimensions were found from the literature. The was confusion as to what dimen ions and 

shape shou ld be used to perform the experiments. Hence, each of five sample dimensions 

provided by the previous researchers were prepared and tested , and most of the samples 

broke near to the tes t machine jaws. It was observed that most of the straight sample broke 

either at very near to the jaws or under the jaws. Samples broke at weak areas because the 

' traight samples have varied cross-sectional area, as the samples do not have a uniform 

thickness. Where as in ·Dog Bone' samples, the maximum load acts on the middle section 

to break in the middle, as the cross-sectional area of the sample at the gr ippers is greater 

ti-@) the cross-sectional area in the middle section. Experiments showed that length of the 

sample did not show any influence on the splintering of samples in the middle, but the 

width is the major concern. 

Therefore, tests using 'Dog Bone' shaped samples with a length of 100mm and different 

widths (tes t area) of 10, 15 and 20mm were carried ou t. All samples were firmly flattened 

before testing. It is very difficult to get the flat samples from Apple Trays and therefore 

few samples were cut from the lids of egg trays (one dozen tray boxes) and tested, 

assuming that both materials have similar mechanical properties as both materials were 

made out of paper pulp. From the results of Table 4.1 it can be observed that egg tray 

samples broke at high stress levels. Figure 4.2 shows different samples after testing, and it 
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can be seen that 10 and 15mm width samples broke near to the machine jaws, 20mm 

sample broke in the middle and showed good correlation between the stress values. Hence, 

it was decided to continue the experiments with 'Dog Bone' sample with the dimensions of 

100mm long and 20mm test width. The sample dimensions are shown in the Figure 4.1 

S. No 
Width Thickness Area Load Stress 

(W) (T) (A=T*W) (P) (P/A) 
Observation 

1-20 19.31 1.61 31.081 63.2 2.0334 Broke in the Middle 

2-20 20.05 1.90 38.095 82.0 2.1525 Broke in the Middle 

3-20 19.70 1.80 35.460 84.0 2.3689 Broke near to the Grips 

4-20 19.38 1.59 30.806 63.0 2.0450 Broke in the Middle 

5-20 19.25 1.60 30.800 62.0 2.0334 Broke in the Middle 

15MM WIDTH SAMPLES 

1-15 14.53 1.52 22.086 50.5 2.2866 Broke at the Grips 

2-15 15.22 1.56 23.738 62.0 2.6118 Broke near to the Grips 

3-15 14.49 1.65 23.900 53.0 2.2176 Broke near to the Grips 

4-15 15.12 1.83 27.585 42.0 1.5226 Broke in the Middle 

5-15 14.65 1.58 23.139 53.0 2.2905 Broke near to the Grips 

10MM WIDTH SAMPLES 

1-10 9.41 1.71 16.083 23.0 1.4301 Broke at the Grips 

2-10 10.20 1.50 15.249 35.0 2.2952 Broke at the Grips 

3-10 9.86 1.60 15.768 32.0 2.0294 Broke near to the Middle 

4-10 10.10 1.86 18.786 23.0 1.2243 Broke near to the Grips 

5-10 10.50 1.68 17.640 36.0 2.0408 Broke near to the Middle 

EGG TRAY SAMPLES - 20MM WIDTH 

1 19.64 1.23 24.157 127.0 5.2572 Broke in the Middle 

2 19.78 1.26 24.923 130.0 5.2161 Broke in the Middle 

3 19.66 0.92 18.083 101.0 5.5855 Broke in the Middle 

4 19.33 1.16 22.419 132.0 5.8879 Broke near to the Grips 

5 20.22 0.81 16.378 76.0 4.6403 Broke near to the Grips 

Table 4.1. Test Results of Different Samples of Different Widths. 
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4.3 ENHANCING MOISTURE CONTENT 

There are several ways to enhance the moisture content level in a substance; they are 

(Pande, 1975): 

• 
• 
• 
• 
• 

Adsorption of gasses by charcoal. 

Conditioning the samples at low temperatures and high Relative Humidity . 

Keep the samples in steam chambers . 

Soak the samples in the water; temperature of the water affects the absorption . 

Adding chemicals such as inert acetyl (CH3CO), Polyvinyl Alcohol and solution of 

salt in water etc, often these chemical adding takes place to maintain constant 

moisture content level. 

Among all these processes, soaking the samples in water for a few minutes to accomplish 

desired moisture content is the easiest way and less time consuming, therefore the same 

technique was followed. 

4.3.1 MEASURING MOISTURE CONTENT 

Methods of moisture measurement can be broadly classified into two groups: Direct 

(Chemical) and Indirect (Physical) (Pande, 1975). In direct methods , moisture is removed 

from the material by oven drying desiccation, distillation and other physicochemical 

techniques , and its quantity found by weighing or observing changes in the pressure or 

temperature. In indirect methods, moisture is not removed from the material, but the 

parameters of the wet solid, which depend on the quantity of water or number of 

constituent hydrogen atoms present are measured . While exploring for the accurate and 

easy method to measure the moisture content other then Oven Drying method, it has been 

found that many authors have investigated that there is a relation between the moisture 

content of hygroscopic materials and their de conductivity or de resistance. Kujira and 

Akhari (1923, Original not seen) studied the change of resistance of paper and cloth with 

changing humidity conditions and found that resistance fell with increasing humidity, the 

logarithm of the resistance being practically a linear function of the humidity. Therefore 

the effect of moisture content on the electrical resistance of moulded paper pulp material 

has been studied. Five samples were cut from different trays and the percentage of 

moisture content raised to 20, 40, 60, 80 and 100 and then tested. Samples were placed on 

non-conductors at a distance and resistance measured with a digital voltmeter, the 

arrangement is shown in the Figure 4.3 . The obtained results are given in Appendix 4, and 

a graph has been plotted between the resistance and moisture content as shown in the 

Graph 4.1. From the graph it can seen that the relation between resistance and moisture 

content are incoherent. However, the samples below 30% moisture content showed good 

correlation between values and are linear. According to Pande (1975), it is not reliable to 

measure the moisture levels above its Fibre Saturation Point (FSP approximately 30% 
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moisture content) by electrical method. Even below 30% moisture content samples showed 

big variation between the values. It is because of two reasons, thickness of the sample and 

sample wrenching. While measuring, if the sample moves, the relation between the 

resistance and moisture content of material are different. Charging currents of geometrical 

and internal capacitances will surpass the conductivity. The material movement can be 

considered as replacing the de current by an ac current of a proper frequency. Therefore, it 

is not an appropriate method to measure the moisture content and resistance by using a 

simple Voltmeter. It is necessary to have separate calibrations made taking into account 

the variation of the resistance moisture characteristics due to variations in fibre , size, 

density and movement. 

8 

Voltmeter 

Test Sample 

Non-conductor Beams 

Figure 4.3 A Simple Arrangement to Measure the Moisture Content by Electrical Method. 

Hence, it was decided to measure the moisture content by Oven drying. There are two 

procedures to measure the moisture content in the samples by oven drying method; Wet 

basis and Dry basis, for all scientific calculations the Dry basis method is used 

(Kodandapani, 2000). 
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• 100% Moisture Content Sample • 40% Moisture Content Sample 

• 80% Moistu re Content Sample • 20% Moisture Content Sample 

• 60% Moisture Content Sample 
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Graph 4. 1 Relation between Res istance and Moisture Con tent of M oulded Pulp Tray Samples. 
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% Of Moisture content (Dry Basis) = Wet Weight - Dry Weight Xl 00 
Dry Weight 

% Of Moisture content (Wet Basis)= Wet Weight - Dry Weight XlOO 
Wet Weight 

Moisture content of the samples was assessed by the method of Oven Dry ing as described 

in the Australian Standards AS 1301 P401s-78. The samples were weighed after drying in 

an oven for two hours at 105°C and cooled at room temperature and relative humidity until 

equilibrium moisture content was attained then re-weighed and the percentage of moisture 

content established by Dry Basis method . 

4.3.2 CONDITIONING OF SAMPLES FOR TESTING 

Australian standards AS 1301.P414 86 on conditioning of paper states that prior to testing, 

paper samples should be conditioned for 24 hours at 20-35% Relative Humidity and a 

temperature not above 40°C. After conditioning as above, it was decided that in order to 

simulate conditions experienced within the industry and the warehouse where Friday trays 

are stored and used, it would be more appropriate to test trays with higher moisture content 

levels. Sample from 5 different trays were therefore tested direct from the supplier as per 

Australian Standards. The remaining samples each of five were tested at different moisture 

levels of 20, 40, 60, 80 and 100%. 

4.4 MATERIAL PROPERTIES AT VARIOUS MOISTURE LEVELS 

Moulded pulp trays (as it is made of paper material) belong to the family of man-made 

cellular solids as they are made of interconnected networks of fibres or plates, which form 

the edges and faces of cells. Cellular solids have physical, mechanical, and thermal 

properties that are measured by the same methods as those used for fully dense solids 

(Gibson & Ashby, 1988). Hence, all the experiments were conducted by traditional 

equipment that are used to measure stress and strains in solids (metals). 

Samples were taken from twelve trays at the possible sites where splitting on impact may 

occur, selected randomly from a bundle of different size trays . A die was made to cut the 

samples accurately as per the selected sample dimensions; the die is shown in Figure 4.4. 

Five samples were tested directly and five of each brought approximately to 20, 40, 60, 80, 

100% MC. Before testing, all the samples were flattened firmly assuming that there will be 

no structural changes. Thickness was measured in the centre of the five regions across the 

sample, and the average thickness was used for stress calculation. Samples at 20, 40, 60, 

80, 100% MC were selected at random from sealed plastic bags, being removed 

immediately prior to testing to reduce evaporation. 
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Figure 4.4 A Die and Roller to Cut the Samples. 

Cell fluids contribute to the strength of open-cell foams in a completely different way. 

When the foam is compressed, the fluid it contains is squeezed out; when extended, fluid is 

drawn in. The faster the foam is deformed the more work is done; the pore fluid introduces 

a strongly strain-rate dependent contribution to the strength (Gibson & Ashby, 1988). 

Therefore a sophisticated machine Texture Analyser was selected to maintain the constant 

extension rate to perform the tests . The Texture Analyser is a microprocessor controlled 

texture analysis system, which can be interfaced to a wide range of peripherals, including 

PC-type computers . The main strengths of the Texture Analyser are versatility and ease of 

use . To obtain a great amount of analytical flexibility, the Texture Analyser was connected 

to an IBM PC or true equivalent running the Stable Micro Systems XT.RA Dimension 

software package (T AXT 2 Operating Manual, 199 5) . The package allows the user to see a 

real-time graphical display of test progress and hand copy of output files . Tools are 

provided to make measurements such as distance, force ratio, areas, gradients and means 

between two points and as well as spot values . Sophisticated electronics allows the user to 

record Force and Distance measurements at accurate time intervals. 

Samples were loaded into the jaws of a Texture Analyser testing machine set at a minimum 

of 4 7mm apart and were tested to a braking point at an extension rate of 1 0mm/min as 

recommended by the Australian Standards AS 1301.448s-9 l . 
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4.4.1 RESULTS AND CONCLUSIONS 

From the results of force and distance, the raw data of stress and strain to failure are 

calculated by the following equations and given in the Appendix 4. 

Stress = Force/Cross-Sectional Area of sample 

Cross-Sectional Area= Mean Thickness X Sample Width (20mm) 

Strain = Change in Length/Original Length 

Results of percentage of moisture content, mean sample thickness (mm), Force (N), failure 

stress and strain are given in the Table 4.2. Graphs 4.2, 4.3, 4.4, 4.5, 4.6 and 4. 7 shows the 

obtained stress-strain curves at different moisture levels. These graphs clearly show a non­

linear behaviour when the moisture content is high. Results from the tests showed that 

there were significant differences between the values of stress and strain at different 

moisture levels . Looking at the Graph 4.8 stress-strain for moisture content from zero to 

100%, are observe that the samples at room temperature and RH show the highest stress 

levels and in 20% and 40% MC samples moisture content there is a decrease in strength 

with a maximum strain. It appears that the samples at biological conditions were more 

brittle and tend to snap rather than stretch prior to failure. Moisture in the material 

increases the ability to extend, but at the expense of decreased strength (Stress). With the 

increased moisture content, i.e. greater then 40%, the ability of the material to extend start 

to decrease, accompanied by a further decrease in strength. Apparently this is a change in 

mechanism of failure when moisture is high. Is this a breakdown in the bonds between the 

fibres, which would be non-recoverable? Therefore a simple experiment was set up to 

validate the results obtained. Each of three samples were taken up to 60, 80 and 100% MC 

and dried at room temperature and RH to 20% MC, and then tested. The results are given 

in Table 4 .2 and the Graphs 4.9, 4 .10 and 4.11 shows the obtained stress-strain curves of 

60,80, and 100% MC samples down to 20%. 

From Graph 4 .12 it can be observed that samples broke at lower stress levels when 

compared with actual 20% MC samples. Thus samples that have been dried after being 

subject to high moisture (above 40%) do not fully recover their strength. Hence it can be 

can deduced that high moisture contents causes a permanent collapse in the fibre bonding. 

Hence, a decision was made to examine fibre holding together under microscope at 

different moisture contents. This is discussed in the next section. 
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Table 4.2 Stress and Strain Results of Moulded pulp tra y Samples at Different Moisture Levels 

''' Width or the Sample= 20mm ''' ll! or Moi~turc Con tent = (Weight Arter - Wei ght 13 elo re )''' I 00 / Weight Before 

Samples of No Moisture Content (Room Temperature and Humiditv - Assuming that No Moisture content in the Sa mple) 

Weight 
Weight after % of Moisture 

Average 
Area Force in Stress 

Original Change in 
Sample No. Before (m.gms) Content 

Thickness 
( 111111

2
) Newtons (N/mm 2

) 
Length Length Strain 

(m.gms) (mm ) (mm) (mm ) 

I - I - - - 1.533 30.65 63.295 2.065 I 44. 15 1.788 0.0405 

I - 2 - - - 1.408 28. 16 58.365 2.0726 65.36 2.8 10 0.0430 

I - 3 - - - 1.836 36.72 76.446 2.08 19 57.90 2.430 0.0420 

I - 4 - - - 1. 208 24. 16 48 .863 2.0225 46.27 1.893 0.0409 

I - 5 - - - 1.442 28.84 58.597 2.03 18 48.47 2.000 0.04 13 

Samples of 20 % Moisture Content 

2 - I 1343 16 15 20.25 1.406 28. 12 46.024 1.637 78 .33 6.588 0.084 1 

2 - 2 923 1101 19 .28 0.902 18.04 30.320 1.68 1 49.3 1 3.768 0.0764 

2 - 3 12 15 1465 20.58 1. 3 18 26.36 43. 12 1 1.636 78 .93 6. 108 0.0774 

2 - 4 972 11 67 20.06 0 .948 18.96 30.870 1.628 55.79 4 . 170 0 .0747 

2 - 5 94 1 11 38 20.94 0 .906 18.12 29.364 1.62 1 58.43 4.390 0.075 1 

Samples of 40 % Moisture Content 

3 - I 1280 1782 39.22 1. 338 26.76 26.746 0.999 62. 19 5.2 IO 0.0838 

3 - 2 987 138 1 39.92 0.996 19.92 18.543 0.93 1 44.67 3.490 0.078 1 

3 - 3 975 1372 40.72 0.982 19.64 18. 127 0.923 40.63 3.190 0.0785 

3-4 1095 1525 39.27 I . 140 22 8 23.07 1 1.01 2 5 1.63 3.790 0.0734 

3 - 5 835 11 79 4 1.20 0 .850 17 5.787 0.340 58 . 17 1.349 0.0232 
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Table 4.2 Continued. 

~ 

Weight 
9'c of I\ Ioisture 

Avcrngc 
Sample No. Before Weight after 

Cont e nt 
Thickness 

(mgms) (mm ) 

Samples of 60 % Moisture Content 

4 - I 1523 2---153 6 1.06 I 602 

4 - 2 11 54 1848 60. 14 1.294 

4 - 3 1054 1688 60. 15 1. 120 

4 - 4 157 1 2525 60.73 1.648 

4 - 5 99 1 1487 50.05 1.064 

Samples of 80 % Moistm·e Content 

5 - I 13 17 2379 80.64 1.448 

5 - 2 1848 334 1 80.79 1.944 

5 - 3 1492 2680 79.62 1.546 

5 - 4 1955 35 13 79_69 2. 11 2 

5 - 5 164 3 2939 78_88 1.740 

Samples of 100 % Moisture Content 

6- I 1237 25 11 102.99 1.336 

6 - 2 1879 3748 99.47 1.776 

6 -3 2034 4075 100.34 2.297 

6 -4 1903 38 11 100.26 2.045 

6 -5 1982 40 12 102.42 2_ 107 
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A r 

( 1111 

ca 
11 2) 

--

32 0---l 

25.88 

22.4 

32 .96 

2 1.28 

28.% 

38.88 

30.92 

42.24 

34.8 

26 .72 

45_94 

40 .9 

42 . 14 

Force in 
Newtons 

17.699 

l---l.5 10 

12.713 

? 1.549 

12.264 

7.467 

10.62 

8.37 1 

11 .735 

9.997 

4. 166 

-

7.403 

6.654 

6.470 

Stress 
(N/mm 2

) 

()_5 5'1 

0 .56 1 

0.568 

0.654 

0.576 

0.258 

0. 273 

0 .27 1 

0.278 

0 .287 

0 .1 56 

0 _16 1 

0 . 163 

0 . 154 

Orig inal 
Length 
(mm) 

47_39 

62 .63 

44.93 

7 1.27 

52 .74 

48 .2 1 

53 .3S 
47.92 

60.06 

57.50 

42.09 

57.80 

71.75 

73.50 

56.4S 

Change in 
Length 
(mm) 

2_693 

3.368 

2.---14 0 

5.048 

2.948 

2. 130 

2.388 

1.968 

2_770 

2.5 13 

1-3 10 

2_800 -
3.260 

2 .090 

Strain 

0.0568 

0 .0538 

0.0543 

0 .0708 

0.0559 

0 .0442 

0 .0448 

0.04 11 

() _046 1 

0 .0437 

0.03 11 

0.0390 

0 .0444 

0_0370 



Table 4.2 Co ntinued. 

---

Weight 
1/c of l\ loisturc 

A \'cragc 
Sample No. Before Weight after 

Content 
Thickness 

(mgms) (mm) 

Arca Force in Stress 
Original Change in 

( 111111
2

) Newtons (N/mn/) 
Length Length Strain 
(mm) (mm ) 

Samples Brought up to 60. 80 and 100 % Moisture Content and then dried the samples to rearh 20 % Moisture rnntent 

Samples of 60 to 20 % Moisture Content 

60 - I 1498 1798 20.03 1.598 3 1.96 39.882 1.248 62.39 4 .760 0.0763 
60 - 2 882 1087 23 .24 0.890 17.8 17.005 0 955 52.63 2.693 0.05 12 

60 - 3 1254 1509 20.33 1.364 27.28 32.92 1 1.207 6 1 .93 4 .620 0.0746 

Samples of 80 to 20 % Moisture Content 

80 - I 10 12 1249 23.42 0.984 19.68 13. 168 0.669 38.2 1 0.908 0.0238 

80 - 2 11 72 14 11 20.39 1.242 2-1.84 2 1.00 0. 845 7 1.35 2.760 0.0387 

80 - 3 1352 1629 20.49 1.338 26.76 22.995 0 .859 38.92 1. 130 0.0290 

Samples of 100 to 20 % Moisture Content 

100 - I 11 97 1437 20.05 1.220 24.4 10.227 0.4 19 50.09 1.248 0.0249 

100 - 2 1389 1678 20.8 1 1.422 28.44 12.9 10 0.454 57 .2 1 1.490 0.0260 

100 - 3 12 11 1465 20.97 1.296 25.92 11 .028 0.425 55.75 1.440 0.0258 
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Graph 4.2 Relation between Stress and Strain Curves for the Samples at Room 
Temperature and Relati ve Humidity (No Moisture Content Samples) . 
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Graph 4.3 Relation between Stress and Strain Curves of 20% Moisture Content Samples. 
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Graph 4.4 Relation between Stress and Strain Curves of 40% Moisture Content Samples . 
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Graph 4.5 Relation between Stress and Strain Curves of 60% Moisture Content Samples. 
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Graph 4.7 Relation between Stress and Strain Curves of 100% Moisture Content Samples. 
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Graph 4.9 Relation between Stress and Strain Curve of Samples Desiccated to 20% MC from 
60% MC. 
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Graph 4 .10 Relation between Stress and Strain Curve of Samples Desiccated to 20% MC from 
80% MC. 
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Graph 4.11 Relation between Stress and Strain Curve of Samples Desiccated to 20% MC from 
100% MC. 
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From the Graphs 4.4, 4.6, 4.7, 4.9, and 4.10, it can be observed that some of the samples 

failed at lower than stress levels. This trend follows the literature as the moulded tray cells 

are elongated or aligned in particular directions , and this gives them properties that depend 

on the direction in which they are measured (Gibson & Ashby, 1988). 

From the results the strai n is high compared with the literature values. Literature shows 

that total strain is the combination of creep strain and elastic strain (Ashby and Jones, 

1980). Therefore a decision was made to perform creep tests on the moulded pulp tray 

material to find out the creep strain with respect to time. 

4.5. STRUCTURE OF THE PAPER PULP MATERIAL AT DIFFERENT MOISTURE CONTENTS 

The properties of the material are dependent on the material's structure. In man-made 

composite materials the orientation of the fibres plays a major role in the strength of the 

product. The strength of the cellular materials depend on not only on the orientation but 

also on factors such as (Jacobs and Kilduff, 1985) 

The length-diameter ratio of the fibres. 

The degree of bonding between the fibres and the resin matrix , which cannot 

be easily quantified. 

The orientation of fibres in a particular composite, which may depart from 

the ideal. 

Fibre orientation may be unidirectional , bi-directional, multidirectional and random. Using 

Confocal Laser Scanning Microscope examined the structure of the paper pulp material at 

different moisture contents; it was observed that the arrangements of fibres are random 

oriented (it can be seen in Figure 4 .6a) . Confocal Laser Scanning Microscopy is a 

relatively new light microscopical imaging technique that has found wide applications in 

the biological sciences (www.mih.unibas.ch/booklet/booklet96/chapter1/chapter1 .html) . 

In the initial stage, a few samples were tested under the microscope to make sure that all 

the samples demonstrating same kind of structure. The samples were tested in two 

different ways: 

Increasing the moisture content of the samples and then sectioning before 

checking under microscope. 

A few samples were sectioned and then their moisture content raised and 

finally checked under microscope. 

In both conditions, the structure showed I ittle significant change. Therefore, one sample 

was taken to increase the moisture content from 0 to 30, 60 and 100% and then examined 

under microscope. The same sample was used to decrease the moisture content from 100 
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to 60, 30 and 0%, and the structure inspected. The figures 4.6a to 4.6d shows the structure 

of paper pulp mater at increased moisture content. And the Figures 4.7a to 4.7c shows the 

structure at decreased moisture content. 

With a careful assessment of these structures it can be observed that the matrix expansion 

might not be affected but the paper pulp fibres are affected by the immers ion of water. The 

f ibres are enl arged with increased moisture content and this acts as a mechanical plasticiser 

the reby caus ing a loss in strength . The fibres are an ova l shape (see Figure 4.6a) when 

there is no moisture content in the materia l so that the surface area of bonding between 

neighbouring fibres is more. At the increased mo isture content the fibres become c ircular, 

in this situation the surface area of the bonding between the fi bres is decreased caus ing a 

loss in strength (as illustrated in the Figure 4.5). The moisture in the fibres also causes a 

decrease in e longation. 

From the Fig ures 4.7a to 4.7c it can be noticed that the structures from 100% MC to 30% 

did not return to the origina l form. Though the structure is back to 0% moisture content, 

the fibres still remai n hollow and circu lar and the materi al cannot recover to its original 

state. 

Surface area of bonding 
between two fibres at dry 
conditions 

Surface area of bonding 
between two fibres at wet 
conditions 

Figure 4.5 An Illustration of Fibres at Dry and Wet Conditions 
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(a) No Moisture Content (b) 30% Moisture Content 

( c) 60% Moisture Content ( d) 100% Moisture Content 

Figure 4.6 Microscopic Structures of Paper Pulp Material with Increased Moisture Contents 

at 40X Magnification. 
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(a) Back to 60% MC (b) Back to 30% MC 

(c) Back to 0% MC 

Figure 4.7 Microscopic Structures of Paper Pulp Material with Decreased Moisture 

Contents at 40X Magnification. 
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4.6 CREEP ANALYSIS 

A specimen undergoing continuous deformation under a constant load or stress is said to 
creep (Garofalo, 1965) . Creep is s low, continuous deformation with time: the strain 

depends not only on stress but also temperature and time (Ashby and Jones, 1980). 

£ = J(a, t, T) Creeping Solid. 

This is in contrast to the room-temperature behaviour of most metals, in wh ich the strain is, 

for the practical purposes, independent of time: 

£ = f (cr) Elastic/Plastic so lid. 

In common the creep refers to strain that is time dependent and may include elastic, viscous 

and plastic deformations. An understanding of c reep and creep-rupture involves an 

examination of elastic deformations, viscous deformations, a number of modes of plastic 

deformations at the microscopic and sub microscopic levels and other properties such as 

self-diffusion. Garofalo (1965) categorised creep into three stages, "Primary Creep", 

"Secondary (or Steady S tate) Creep" and "Tertiary Creep". As explained by Garofalo the 

description of creep is as follows. 

Creep of meta ls and non-metals can be demonstrated directly by a creep curve, which 

represents graphicall y the function between creep stra in and time. An idealized creep curve 

is shown schematically in Figure 4.8. 

The strain t o is obtained immediately upon loading and exhibits characteristics of plastic 

deformation that includes e lastic deformation. Between t o and t 1 the creep rate decreases 

continually; this period of the creep is call ed "Primary Creep". Between t 1 and c2 the 

creep rate remains nearly constant, indicting a nearl y steady-state condition. This portion 

of the creep history is called "Secondary (or Steady State) Creep". The secondary creep 

rate, cs, is g iven by 

8 2 - £1 
cs=--"---'-

tz -t1 

Beyond c2 the creep rate increases continually until rupture occurs at the strain cr and 

rupture time tr. The period of increasing rate is called "Tertiary Creep". 

There are two ways to measure the creep, either by constant load method or constant stress 

method. Creep strongly depends upon stress and therefore the basic creep studies should 
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be made under a constant stress. However, for experimental convenience creep data on 

engineering materials are often obtained under a constant tensile load. 

E:r --------------------

tr 
TIME 

Figure 4.8 Schematic Representation of the Creep-rupture Curve ( Garofalo, 1965) . 

4.6.1 TEST PROCEDURE 

An experiment was designed and conducted to evaluate the creep strain over time. The 

experimental set-up is as shown in the Figure 4.9. The test sample was placed in between 

clamps at minimum distance of 60 mm apart. A dial gauge indicator with an accuracy of 

0.01mm was positioned on top of the weights to measure the strain. No testing procedures 

were followed because creep-testing procedures for paperboard do not appear to be covered 

by ASTM or similar standards. Nevertheless, distinctive care was taken to prevent shear 

stresses and strains; all the clamps, tensile load and sample were aligned in vertical line. In 

addition the whole equipment was protected from vibrations and moments to measure 

accurate values. 

Creep tests, are by their nature time consuming; hence, only five samples were tested. Tests 

were conducted at different temperatures and RH to achieve different moisture content 

levels. 
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The first sample was tested at room temperature 25°C and 40% RH with a MC of 5.73 ; the 

sample took approximately two days to break with an initial stress of 1.65 N/mm2 at the 
given load of 58.5N. Initially, it was thought that samples would perform differently in 
creep compared with single crystals and the polycrystals of metals and alloys . But the 
creep curves of the samples were seen to behave just the same as metals. 

, .. ; -· . 
I I 

.. . 

Figure 4.9 A Simple Arrangement of Creep Testing. 

Hence a decision was made to increase the initial stress level to test the other samples. 
Two samples were tested at the controlled temperature of 21 ± 1 °C and RH of 50±2, with the 
initial stress of 2±0.05 N/mm2 given by the load of 54.5N. Another two samples were kept 
in cool storage at l 5°C and 65% RH and tested in the cool storage itself as the samples 
attained approximately 12% of MC. These samples were also tested at the load of 54.5N 
and the given initial stress of 2±0.005 N/mm2

. 
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4.6.2 RESULTS AND CONCLUSIONS 

Results of displacements with respect to time, and the calculated creep strains are g iven in 

Appendi x 4. From the Graphs 4.13, 4.14, 4.15, 4.16 and 4.17 it can be observed that at the 

lower initial stress and lower moisture con tent levels, it took more time to break the 

sample. The creep tests, as with the tensile tests showed more elongation to fai lure with 

increased moisture content. And also from the given graphs it can be observed that the 

percentage of moisture in the samples increases the Primary Creep and Tertiary Creep with 

a decrease in Secondary (or Steady State) Creep. It was not possible to measure the strain 

above 12% MC, as it was found very difficult to maintain the temperature and RH. 

The research done by Monkman and Grant (1956) shows that it is poss ible to estimate the 

ru pture life once the minimum creep rate has been determined for a particular creep-rupture 

test. Practically, creep tests in metals are usually designed to be long-term tests for as long 

as ten or twenty years or more at high temperatures. Therefore, there is a cons iderable 

interest in estimati ng lo ng-term lives from tests of relatively limited duration. In meta llic 

alloys the creep rate increases with respect to temperature but in hygroscopic materials the 

increased moisture content increases creep rate, at the given constant load. However, in 

long-time tests, once a minimum creep rate has been determined, the rupture life may be 

estimated from the empirical relationship given in the equation below. 

logTr + m log (mer) = c 
Where 

Tr = the rupture I ife 

mer= the minimum creep rate 

m and c = constants 

... Equation 3 .1 

Within experimental error, this equation is independent of testing temperature, stress and 

chemical variation for a particular material system at elevated temperatures. The minimum 

creep rate - rupture I ife rel ationship can be used with caution in estimating long-time 

creep-rupture data from short-term data and in serving as a check on the reliability of 

individual creep-rupture data. 

It was found that it is very difficult to have the samples of the same thickness therefore the 

tests were carried out at different starting stress levels. For this reason, samples were broke 

at different strain rates; nonetheless, there is good liaison between the acquired total 

elongations. The samples 2 and 5 have approximately the same range of initial stress at the 

given constant loading conditions thus these two samples were selected to solve the 

constants 'm ' and 'c '. Once the constant were solved it is very easy to acquire the rupture 

life with the given minimum creep rate. 
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Graph 4 .13 Creep Curve for Moulded Pulp Material at Constant Tensile Load of 54.5 N 
(Stress= 1.655 N/mrn2

) and MC of 5.73 . 
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Graph 4 .14 Creep Curve for Moulded Pulp Material at Constant Tensile Load of 54 .5 N 
(Stress= 2.041 N/mni2) and MC of7.89. 
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Graph 4.15 Creep Curve for Moulded Pulp Material at Constant Tensile Load of 54.5 N 
(Stress= 2.004 N/mm2

) and MC of 7.635. 
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Graph 4.16 Creep Curve for Moulded Pulp Material at Constant Tensile Load of 54.5 N 
(Stress= 1.986 N/mm2

) and MC of 12.1 3. 
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Graph 4.17 Creep Curve fo r Moulded Pulp Material at Constant Tensile Load of 54.5 N 
(Stress = 2.005 N/mm2

) and MC of 11 .66. 
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Graph 4.18 Creep Curves for Moulded Pulp Material at Different Moisture Content 
Levels. 
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From the Graphs 4.14 and 4.17 the calculated minimum creep rate (mer) is 3.34X10-6 and 

4.2X10-6 at the given rupture life (T,) of 745 and 695 minutes respectively. By substituting 
these values in Equation 3.1, the obtained values for ' m' and ' c' are -0.31 and 1.1763 

correspondingly. 

From the Graph 4.19 it can be observed that the creep rate changes with respect to the 
initial stress. By running a number of complete creep rupture tests, the empirical 

relationship can be established at different moisture conditions, permitting an estimate of 
the rupture life for a selected or desired minimum creep rate and vice versa. 

2.88 
e % of MC = 7.89 

2.87 ~ of MC = 7.635 

2.86 

,-.. 2 35 
~ 
Cl 

2.34 0 

~ 
• %ofMC= 12.13 

_J 

2.83 

2.82 

2 8·1 % of MC= 11 .66 

-5.55 -5.45 -5 .35 -5 25 

Log (mer) 

Graph 4.19 Log-Log Plot of Rupture Life versus Minimum Creep Rate for Paper Pulp 
Material at Different Moisture Content Levels. 

From the Table 4.2 the average stress of the samples is 2.055N/mm2 at room temperature 

(20°C) and RH (50), from the Graphs 4.12 and 4.13 the total strain at the same conditions 

is 0.0162±0.001. From these values the calculated Young ' s Modulus is 140±15 N/mm2
. 

From the Table 4.2 the average stress at 20% MC is 1.6406N/mrn2
. A few test were 

conducted to find out the minimum creep rate and calculate the rupture life and then 

calculate the total strain, the calculated total strain at 20% MC is 0.0224. From the given 

stress and strain values the calculated Young's Modulus is 73.25 N/mm2
. These 

determined values are then used in the finite element modelling of apple trays . 
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4.7 POISSON'S RATIO 

No values of Poisson's ratio are found in the literature. Initially, it was decided to take the 

Poisson's Ratio as 0.1 to run the basic model. The 2D non-linear model was completed 

successfully, hence, it was decided to conduct an experiment by using a "Hounsfield 

Tensometer" and "Laserscan Micrometer" used to measure displacements , which can 

measure the dimensions accurately up to eight decimal points. 

All the samples were cut form the edges of the Friday tray where a large reliable flat 

sample can be obtained. Initially, while doing the experiments, failures were found in the 

test samples at the jaws of the test machine. The failures are due to the heavy weight of the 

machine jaws. In addition, these jaws are producing bending movement in the test sample. 

Thus, it was decided to tie the jaws parallel to the test sample to prevent the bending 

movement. The Laserscan was placed in the middle and perpendicular to the test sample 

anticipating that the major displacements in the transverse direction will occur in the centre 

of the test piece. The displacements in the longitudinal direction are measured directly 

from the Hounsfield test machine. The graph scale was set to 1 :4 for plots of force versus 

displacements in the longitudinal axis. The displacements in transverse and longitudinal 

direction are recorded; thus, the strain and Poisson's ratio can be calculated by using the 

formulas: 

Strain (c:) = Displacement 

Original length or width 

Poisson's Ratio (v) = Strain in Transverse Direction 

Strain in Longitudinal direction 

The calculated values were shown in Appendix 4, the Poisson 's ratio is calculated only for 

five samples, all samples given proximal values. The average of calculated Poisson's ratio 

is 0 .084 

4.8 DENSITY MEASUREMENTS 

Ashdown (1995) measured the density of the paper pulp and explained the assumptions and 

measuring procedure, but the data was not given. Due to the unavailability of data it was 

decided to perform density measurements. Thirty samples were collected from the 

different positions on the tray, 2/3 of the samples were gathered form the area between 

cups. This was done for two reasons. Firstly, this was the area where trays are known to 

split during handling (Holt and Schoorl, 1984). Secondly, this was the only area large 

enough to cut a reliable sample. The most important physical property of the tray was 

thickness, therefore, 1/3 of the samples were collected from different areas of the tray. All 

64 



the collected samples were in rectangular shape; spec ial care was taken to cut the samples 

w ith a s harp knife. The weight of the samples was measured by us ing a sens itive scale, and 

the length, width, and thickness were measured by us ing a Digital Micrometer. The volume 

of the test samples was calculated, and knowing the weight it was then possible to 

determine the ratio of weight to volume. The average of calculated dens ity is 272.80-

kg/cubic meter; a table of calcul ations is shown in Appendix 4. 
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CHAPTER 5 
FINITE ELEMENT ANALYSIS OF APPLE PACKING 



5.1 I NTRODUCTION 

Fin ite element analysis is a mathematical technique for obtaining so lution for various kinds 

or problems where the domain of solution consists of a set of discrete e lements. Each 

clement has a serie-, of equations. which can be solved using linear algebra. In problems. 

,, here discrete elements do not exist. we artificially create a set o r discrete elements. a 

process which introduces a certain <leg1ee ui' approximation into the problem. Finally. the 
behaviour or the system is characteri sed by combinrng the behaviours of these simple 

clements. To this end. in many cases, we have to create a simplified model or the 

behaviour of th is small clement as well. 

Finite element analysis has found many applications in diverse fields such as thermal 

engineering. flu id/hydrau lics engineering. electromagnet ic. stress & strain analysis and 

\ ibration analysis . In most cases, the fini te e lement technique yields an approximate 

-...olution to the problem. the degree of approximation being dependent on the si mpli fy ing 

as-.umptions made during the analysis and it is used only in cases where an exact solution is 

not available. Therefore. we need to be carel"ul in applying this method to a problem. It 

\\'Ould be dangerous to apply th is technique blindly wi thout knowing the limitations of the 

method and. thus. it remains an analysis tool of the ski lled engineer who is equipped with 

"engineering insight .. and ··engineeringjudgment''. 

In order to analyse a complex object accurate ly. a large number or clements arc often 

required. This means that the matrix of equations that must be generated and solved is 

huge ( many thousands of equations per matrix) . In the past, it has never been economical 

Lo do this manually due to the complexity. the time required and possible unreliability. 

Hm,·e,-cr. with rhe deve lopment or computers to model creation, so lving and viewing the 

rc~ults to analyse the problem with in the short time period, FEA packages are becoming 

popular and economical merhods or analysis. 

5.2 Ft:\DA\IENTALS OF "FEA" 

The majority o r finite element analysis methods are based on using stiffness values to 

c~tablish the disp lacements at the nodes of the loaded mesh and thereby to determine the 

..,tress in each clement (Reddy. 1993). The stiffness of elastic material may be given as: 

F= KX 

Where 

K = Stiffness: F = Applied Force. X= Displacement 
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While the displacement varies with the applied force, the stiffness remains constant for a 

particul ar component. As like other authors, the authors explained the fo rmul ations of 

stiffness matrix as follows: 

Consider a single e lement consisting of a thin . light, elastic rod of stiffness value 'K . . 

~ Node I 

I 

Node 2 

------· 

X1 ... ... 

Figure 5.1 Thin Roel Elements - Fixed at Node I and Free at ode 2 (Case 1) 
'-

Node I --------· 
X , 

Node2 ~ - ---
~ ... Q2 

\ ... ... 
X 2= 0 

Figure 5.2 Thin Rod Elements - Free at ode l and Fixed at Node 2 (Case 2) 

Node I Node 2 

--------~------------------~------· ... F2=P2+Q2 

x, X, 
... ... ... 

Figure 5.3 Thin Rod Elements - Free at Both Nodes (Case 3) 

In Figure 5.1 , ass ume that node I is fixed and the node 2 1s free to move through 

displacement ·x2• under of the fo rce P2. 
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In Figure 5.2. assume rhat node 2 is fixed and that node I 1s free ro move rhrough 
displacement ·x1 · under the action of force Q 1. 

i'\ow Qi = KX I and for equilibrium Q1+Q2 = 0: i.e. Q1 = -Q, 

111 Figure 5.3. assume that node'.-> I and 2 arc both free to move. This effectively combines 

case A and case B with resultant forces Fl and F2 at node I and node 2 respectively . 

Combining ca'.->e'.-> A and case B at node I: 

F, = P1 + Q, = -P2 + Qi = -KX2 + KX1 

F2= P2+ Q2= P2- Q, = KX2 - KX 1 

Thu'.-> in -..ummary: 

r1= KX , - KX 2 
F2= -KX , + KX 2 

Thi'.-> may a lso be expressed in the matrix form as follows: 

Noual 
Forces 

Sti llne~!> odal 
Matrix Disnlaccmc 

The -..tiffncs'.-, matrix may be com,idered as the main building block of all stress work finite 

clement mc'.-,h calculations. ow. consider a mesh. whose elements arc: two thin light rods 

or equal stiffness · K'. connected in se ries, and subjected to a fo rce at each of the three 
node'.-> a'.-> shown in the Figure 5.4. 

___ .., i-:, 

~ode I 

X , 

K 

... 

---Ill- F2 
ode l 

X, 

K 

Figure 5.4 Light Consists of Two Thin Elements of Equal Stiffness. 

---Ill- Fi 

ode 3 

Lsing the same argument as those 111 the case of rhe single element, the following matrix 
equation may be obtained. 
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odal 
hirce~ 

St1 llnc:-.~ Nodal 
Matri ;,,. Displacement 

Thu~ in the ~ame way. for any object whose geometry is known can be made up of a 

number or ~maller elements. A shape such as circles or curves can be approximated by a 

finite number of straight lines: the more lines used to approximate a shape. the more 

accurate the model would be expected to become. Once the element equations are defined 

then they can be assembled together in matrix fo rm to give the global equation. This 

equation i~ o r the same form as the element equation but represents the entire body, instead 

or ju~t one clement. Boundary conditions. or constraints can then applied. These are 

restrictions the body wil l experience and have a critical effect on the results. These set of 

-,imultancous equations are then solved using Gaussian or interactive methods. This will 

provide the primary quantity that is the unknown of the original equations. The primary 

quantity can now be used to cal<.:ulate the secondary quan tities: i.e. if the primary quant ity 

i~ displacement then stresses. strains and moments can be calculated as secondary 

quantitie~ by making u~e or the relationships. 

5.2. l STIFF~ESS MATRIX FOR PRACT ICAL ELE~IE~TS 

Engineering components arc rarely made from simple elements such as thin rods. For areas 

and volumes. the relationship between force and displacement is considerabl y affected by 
the '>tiffness ,·,tlue (Chandrupatla and Belegundu. 1991 ). Therefore. the stiffness matrix 

rnu~t be deri,·ed form a complex algebraic procedure involving a number of constituent 

matrixes each or which are of highly advanced fo rm. The general expression for the 

"tillnes~ matrix is given a~: 

Stillness matrix= V(B)'(DXB) 

( B) = Is a matrix describing the element geometry 

(Dl =Isa matrix-relating stress & strain. which includes Young's Modulus and Poisson's 

ratio values. 

(B)' = Is the tranpose Matrix of (B) 

(VJ = ls the volume of the element 

5.3 P AC KAGE D ETA ILS 

Most or the FEA packages have three essential processes involved in solving a problem, 

they are: Pre-Processing. Process ing (Solution), and Post-Processing. 
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Prior 10 the analysis of a structure by the application of the finite element method a decision 

has to be made on how the structu re shou ld be partitioned into a finite number of e lements 

a11d which type or clements is to be used. Since the finite e lement method lead:-. to a 

.... 1illnc:-..:-.. matrix eq uation for so lving for displacements at the partitioning node~. the node~ 

...,hould be :-..equentially numbered. In order to examine the partit ioning pattern to decide 

"hether it is adeq uate or should be modified. a plot or display of the partitioning with 

labelling or the nodes and element is necessary. Programs, prepared for implementing such 

a 11 eed are known as -- Pre-Processing··. 

/\rter so lving the :-.. tiffness matrix equation or a structure to obtain the nodal displacements. 

the deformed shape of the st ructure can be plotted or displayed. Also the strains and 

.... ubsequc nt ly the stresse:-.. can be computed throughout the structure by utilizing the nodal 

displacements along with the st iffness matrices of all the constituent elements. ln most of 

the ca:-..es. stress and strain distributions need to be plotted or displayed for study. Programs 

prepared for producing these needs are known as --Post-Processor' '. 

5.3. l L LSAS 13.1 

Lusas is an assoc iative feature-based model ler. The model geometry 1s entered 111 terms or 

features th at are sub-di vided (cli scret ised) into finite elements in order to perform the 

analysis. Increas ing the discret isation or the features will usually result in an increase in 

accuracy o r the solut ion. but with a corresponding increase in solut ion time and di sk space 

required. Lusas is one among the finite element packages. which is capable of so lving a 

,, ide range or engineering problems such as: 

- Linear and on-Li near Static Analysis 

- Linear and Non-Linear Dynamic Analysis 

- Creep Analys is 

- Natural Frequency Analysis 

- Buckling Analysis 
- Spectral and Harmonic Response Analys is 

- Fourier Analys is 

- Tram,ient Fluid Analysis 

- Coupled Thermo-Mechanical Analysis 

A complete fin ite element analys is in Lusas involves three stages . 

Pre-Processing 

Finite Element Solver 

Results-Processing 
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The Lusas finite e lement system consists of two parts to perform a full analysis: 

• LUSAS modeller is a fully interac tive pre- and post-processing graphical user 

interface. 

• LUSAS so lver pe rforms the fini te e lement analysis . 

5.3.1.1 PRE-PROCESSI NG 

Pre-Processing in vo lves c reating a geometric re presentation of the structure, then assigni ng 

properties. then outputting the information as a formatted data file (.dat ) suitable for 

processing by Lusas . 

Crcatin2: a Model 

A model is a g raphical representation consisting of Geometry (Points, Lines. Combined 

Linc-,. Surfaces , and Volumes ) and Attributes (Materials, Loading, Supports, Mesh , etc .). 

Each pan of the mode! is created in two steps: 

• 
• 

Define the Feature o r Attribute . 

Assign the Attribute or Attributes 

Features can be defined by ente ring coord inates. se lecting po ints on the screen or by using 

utilities such as transformations. An att ribute is fi rst defined by c reati ng an attribute 

dataset. The dataset is then assigned to chosen feat ures. For example, assign a point load 

( r\ttribute ) to a point (Feature) representing the co rner of a platform. The key success of 

a n::- finite element anal ysis is the mesh used to model the problem. If the mesh is 

inappropriate the results of the analysis are unlikely to be correct. There are basically fo ur 

techniques that arc in common use in any finite e lement pre-processors. They are. mapping 

methods. ce ll decompos itio n. surface or vo lume triangulation and synthes is methods (Yeo 

ct al 1993 ). The user shou ld be very careful while defining the mesh, w here the solution 

depends upo n the shape or the e lement. One of the most important rules w hile creating the 

mesh is that the inclined angle at the corner nodes of a quadrilateral element must be less 

then 180° which means that we cannot have a concave q uadrilateral for an e lement shape. 

In general. the inclined angle between any two adjacent s ides of a triangle or quadrilateral 

must not be close to 180° or 0°. A safe range for the included angle is in between 15° and 

165° and the best angle is 90°. Another feature of the e lement shape has to do with the 

··aspec t ratio" of the element (defined as an average width divided by an average length). 

An e lement with very small or very large aspect ratio leads to an ill conditioned s tiffness 

matr ix . which leads to an inaccurate solution . A good element must have an aspect ratio 

around one. This implies that a square shape and equilateral triangle shapes are the best 

shapes for meshing. This heurist ic rule is quite important and should not be neglected 

whi le discretsaising the domain into finite elements. Automatic mesh generation is also 
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u~cc.l by some of the finite elemem packages where the size of problems that routinely 
-.ol\'ed. Finally. 10 complete the model it may be necessary 10 define additional utilitJcs 

callee.I comrol datasets such as non-linear increments. slide lines. etc. These arc used to 
cont rol the progress of advanced analysis. 

5.3. 1.2 F l:\I TE E LE\I E~ T SOLVE R 

Once the model has been created. a solution command is performed to begin the solution 
-.iage. LL'SAS creates a data file from the model. solves the stiffness matrix. and then 

produces a re-.ult s file (.mys). While processing the model. LUSAS writes a file that 
con tain~ e,·et") ~tep of the anal ysis procedure. c.:allcc.l an output file (.out ). If at any stage the 

proce~-. encounters an error in the data file 1ha1 prevents it from continuing the analysis. it 

"i ll terminate the run . The output fil e can be viewed 10 find out at what stage the problem 
ocrnrred and "hat can be done lo fix it. The resu lts rile will contain some or all of the 
ro llo\\ ing data. 

• Stre~-.e~ • Reactions • Combination 
• Strain~ • Yield Flags Dataset'> 
• Di-.placemcnts • Potentiab • Envelope 
• \ 'eloc i11e. • Fluxes Definitions 
• 1\ cceleration~ • Gradients • Fatigue Data~cts 

• Re~iduals • amed Variables • Strain Energy 

5.3. 1.3 R ESC LTS· PROCESS l:\ G 

Rc-.ult~ proce-.,..., ing involves u~ing a -.,elect ion of toob for viewing and analysing the resul ts 
file produced by the Solver. Many diffcrem ways of viewing results arc supported : 

• 
• 
• 
• 
• 
• 
• 
• 
• 

Contour plot~ (averaged / smoothed) 
Contour plot~ ( un-averaged / un-smoothed ) 
Cn-dcformcd / Deformed Mesh Plots 
Wood-Armer Rei nforcement Calculations 
Animated d isp lay of models/ Load incremcms 

Section Linc / Slice Plots 
Yield Flag Plots 

Graph Plotting 
Vector Plots 

If des ired. print fil es can be made of the graphical displays presented on the creen. To do 
th is. a picture fi le is created containing all the graphics required in the printout. A program 
called EXPOSE then processes the picture file ; then it will convert the picture fi le into a 
print formal suitab le for the requested printer. 
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5.4 APPLICATION OF "FEA" TO APPLE TRAY · 

Finite element analysis can be applied to many eng111eenng areas where the problem 

involves physical forces, electrical domain, heat transformation, magnetic fields etc. Finite 

element analysis has been renowned as one of the most expensive analysis technique as the 

model set-up was done manually in the olden days. This has kept finite element analysis 

technique ro very narrow engineering sectors such as aeronautical engineering, large civil 

constructions. dams and bridges, nuclear power plants etc., for which the capital cost is 

very high. In recent days, clue mainly in the development of computing technology, it has 

become very easy to simulate the model on smaller computers such as personal computers 

(desk tops ). This has led the engineers to use FEA more widely, particularly in less 

sophist icatccl engineering areas where previously such analysis would not have been cost 

crrective. Another cause for increasing in usage of FEA is that customers are moving 

towards quality and reliable products that is forcing manufacturers to re-evaluate the design 

technique to ensure that the best designs are used to give the best product. 

Packing is often viewed by the manufactures as an additional expense that mcreases the 

product cost. Packing styles and various designs are used to attract the customers to 

i11crc~1se sales and at the same time to protect the product, but in bulk packing for export the 

packing will not seen by the customer and therefore the packing cannot be u. ed as a 

rnarketing tool to increase sales. However. it is being realized that packing can mean the 

difference between a quality product reaching the customer or a damaged product that the 

customer does not want. This is particularly true with agricultural produce and food 

products as these products are delicate and can be spoil very easily. Packaging is often 

overlooked. as the capital cost is usually very low when considered on an individual basis. 

Ir considered in the light that each item of packaging could mean the difference between a 

sold ite m and a returned item, then it becomes obvious that the value of the packaging is 

equal to the value of the product it is transporting. Also, each individual packaging unit 

may only cost a few cents. however if a large number is produced then the overall expense 

can be very large indeed and warrant close attention at the design stage. These facts are 

particularly applicable to the apple industry, where a single apple or tray of apples are 

worth very little on their own, but if considered in view if millions of apples exported each 

year. and the million of trays produced then the capital cost becomes very large. The cost 

or a poor quality product reaching the customer can mean not only the expense of a 

shipment, but also the possible loss of market. which could be disastrous. 

Hence. spending a few dollars, the packaging designs that are respons ible to perform the 

required task can be a ltered or modified easi ly. It is very difficult to analyse the strength of 

apple trays with the traditional strength analysi as it takes more time and so many 

assumptions . The finite element analysis technique is capable of correctly designing some 

of the complex shapes and materials used in packaging, and the mistakes and assumptions 

can be altered effortlessly. Thus the usage of FEA to analyse the apple trays is very 
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attractive. FEA is becom ing a common design tool even in packaging and associated 

handling systems because of the decreasing cost of FEA packages and the increasing 

accuracy and efficiency of computerized packages available in the market. 

5.5 STAT IC ANALYS IS 

Static analysis is the most common anal ys is carried out by the engineers, and assumes that 

the loads are applied instantaneously; hence any transition effects are ignored . Lusas 

s upports various solver types. if no solver selection is made then the fro nta l solver w ill be 

used and ii. no opt imiser is spec ifi ed then the Sloan optimiser is used by default (Lusas user 

manual. 1999) . Frontal (Direct) Technique is a direct so lution technique based on Gaussian 

elim ination method . Sti ffness and load arrays are read into memory during solution and 

asse mbled into the structure stiffness and load matrix. Frontal solution must be used for 

no n- linear anal yses. 

5.5.1 STA TI C LINEA R ANA LYS IS 

For linear stati c analysis it is assumed that the loaded bod y instantaneously develops a state 

or internal st ress so as to equilibrate the total applied loads . In linear analysis, it assumes 

that the overall struc tural response is linear, and implies linearity of both the geometric and 

material response. i.e .. the deformations are directl y propo rtional to the applied load and if 

graphed wo uld result in a straight line. A classic example of this situation is an e lastic 

nwrcrial (e.g. glass) . the res ulting deformations are said to be linear as they are directly 

rroponi ona l to the applied load. 

5.5.2 STATIC NON -LINEAR ANALYS IS 

In a non-linear static analysis. joint elements and 'slide- lines ' may be used to model contact 

or rricti onal behaviour between any two bodies. Three types of non-linear analysis may be 

rnodellecl using Lusas; Geometric non-linearity. Boundary non-linearity and Material non­

linear it y. Geometric non -linearity arises from significant changes in the structural geometry 

during loading. Common examples of geometric non-linearity are plate structures , which 

develop membrane behaviour. or the geometric bifurcation of truss or shell structures 

( Lusas user manual , 1999). In non-linear boundary condition analysis, deformation 

dependent boundary condition models account for the modifications to the external 

res traints resulting from lift-off, or smooth or frictional contact during the process within an 

analysis. 

5.5.2.J MATERI AL NON - LINEARI TY 

Materially non- linear effects arise from a non-linear constructive model (that is , 

progressively disproportionate stresses and strains). The non-li near deformation of 
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materials is accompanied by accumulation of internal defects (micro-cracks, microspores) 

( Dysk in et a l 1993 ). Common examples of non-linear material behaviour are the plastic 

y ielding or metals. the ductile fracture of granular composi tes such as concrete, or time 

dependent behaviour such as creep. Lusas incorporates a variety of non-linear constructive 

mode ls. covering the behaviour of the more common engineering materials. Also a facility 

exists to de fine any particular non-linear constitutive material property, as long as the 

nature of the stress-strain curve is known. The solution technique for non-linear material 

analysis d iffers in diffe rent packages. The displacement fi nite element method is one of the 

we ll-known methods to analyse the behaviour of no n-linear materials, the total load is 

broken up into a number or increments and each of these is applied in seq ue nce . The size 

ot' these inc re ments. wh ich is not necessaril y uniform. has a major influence o n the 

accuracy or the solution that is obtained. This method treats the load deflection eq uations 

as a large system of ord inary differential eq uations that are integrated adaptively. The 

sys tem or eq uati o ns to be solved can be expressed in rate form as u· = K 1 
( where u· is a 

vec tor of un-known displacement rates , K is the tangent stiffness matrix (w hich may 

depend on the current stress leve l and a set of hardening parameters), ( is a vector of 

app li ed force rates. and the superior dot denotes a derivative wi th respect to time (Sloan et 

al 1993 ). The technique of solving the governing equations of material non-linear analysis 

can be broadly classified as being ei ther iterative or incremental. Newnton-Rafson , 

modified Newton-Raphson. initial stress and initial strain methods are all iterat ive 

techniques. The mos t common incremental integration scheme is the first order Euler 

me th od. Higher order Runge- Kutta schemes. in particular second order midpoint schemes, 

have also been used in incremental solution tec hniques (Sloan et a l 1993). 

5.6 NON-L INEAR SOLUTION PROCEDURE IN LUSAS 

Fur non-linear analysis . s ince it is no longer possible to directly obta in a stress distribution. 

" ·hich equilibrates a given set or external loads. a sol ution procedure is usuall y adopted in 

wh ich the total load is applied in a number of increments. Within each increment a linear 

pred icti on of the non-linear response is made. and subsequent iterati ve correct io ns a re 

performcc.1 in order to restore equi librium by the e limination of res idual or 'out balance· 

forces . The iterative corrections are refe rred to some of the convergence criteria w hich 

ind icates to what extent an equ ilibrate state has been achieved. This method of sol ution 

technique is referred as incremental-ite rative or predictor-corrector method , the graphical 

representation of this method is shown in Figure 5.5 (Lusas user manual, 1999). 

In Lusas. the incremental-iterati ve so lution is based on Newton-Raphson procedure. For 

the Newton-Raphson sol uti o n procedures it is assumed that a displacement solution may be 

found for a given load increment and that , within each load increment, the load level 

remain constant. This method is used where the function f (x) and its derivative f (x) are 

co ntinuous and is mostly used for its speed and simplicity (Kreyszig, 1988). The details of 
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the solution procedure are controlled using the Non-linear Control properties assigned to 

the load case. 

Load 

Lt ad 
Iner ment 

Equilibrium 
Iterations 

Displacement 

Figure 5.5 Incremental-iterative Solution Procedure in Non-Linear Analysis. 

While defining the non-linear model within Lusas , the specification of on-linear Control 

section is required . This section consists or three meas: 

• 

• 

• 

Incrementa l Control: Incremental control determines the starting load, what load is 

applied at each increment, and what total load that is to be . 

Constant Control: The constants section specifies the number of iterations required 

per increment, and conversance criteria that dictates when equilibri um has been 

achieved to within satisfactory accuracy for that increment. 

Output: the output section controls the files that are generated and the frequency 

they are updated . 
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During the Lusas analysis, the first load increment is appl ied to the model and the resultant 

deformations calculated. When the deformations are calculated to within the required 

accuracy, the next load increment is applied and the process repeated until the required load 

level has been appl ied to the model. During the analysis. Lusas creates a series of separate 

models. with the results from each model being the starting point for the nex t. The load 

incremenrs mu~t be !)11 1c.dl 1..:urnpared to the total load; otherwise the increment:1 ! search 

technique proves inaccurate. Hence, the non-linear analys is will take longer time as each 

iteration within every increment is considered as an incli viclual linear analysis. 

5.7 CONTACT A ALYSIS 

Contact problem can also occur with non-linear surfaces. Contact between obj ects (two or 

more) is more complex and difficult to so lve then non-contact problem ·. Solutions to these 

problems require an algorithm from finite deformation contact problems. In engineering. 

attempts to adopt finite element methods for contact problems have been made since the 

introduction of finite element method, and many papers have appeared providing di fferent 

approaches for both small and finite deformation contact problems. The key aspect of an 

algorithm for; contact problem is dec iding how to implement the contact constraints 

assuming that the poss ible contact condition is already known. Different methods have 

been used for thi s purpose. Some of the methods such as the Lagrange multiplier and the 

unit load method require additional equations to deal with the contact constraints. One or 

the class ical methods for calculating contact problem · often adopts Herrz·s theory. The 

theory assumed simplified conditions. Ir is suitable for simple geometri c shape. Where 

large contact areas are involved, these methods may not be efficient, and with the 

advancement of numerical calculations, the numeri cal method of con tact problem has been 

widely used and fine results have been obtained (Yongping and Zohongkai, 1993). T he 

penalty method is also used for many large contact problems. Gen et al. 1993 developed a 

finite element algorithm for finite deformation contact problems, which can be easi ly 

incorporated into standard non-linear finite element programs. In the present approach. the 

transformation matrix method is used to implement contact constraints. The unique feature 

of thi · approach is that the number of equilibrium equations with contact constraint · 

decreases as the number of contact nodes increases. 

In general , the finite element methods of contact problems can be classi fied i nto three 

categories according to the finite element formulation (Yongping and Zohongkai , 1993). 

General Finite Element Method: This method needs to bui ld the whole stiffness matri x of 

contact objects. While calculating, the whole stiffness matrix would be changed and 

assembled repeatedly according to different contact states. So the amount of calculations 
will be increased greatly. 
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Mixtured Finite Element Method: This method is that the flexibility matrix that is only 

relating to nodes of contact region will replace the whole stiffness matrix. The solution for 

whole objects is condensed into a solution procedure about contact surfaces. 

Mathematical Programming Method: ln this method the contact problem could be changed 

into a special mathematical programming problem. 

5. 7. I CONTACT PROBLE~IS IN L USAS 

In Lusas. Slidelines are one of the attributes that are used to model contact and impact 

problems. or to tie dissimilar mesh together. They can be alternative to joint elements or 

constraint equations, and have advantages when there is no exact prior knowledge of the 

contact process. Their applications range from projectile impact, vehicle crash worthiness. 

the containment of failed components such as turbine blades, to interference fits, rock joints 

and bolt/plate connections. Due to the fact that slidelines are constantly changing the load 

and support conditions of the model as more and more nodes contact, the slideline facility 

is inherently non-linear. except for tied slidelines used in an implicit dynamic or static 

analysis where the solution may be linear (Lusas user manual, 1999). 

The runctioning of Slidelines is defined by two surfaces that contact each other. One 

surrace is selected as Master surface and the other as Slave surface. ln two-dimensional 

problems. lines have to select instead of surfaces and the line with greatest mesh density is 

usually ddined as the Slave line. For three-dimensional models, the defining of slideline 

properties to master and slave surfaces is immaterial. As the two surfaces move towards 

the contact cond iti ons. the nodes on the slave surface perform a search over a specified 

area. When a node from the opposing surface moves within that search area. it is attached 

to the clement face on the slave surface and is said to have connected. Mesh discretisation 

in the region of slideline contact must be fairly fine and the loading increments must be 

, ·cry small. Lr roo coarse a mesh or too large load application is used, the surfaces may 

penetrate each other undetected, as the moment resulting from the load will carry the 

surfaces right through the slave surface search area in one step. This means slideline 

analysis rend ro take large amount of time relative ro the size of the model as a lot of load 

increments are necessary in the non-linear analysis. Lusas offers five different types of 

slidelines: 

• Null Slidelines: Used to perform a straightforward linear analysis ignoring the slide 

definition. 

• o Friction: Used for contact analyses but ignores the friction between the two 

surfaces. 

• Friction: Used for contact or intermittent contact or impact. 
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• Til'.d : U!->ed to tie together two dissimilar meshes . 

• Sl iding: U!->cd for problems where surfaces are kept 111 contact, al lowing sliding 
without friction. 

An example of two-dimensional slideline problem is discussed below. 

5.7.2 A 2-D EXAJ\ IPLE OF CO'.'ITACT A "ALYSIS 

The problem that wa!'> !->Ludied was a two-dimcn!->ional half circle. mov111g clown and 

contacting with another halr c ircle. The geometry or the model is shown in the Figure 5.6. 

The model was proposed 10 be a two dimensional approximation to an apple coming into 

contact \\' ith the tray and then deforming the tray. Once the two-dimensional situation 

\\'Orks !'>atis factory then it was anticipated that three-dimensional model wou ld then created. 

The elements used are plane stress quadrilateral and triangle shape as illustrated in Figure 

5.7. The slideline was a general slideline with friction , and can be seen in Figure 5.6 
rcprc!'>en ting red .. u-row!'>. Loading was divided in to three concentrated loads and applied on 

top or the body in the downward cl irecuon ar three different places as shown in the Figure 

).b. Support condirio1b arc displayed by the green arrows. As suggested by the FEA 
t Lusa,) Ltd. the apple wm, joined by a two dimensional joint element as shown in the 

Figure 5.7 by the two Z-s which mark its ends. The joint was set at a 2-

translation/rncmbrane stillness or 1/100 in X and Y directions, this stiffness will not affect 

the re!->ulls of the model. These joint elemems joined the bodies effectively but left them 

!"rec to act separately. A non-linear & transient data set were defined and assigned to the 

load case. This model used thirty load increments with a starting load factor of I and 4 

iterati on'> per increment with a maximum number or iterations of 12. This analysis was for 

1\\·0-di mcn .... ional model. al though !-> imple in concept. it proved difficult to run to get a 

cornplctc !',ati~-.racto ry !->ol ution. Figure 5.8 shows the final result of deformed mesh and un­
deformed mesh together. 
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Figure 5.6 Model Definition of 2D Slideline Example 



/ ] ', 

-----;-r~-~----. 

Figure 5.7 Meshing of 2D Slideline Example 
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5.8 FEA MODEL GENERATION 

The following part will deal with the creation of Finite Element Analysis Models that were 

created in the course of research. The models were analysed at two different moisture 

con tent levels as the material properties changes with the given environmental conditions, 

by creatin g the models at different % of MC. Comparison in tray performance was made. 

5.8. l 20 - THIN SHELL MODELS OF APPLE TRAY 

The first mode l is an approximation of the original tray. The model was defined by usi ng 

two dimensional shell e leme nts. so the thickness of the model is a geometrical function. 

Loading was also simplified , ins tead of generating the apple: the weight of the apple was 

tah:.cn and applied as simple point loads in the middle of the tray cups. Certainly. these 

~implifications are not the accurate simulation of the r al conditions of the model but it was 

anticipated that the model would be a startin g point that will prov ide some useful 

information about the behaviour of the trays under different li ft ing cond itio ns. 

5.8. l. I MODEL GENERATION 

Initiall y. to create the model it was necessary to obtain a set of co-ordmates that would 

preci~ely describe the curvature or the cup of the apple tray . Attempts were made to obtain 

the drawings from the manufactures but it was unsuccessful as the moulds were made many 

years ago and drawings no longer ex isted. Due to the lack of avai lability of measuring 

equipment and imprecision of available measuring devises it was decided to measure the 

cup dimensions physically. A single cup was cut from the tray and then measured and 

marked out a.· shown in the Figure 5.9 

13mm 

H 

X 

H 
13mm L , 

Figure 5.9 Plan View of a Single Marked Out Cup 
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These dimensions were used to define the z co-ordinates in model. Using a sharp stiletto 

the cup was cut in the middle along the longitudinal axis to measure the depth of the cup, as 

illustrated in the Figure 5.10. The profile of the strip was traced on the paper, using the 

rcl"erence line set normally at y=0 . x and y co-ordinates were obtained by measuring the 

distance from the reference line to the traced profile. This was done for all the cut profiles, 

providing a set of x, y and z co-ordinates that accurately approximated that curving 

counter'-> or the cup. The cups are symmetrical about the axis therefore it is necessary to 

obtain the co-ordinates for a quarter of the cup. 

18 12 6 0 

21 15 9 3 Reference Line 

y I 

L , I 

Figure 5 . 10 Profile of Cup Segment. 

The points were entered into Lusas modeller and used to define a set of surfaces. Once a 

quarter or a cup was defined correctly it was a simple matter to copy the surfaces to create 

the rull cup. then copy that cup several times to complete the internal section of the tray. 

The edge is a flat section that extends down each side of the tray; to draw the edges of tray 

was more difficult. Initiall y, cup surfaces are extended to define the flat edges, but analysis 

by the Lusas processor ww, not possible. The reason for thi s was due to excessive double 

curvature of the surface: as they bend up from the bottom of the cup, then bend back for the 

!"lat edge'->. This causes the su rfaces to form an S shape. When a mesh is fitted to this 

shape. unless a large number of elements are used, the elements buckle and bend when they 

are forced to conform to curves. lf the element bends beyond a certain limit, then the mid 

side node are said to be insufficiently central, causing the processor to abort the analysis 

with the error message that an illegal Jacobian determinant has occu rred at the offending 

clement. This situation is illustrated in Figure 5.11. 

This problem occurred in all surfaces that had been modified to include the edge of the 

tray. To counteract this , the edge was defined as series of separate surfaces that were 
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joi ned to the main body or the tray. The ends of the trays were cut, marked out, and 

mca:-.ured in much the same way as the original cup had been. 

Curved shape to which 
element Is forced to conform~ 

.I 

Element being bent 
at midside node 

~ ~~---/ 

-~ 

End 
Node 

If: Mod (S1-S2)/(S1+S2)<1.02 or (S1+S2)/S3<1.02 

End 
Node 

Then the midside node is said to be insufficiently central and the element is 
unreasonably distorted. 

Figure 5.11 Illustration or Element Bending Distorted. 

5.8.1 .2 MESHl:"IG 

T\\'o dimensional thin :-.hell elements were considered as an ex tension to the plate bending 

clement:-.. They have additional nodes to desc ri be a thin walled 3D curved profile. 3D 

bending s tress analysis is available via rotational degrees of freedom (DOF) along three 

axes at each node. A choice or quadrilateral o r triangular elements are available. and at the 

end or the tray it is not possible to define the quadrilateral e lements and therefore the total 

model was defined by trian gu lar elements. Each cup surface was defined by twelve 

triangular c lements whereas six e lements were used for the surfaces of the edges. This was 

the smallest number of elements that could be u:-.ed. lf the curvature o f the cup were 

defined by fewer e le ments. then the mid-side node problem discussed in the previous 

sec tion would occu r. 

5.8.1.3 GEOMETRI C AND MATERIA L PROPERTIES 

The average thickness of the tray is approximate ly 1.5mm, and was defined as a geometric 

function and assigned to all surfaces. 

The models were analysed at two di fferent moisture content levels as the material 

rroperties change w ith the g iven environmental conditions. The models were created at two 
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different Moisture contents. one at room temperature & humidity that has 8% MC and 20% 

moisture content. For first model the material properties of Young's Modulm, J40±15 

N/111111
2
• and for the second model the Young's Modulus of 73.25 N/mm2 and Poison 's ratio 

or 0.8 were assigned to the model. 

5.8.1 A St.:P PO RT & LOAD I\'C CONDITIO 'S 

r-\ -..irnplc -.upport data set wa-. -.et in the y direction as the model was defined in x-y-z co­

ordinate system to prevent vertical displacement. Assigning of supports in the verti cal 

directi on allows the tray to lift at the sides and it is free to move inwards when bending 

takes; place. The defined supports were placed in the middle of the tray edges (in the 

direction or length) to s imulate it being lifted at the ends by a pair of hands, and in another 

s ituation . to simulate being held at the sides (in the direction of width). Both these support 

conditions are applied to the completed model shown in the Figures 5.12 and 5.13. 

Loading \\'as defined as a s imple concentrated load and assigned exactly to the points that 

arc in the middle or each cup. The load is equal to the average weight of the apples. which 

gi, cs a force or 1.711\. 

5.8. 1.5 ~O\' -L l :--IEAR CONTROLS 

Loading was applied by a non-linear data set. which appl ies the load in very small steps 

and then greate r loads could gradually be applied. These models used forty load 

increments. some with up to six iterations per increment. 

5.8. l .6 A~ ,\ L YSIS TECH\'IQL'E 

The Lu-.as processor uses a method of solving equil ibrium equations that is called the 

Fronwl Technique. During the solution the element stiffness and load matrices are read 

into the computer memory and assembled into the structure stiffness and load matrix. Any 

equations that arc complete arc immediately eliminated so the size of the structure st iffness 

matrix and thus the memory requirements. are minimised. The frontwidth is the number of 

equations in the structure st iffness matrix at any time. By defau lt. equations are processed 

in the order the e lements arc defined. which often leads to a very inefficient solution 

process. Lusas therefore offers a facility where the solution order may be optimised by 

using a/i·o11t11'id1/i opti111iser. This faci lity solves the e lement equations in uch an order as 

lo keep the s tructure s tiffness matrix as s mall as possible. Two types of optimisers are 

available: the Standard Lusas optimiser, and the Akhras-Datt optimiser. The s tandard 

optimiser was used for this model. 
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Figure 5.12 Thin Shell Model of the Tray - Support Case A 
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Figure 5. 13 Thin She ll Model o f the Tray - Support Case B 
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5.8.2 THREE DIMENSIONAL TRAY MODEL 

When exam ining the apple trays under handling conditions, it was noticed that when the 

trays we re picked up and then bent clue to the weight of apples, the apples themselves 

to uched and forming a bridge across the tray and prevented further bending. He nce , in the 

handling situation the app les are the major component to provide more strength to the tray. 

Therefore the previous models are not accurate due to the absence of the appies will1i11 the 

models. Hence , it was decided to defi ne the models. w hich incorporates the apples wi thin 

the tray. 

5.8.2 . l MODEL GENl~RATION 

The first cons ideration w hile ge neratin g the model was to control the model size to be as 

minimal as possible. The tray with apples is symmetrical about the longitudinal axis , so it 

is poss ibl e to c rate a half of the model, with the missing half being compensated by the use 

or the correct cons tra ints. Half of the tray was ex tracted from the 2-dimensional model and 

transformed into vol umes with a thickness of 1.5mm. It is imposs ible to mix two­

dimensional clements with three-dimensional e lement wi thin the analysis, and because the 

apples that we re to be int rod uced to the model are the volumes, therefore the tray was 

transformed into volumes. 

In order to obtain the co-ordinates of the apple. a random selection of Red Delicio us apples 

we re measured fo r le ngth and w idth , the average of these measurements were calculated. 

These apples were then sli ced length wise thro ugh the core and the profile of the cut 

surface traced on a paper. Using this techn ique the co-ord inates of the apple surface were 

mcasurcc.l. these co-ordinates were en tered in to Lusas modeller and fitted with a sp line. 

The position or this line was then adj usted until it was close to the inside of the curve 

defining the cup centre profile, in a similar manner as an apple would be w hen placed in a 

c up. The spl ine was then ro tated about the central axis in order to obtain the o uter shape of 

the apple; thi s shape could then be filled in to create a solid. Initiall y, it was thought to 

make hallow section of the apple in order to save the number of elements used. Fig ure 5.14 

is an example of earlier attempts at appie defi niti on , and also we can sec how the tray is 

now defined as having thickness. This idea was discarded because it was reali sed that it 

would be ve ry difficult to model the loading accurately. Point loads would be ineffective, 

as it was not known w here to place them in order to accurately simulate the apple weight. 

It was necessary the refo re to create a so lid apple, using very few elements . The first step in 

saving e lements was to model only half the apple. It was thought that the top hal f of the 

apple did not perform any essential function other than adding weight and therefore was it 

on ly add ing unnecessary e lements to the model. The original spline of the apple profile 

was then broken up into a series of lines, each of which was joined to a corresponding line 

which lay o n the apple ' s longi tudinal ax is (as shown in the Figure 5.15) to form the 

surfaces . 
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Figure 5.14 Model Generation of Apple and Tray Using 3D Elements 
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These surfaces could then be rotated seventy degrees in each direction to fo rm volumes. 

These surfaces cou ld then be rotated another twenty degrees in each direction to form 

another set or vo lumes which finished off the half apple. The reason for rotating the 

surfaces only seventy degrees instead of a full ninety degrees was because it had the effect 

or creating a series or volumes that could be classified into two groups: those close to the 

tray and those at the top of half apple. 

Surfaces formed by 10Ining the 
lines defining the apple profile to 
the longitudinal axis 

Long1tud1nal Axis 

S7 S8 

' ~ Points at which the original 
spline Is broken to form a 
series of small lines 

Figure 5. l 5 Diagram Showing Surfaces within the Apple Model. 

When it came time to apply mesh to the vo lumes. it would be desirable to have a fairly high 

dcn-.,i ty close to the tray. but further away a loose mesh would be enough. By braking up 

the , olumcs it was possible to have a control over the mesh. The apple was further broken 

up 11110 inner and outer sect ion. These sect ions consisted of the main body of the apple 

:-.urroundcc.l by a thick sk in . Doing this gave further control over the mesh d iscre tisation. 

5.8.2.2 :YIESHI~G 

Sc,·cral types of clement were available for volume meshes. including tetrahedral. 

pcntahec.lral and hexagonal elements. Hexagonal e lements with 8. l 6 or 20 nodes are 

available. The choice of the modified hexagonal e lement using eight nodes was made , as 

this clement was better suited to s lideline problems and was most efficient in its use of 

nodes. The entire tray was meshed wi th these elements, the main body of the tray being 

l"itted with nine elements per surface, while the edging was o nly fitted with one. 

The in!-.ic.lc section of the apple was meshed using tetrahedral e lements. These were used 

because the e lement has a square base that tapers up to a s ingle line at the top of the 

clement. This meant that all the e lements filling the internal section of the apple could 



meet al a common line in the centre of the apple, while the elements themselves were 

fanned out fo rming a semi-circle. The outside section was meshed using eight node 

hexagonal clements. Though these two types of elements are different, the two elements 

were compati ble because they had the same amount or nodes on the common joining 

clement face. The enti re mesh structure is shown in Figure 5.16. 

5.8.2.3 Pl-l\'SICAL A TTRIBCTES 

Geometrical properties need not to be ass igned to the model , as the whole model was 

created in \'O lumes. which have all geometric properties inherently defined. 

The apple material propert ies used were those explained in section 3. 1, with the exception 

or the density of the app le . The density of the apple was doubled as only half apples were 

being used in the model: do ubling the density effecti vely makes the half apples weigh the 

-.;a me as whole apple . The tray material properties were defined as those measured and 

detailed in sec tion 4.6.2 

I la! r or the model was defined. as it is symmetrical about the axis with symmetrical 

loading. supports ha,·e to be defined to compensate the remaining half the model. Care was 

taken 10 as-.,ig.n the supports because in FEA analysis supports can drastically affect the 

re:--.u lt :--.. Vert ical rc-.;1rain1s were a:--.s igned 10 the sides or the tray, near the cut, to simulate 

the tray being picked up at the :-.ides. Along the cul race of both apples and tray. moment in 

/ -a.,i:--. (down the h.:ng1h or the tray) and rotation about the x-axis (across the width or the 

tray ) were restrained. Moment in they direc tion (verticall y), rotation about the z-ax is and 

~ -ax i:--. . and the moment in the x-di rcction were all left free in order to let the tray bend as 
the real tray ,vould. 

The -; lidcline properries were also incorporated into the model between the apples and tray. 

Once the :-.mall loads were applied by the non-linear control load dataset , the apples contact 

the tray first. then the more load applied the apples· surface would touch the tray as the 
apples -.,citied into the cup. 

Loading was defined by a constant body force (CBS ) load. which requires a density to 

generate a load and was defined as a material property of the apple. CBS assigns a weight 

to an object in a spec ified gravitational field. It was important to use this loading technique 

a:-. apples tend to be weighted off centre. which is difficult to model other than by the CBF 

method. Loading was applied by a non-linear data set, which applies the load in very small 

:--.tcps and then greater loads could graduall y be applied. These models used forty load 
increments. some with up to six iterations per increment as in the previous analysis. 
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5.8.2.-1 A:\A LYSIS OF 3D TIV\ Y 

The Akhras-Dhatt frontal optimiser was used for this analysis, as the tandard optimiser 

\\'as i11co111patible with thi~ model. If a model has unconnected elements (i.e. between the 

,tppk and tray) then the standard frontal optimiser wil l not operate effectively. The 

L111alysis was aborted clue to the lack or Lusas memory: it was also tned with reduced 

clements but there was no response. Due to this. no resu lts we re obta ined from the 30 tray 

model. 
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Figure 5.16 Meshing of 3D Model with Tray and Apples . 
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5.8.3 THE FULL TRAY MODEL (US ING SHELL ELEMENTS) 

After the uncompleted analysis of the 3D tray the model was re-evaluated . The apples are 

the main function as the y contact each other to protect the tray from further bending. Thus 

it was decided to foc us more on the apple definition rather then the application of the load. 

The focus therefore sh ifted from the mass of the apple to the shape of the apple. Hence. it 

was decided to remodel the 3D tray using hollow apples and two-dimensionai elements. 

This would result in a hu ge reduction in the mode l size. 

5.8.3. 1 MODEL GENERATION 

A half tray was extracted from the shell model , and thi s model was retained as a two­

dimens ional model. For the apples , the apple profile was extracted from the JD model and 

broken up into a series of lines. The lengt h of these lines exactly matched the width of the 

.-.,urfaces defining the cup in the tray. The profile was then rotated 360° in a series of 90° 

:-.reps. This created a set of surfaces that defined the entire shape of an apple in two 

dimensio ns . These surfaces were then copied and placed in each of the cups in such a way 

that each o r the surfaces defining the apple lined up to a surface on the cup in which it sa t. 

5.8.3.2 MESHING 

For the full she ll model. thick quadrilateral elements were used to define the tray and apple 

meshing. These had to be used as they were the only shell elements compatible with 

sl iclel ines. In addition. two-dimensional joint elements were assigned to the lines 

connec ting the apples to the tray and also the lines between the apples. Slidelines had been 

shown to work better when the two surfaces contacting each other were connected in some 

way. which was why the joint e lements were placed between the apples. The stiffness of 

the jo int clement was set at about 1/1000 of the stiffness of the tray for the joint 

connecting the apples. This low st iffness is to ensure the joints do not affect the results in 

any way. 

Figures 5.17 and 5.18 shows two views of the full shell model. The support conditions are 

illustrated in Figure 5.18. 

5.8.3.3 PH YSICAL A TTRIIl UTES 

The thickness of 1.5mm was defined and assigned as a geometric function to all surfaces of 

the tray, while a 5mm thickness was assigned to the apple skin. 

The model was analysed at two different moisture contents of 8% MC and 20% MC. For 

the first model the material properties of Young' s Modulus 140±15 N/mm2
, and for the 

second model the Young's Modulus of 73 .25 N/mn/ and Poison 's ratio of 0.084 were 
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assigned to the model. The Young ' s Modulus for the apples was increased. This was done 

because the apple was now being modelled by only a thick skin, which would have very 

little strength if assigned the correct material properties for apple. By increasing the 

s.tillness of apple to approximately I00GN/m 2
, it was ensured that the apples would not 

deform excessively. As the tray is the subject of the analys is and the apples are only 

required to provide support. results would not be affected by the increased stiffness. 

Loading was assigned as a point load in the centre of each cup. The load was 2.06 except 

on the cups that had been halved by the axis of symmetry. These cups were loaded with 

1.03N as only half the cup was being used in the model and therefore only half the load 

should be used. Loading was applied by a non-linear data set, which applies the load in 

very small steps and then greater loads could gradually be applied. These models also used 

fort y load increments. some with up to six iterations per increment. 

Support conditions were defined exactly the same as for the 3D tray model. 

Slide lines were assigned between adjacent apples on the two surfaces closest to each other 

and between the apples and the edge of the tray. This meant some apples had four sets of 

slidelines in common with neighbouring apples. 

5.8.3.4 A'-IALYS IS OF Fuu, SHELL MODEL 

There was a huge reduction in the model size from 30 tray model to 20 shell model. This 

is. about as small as the model could be, though it is possible the model may have been 

s lightly smaller if quadrilateral element had been used. The standard optimiser was used 

!'or this model. Using afi·onwl op1i111iser eventually solved this problem. 

97 



Figure 5.17 Model Generation of Tray and Apples Using Shell Elements. 
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Figure 5.18 Model Generation of Apples and Tray Using Shell Elements and Support Conditions. 
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CHAPTER 6 
RESULTS AND DISCUSSION 



6.1 ANALYSIS AND RESULTS OF TRAY MODELS 

The results obtained from the analysis of the tray models at different moisture contents and 

at two different lifting methods will be discussed and compared together. Three different 

types of output were obtained for each of the trays: 

A deformed structure of the tray 

A graphical format of displacements in the vertical direction 

A graphical format of maximum principal stresses 

These are not only the results that could be produced by the package, however for this type 

of problem they are the most useful and relevant. The deformed mesh diagrams are useful 

to demonstrate the mechanism of how the structure deforms during the loading conditions. 

The maximum displacement coloured contour plots provide the numerical results and 

visually demonstrates the regions on the tray where maximum displacements occur. The 

maximum principal stress contour plots are the most useful results, these results shows the 

peak stress areas on the tray and allow evaluation of where the tray would fail. 

6.1.1 DISPLACEMENTS AT DIFFERENT MOISTURE CONTENTS AND LIFTING METHODS 

Figures 6.1 to 6.4 shows the deformed meshes of the tray model at two different moisture 

contents and at both support conditions modelled. These support conditions were 

simulating the trays being held by a pack house worker at the ends and the tray being held 

at the sides. For identification, the support case simulating the tray being held at the ends 

will be referred as "Support Case A" and the supports at the sides shall be referred as 

"Support Case B". 

Figures 6.5 to 6.8 shows the coloured contour plots of the tray model at two different 

moisture contents and at support cases, where the coloured contours are representing the 

results for vertical displacements. As the model units were defined in Newtons and 

millimetres, the diagrams display the quantitative results in millimetres and the negative 

sign indicates that the displacement occurred in the downward direction. 

The tray models at 8%MC displays a distinct difference between the displacements 

experienced at both support cases. Support case A shows a maximum displacement of 

62.3mm where as support case B has more then twice as much movement with 126.2mm of 

displacement, indicating that the tray is considerably stiffer when the tray is picked up by 

the ends. The tray model at 8%MC (at support case A) certainly performed better then the 

similar support case at 20%MC, which deflected by 84.8mm. The deformed mesh plots 

clearly highlights this difference between the results at both moisture contents . For support 

case B, the tray did not perform well at either moisture content. 
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The tray models show that the displacements for both handling situations are basically 

centralized on the tray. For support case A the maximum displacement is slightly off to 

one side, reflecting the lack of symmetry down the length of the tray. This indicates that 

the tray would tip over due to eccentric loading if the tray was on a pivot. In the case of a 

reasonable board support such as a worker's hand there is a little danger of this as the 

eccentricity is small. At worst the worker may feel the tray is slightly heavier on one side. 

More importantly, the maximum displacement being central ized means that if the 

displacements were large enough to cause an apple to role from its cup, it would tend to 

role into the centre of the tray. The apples already occupying the cups in the tray centre 

would prevent this movement thus makes the tray stable. The tray model, with the tray 

be ing held at the ends i.e. the support case A, is obviously the best method as it makes full 

use of the trays inherent stiffness characteristics. Though the displacements at 20%MC are 

higher then the 8%MC, the strain values of the material at 20%MC are higher then 8%MC 

that would prevent splits in the tray, in order to decide this it is necessary to examine the 

stress results. The support case A is therefore better for tray models at both moisture 

contents. 
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Non-linear Analysis 
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Results File ID=0 

Max Displacement -62.3 at Node 

Figure 6 .1 Deformed Mesh of Tray Model - 8% MC and Support Case A. 

103 



!04 

Scale 1/0.2240 E-04 

Eye X: 577.4 Y: 577.4 Z: 577.4 

Non-linear Analysis 

Load Case 10=1 

lncrement=1 

Results File ID=0 

Max Displacement -126.2 at Node 29, 

Figure 6.2 Deformed Mesh of Tray model - 8% MC and Support Case B. 
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Figure 6.3 Deformed Mesh of Tray Model - 20% MC and Support Case A 
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Figure 6 .4 Deformed Mesh of Tray model - 20% MC and Support Case B. 
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Figure 6.5 Contours of Vertical Displacement in the Tray Model - 8%MC and Support Case A. 

107 



Contours of DY 

- 121.1 

- 109.6 

- 98.12 

- 86.64 

- 75.42 

- 63.20 

- 51 .98 

- 40.76 

- 29.54 

- 18.32 

Figure 6.6 Contours of Vertical Displacements in Tray Model - 8%MC and Support Case B. 
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Figure 6 .7 Contours of Vertical Displacement in the Tray Model - 20%MC and Support Case A. 
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Figure 6 .8 Contours of Vertical Displacements in Tray Model - 20%MC and Support Case B. 
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6.1.2 STRESS RESULTS AT DIFFERENT MOISTURE CONTENTS AND LIFTING METHODS 

Figures 6.9 to 6.12 display the colour contours of maximum principal stresses for the tray 

models. Maximum tensile stress is displayed by red contours and all the values are given 

in N/mm2
• 

In support case A, the maximum stress occurs siightiy off centre on lhe very ends of the 

trays. High stress regions are also present on the areas between the cups in the centre of 

tray where the maximum displacements occurs. For support case B the maximum stress 

again appears where the supports were placed, with one side of the tray displaying slightly 

higher stress then the other due to the eccentric load. Other then these and few other 

localized stress concentrations, the majority of stress contours in both A and B support 

cases are zero. 

The contour values of maximum stress for each handling case are quit different. Support 

case A at 8%MC shows a peak of 6.514 N/mm2 while support case B shows a maximum 

tensile stress of 9.615 N/mm2
• Support case A at 20%MC shows a maximum tensile stress 

of 9.517 N/mm2 compared with support case B of 15.816 N/mm2
• The higher stresses in 

the support case B are a direct result of the position of the supports. With the support in the 

middle of the longest side, the bending moment on the tray is created by a lever arm of 

250mm with the evenly distributed weight of half the apples in the tray supplying the load. 

If the support is in the middle of the end of the tray, the lever arm is only 152mm with the 

same apple weight as support case B i.e. half the apples in the tray, distributed evenly along 

it. These dimensions come from the tray model which is 500mm x 303mm. With the same 

load evenly distributed over a longer cantilever mechanism, the support case B experiences 

a higher bending moment then support case A. 

The support case A handling situation now seems to have greater structural integrity as well 

as providing a much more stable situation for the apples. It is generally superior to support 

case B as a method of handling. 

The material test data is produced in Table 4.2, for which the ultimate tensile strength of 

the tray material at 8%MC and at 20%MC was found to be 2 .05 N/mm2 and 1.65 N/mm2 

respectively. The results gained form the LUSAS analysis were obviously at odds with 

these results from the practical work; the stresses are high enough to tear the tray material. 

The material does not tear under normal conditions and the practical work shows that the 

tray does tear at 20%MC. It was known the models were working properly and that all the 

variables entered were accurate. The only approximation used was replacing the apples 

with point loads. This was the area that was investigated. 

From the practical experiments it was discovered that the apples themselves provide a 

crucial support for the tray, without which the tray is inadequate to deal with the load. 
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When the tray sags under the weight of the apples, the curvature of the sag brings the 

apples closer together until they finally touch. At this stage the friction co-efficient 

between the apples is sufficient that they form an arched bridge across the tray, and prevent 

further deformation in the tray. This happens in both handling situations, it is more 

pronounced in support case A. From the results it can be concluded that the support case A 

at 0%MC is the ideal handling condition. 

6.2 THREE DIMENSIONAL MODEL 

A 3D tray model with apples was created (explained in section 5.8.2) as it was realized 

from the shell models that the apples played a vital role in the strength of the tray during 

handling. However, as explained in section 5.8.2 the 3D model was too large and the 

memory of the package is not sufficient to solve therefore no results are obtained from the 

analysis, though some of the useful observations can be noticed . 

The 3D model was the most accurate model created as it fully defined all the physical 

properties of the apples and the tray. The friction between the tray and the apples was also 

defined by using slideline properties . Half of the 3D model was generated, as the tray 

model was symmetrical about the centre axis in order to reduce the model size. No 

assumptions were used that could have reduced the size of the model. This leads to 

conclude that to create a full apple carton, which complicated shapes of apples and the tray 

and the attributes such as the interaction between the apples and the tray, would be a 

difficult task. By introducing some assumptions the model size can be decreased but this 

then questions the va lidity of the results obtained. 
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Figure 6.9 Contours of Maximum Principal Stress in the Tray Model - 8%MC and Support Case A. 
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Figure 6 . 10 Contours of Maximum Principal Stresses in the Tray Model - 8%MC and Support Case B. 
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Figure 6.11 Contours of M aximum Principal Stress in the Tray Model - 20%M C and Support Case A . 
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Figure 6. 12 Contours of Max imum Princ ipal Stresses in the Tray Mode l - 20%MC and Support Case B. 



6.3 THE FuLL SHELL MODELS - THE TRAY WITH APPLES 

With the results from the tray models, combined with the information gathered from the 3D 

model, it was realized that the most important function the apples performed in a tray 

handling model was not the precise application of load but rather the support of the tray, 

thereby preventing deflection . This lead to the formation of the full shell models that 

incorporates the apples within the trays. This modei used Lwo dimensional shell clements 

in an attempt to reduce the model size. 

A few assumptions were made with the model: 

The model was created from two-dimensional elements, which meant the 

third dimension has to be entered as a function. This was a su itable 

approach for the tray as it exhibits a uniform thickness throughout. 

The apples were modelled as thin skin spherical solids; the Young's 

Modulus of the material was increased to ensure that the apple sk ins were 

stiff enough to hold their shape. This was a valid approach as, in the 

handling situation, only the trays stress behaviour is of interest and the 

apples transmitting load through their shape. 

The load was applied as a point load in the centre of each cup as this was a 

simpler method then assigning a grav itational load to the apples. Assigning 

this type of load would have been nearly impossible on the apple skin 

models . This should not affect the model through as the apples are not 

needed for the ir loading, only their supporting role. 

All these assumptions have the net affect of creating a model that does not perfectly reflect 

the real life case. The affect o n the results would be very small, as the changes to the 

model have been carefu lly made in areas that do not affect the results. The assumptions 

a lso have the advantage that they allow the model to be created small enough to be 

successfully processed. 

6.3.1 THE RESULTS 

Figures 6.13 and 6.14 show two views of the deformed mesh generated by the LUSAS 

analysis. Several points can be made from these diagrams. Firstly, it can be seen that the 

analysis was successful. The tray has deformed in such a way as anticipated and the apples 

themselves have connected without any interpenetration. There are some aspects of the 

diagrams that are not clear however. It is not known why the deformation is so great, nor 

why some of the apples have actually swelled in size. Despite careful checking of the 

model , no answer could be found to these problems. 
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Figure 6.15 shows the contours of the vertical displacements. Comparing these results for 

those obtained for the tray model (Support Case B) there are some surprising results. 

Despite the fact that the trays themselves are exactly the same and the only difference is the 

apples attached to the tray model. The results of maximum displacements obtained from 

the full shell model (191.95 mm) are greater then the tray model (126.2mm); which was 

expected to be less. The full shell modei comours show the maximum displacement 

occurring at the end of the tray, where as in the previous models it was indicated that the 

maximum displacements would occur in the middle of the tray. 

Figure 6.16 and 6.17 show the maximum and minimum principal stresses. Both these 

contour results clearly show peak stress regions where the apples would contact each other, 

thereby indicating that the slidelines placed in these areas have worked successfully and the 

apples are supporting the load. However, the reason for the magnitude of stresses is not 

clear. The maximum principal stresses ranging from 2012N/mm2 in tension to 400N/mm2 

in compression. Double-checking of all the input criteria for the model revealed that they 

were all correct and had been entered with the appropriate units. The only explanation for 

the variance is that the slidelines and/or the joint elements that were introduced to the 

model with the apples have affected the model to produce such excessive results. The 

stress results do not correlate with the displacement data for the model. The difference 

between the two models indicates an error in the analysis or in the model definition. 

A tray packed with complete apples and the incorporation of the slideline function has been 

successfully analysed. Further work on this model can concentrate on the fine-tuning of 

the slidelines now that their basic operation is understood and more realistic results 

generated. 
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Figure 6.13 Deformed Mesh of Full Shell Model of the Tray with Apples - Isometric View. 
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Figure 6.14 Deformed Mesh of Full Shell Model of the Tray with Apples - Plan View. 
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Figure 6.15 Vertical Displacements of Full Shell Tray Model with Apples - Isometric View. 
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Figure 6.16 Maximum Principal Stresses Contours of Fu ll Shell Tray Model with Apples - Isometric View. 



Contours of NMin 

123 

-1991.3 
-1654.1 
-1316.4 
-978.92 
-641 .55 

-300.53 

35.217 
372.41 

709.81 

Figure 6.17 Minimum Principal Stresses Contours of Full Shell Tray Model with Apples - Isometric View. 



CONCLUSIONS 

The first objective of the research was to find out the material properties of the Friday trays. 

w hich are made out of paper pulp. At the initial stages, work was mainly focused on 

measuring the relationship between stress and strain at d1tferent moisture content as the 

Friday trays are used at different environmental conditions. To develop a finite element 

model it was necessary to have the material properties such as Young's Modulus, Poisson 's 

ratio and density of the material. In later research, it was of interest to find out other 

relationships such as resistance versus moisture content and creep tests. In addition, 

concern arose in selecting dimensions of the test sample. Test samples of different 

dimensions and shapes provided by the previous researchers were tested to establish the 

best dimensions, all the samples broke near to the grippers, however further tests were 

conducted to obtain the best sample shape and dimensions . In addition, the relationship 

between the moisture content and the electrical resistance are inconclusive, as it was not 

re liable Lo measure the moisture levels of the paper pulp material above its fibre moisture 

'>aturation point. 

It was a difficult task lo find the relation between stress and strain exactly at 20, 40. 60. 80 

and l 00% moisture contents, as the %MC mainly depends on surrounding temperature and 

humid ity. Therefore it was found that small variations occurred in values of stress and 

strain. It was a difficu lt task to measure the extension in the jaws, and the force acting 

mainly near the jaws that gives the higher strain values, i.e. the measured extension is the 

combination of the extension of the jaws and the original extension of the sample. 

Reali sing that the total strain is the union of creep strain and elastic strain, creep tests were 

conducted to obtain the accurate values of strain. 

It appears that the samples in the natural day condition were more brittle and tended to snap 

rather than stretch extensively before failure . Moisture in the material increases the ability 

to ex tend. but at the expense of decreased strength (UTS) . But with the increased moisture 

content, i.e. greater then 40%, the ability of the material to extend started to decrease, 

accompanied by a further decrease in strength. Apparently this is a change in mechanism 

of failure when moisture is high . Is this a breakdown between fibres which would be non­

recoverable? Samples were brought up to 60, 80 and l 00% MC and dried at room 

temperature and RH to 20% MC, and then tested. It was observed that samples broke at 

lower stress levels when compared with actual 20% MC samples. Thus, samples that have 

been dried after being subject to high moisture (above 40%) do not recover their ability to 

ex tend or their strength. From the microscopic structures, observations made that the 

expansion of the matrix is not affected but the paper pulp fibres are affected by the 

immersion of water. The fibres are enlarged with increased moisture content and this acts 

as a mechanical plasticiser thereby causing a loss in strength. The fibres are an oval shape 
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when there is no moisture content 111 the material so that the surface area of bonding 

between neighbouring fibres is more. At the increased moisture content the fibres become 

circular, in this situation, the surface area of the bonding between the fibres is decreased 

causing a loss in strength. The moisture in the fibres also causes a decrease in elongation. 

Hence, it can be assumed that high moisture contents cause a permanent collapse in fibre 

bonding. 

Creep tests were also performed to find out time dependent strain , but tests above I 2%MC 

we re no possible because of lack of temperature and humidity controlled rooms. However, 

once the minimum creep rate ( T,. ) is established the rupture life (mer) will be estimated by 

the equation logT, + m. log(mcr) = c, as the constants ,n and c are established by running 

onl y a few complete creep rupture tests. 

The second objective of the research was to create the finite element models of the Friday 

trays. From these models more complex models could be generated and analysed for any 

modifications. To simplify the model and due to symmetry half of the tray with apples was 

generated and the remaining half was replaced with suitable boundary conditions. 

However. stress and strain distribution was unknown across the tray and no boundary 

conditions were known for the individual cups, as the cup of the tray was the repetition of 

the model. Therefore, in the end a whole tray had to be analysed, as the boundary 

conditi ons fo r a whole tray onl y were known. 

The size of the models is one of the biggest problems encountered in the research. The 

solution process takes enormous time to solve the problem, and if any problem occurs the 

processor terminates the solution processes, the problem is then fixed and has to start from 

the beginning. Therefore, only after careful study of the FEA system were the models able 

to be fine-tuned. The 3D models proved too large to analyse. The incorporation of 

slidelines and non-linear controls in 2D models provided an important insight into the 

interaction between the apples and tray. This information could then lead to the 

development of a larger three-dimensional model of a full apple carton. The shell models 

also used slidelines and non-linear controls. However, the results obtained are not realistic, 

but the models show the slidelines are working perfectly to define the interaction in 

between apples and the apples and tray. 

The original tray models that were created, at two different handling situations and at two 

different material properties , has provided very good numerical results. From these results 

the following observations about the handling of the tray can be made. 

One of the most important observations in the tray during handling was that the apples 

themselves form a structural support to protect the tray from bending. As the tray 
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deformation increases, the apples move closer to each other and gradually come into 

contact and start to support each other, without this support the trays would have failed at 

low stress levels. This feature proved extremely difficult to incorporate into a model. The 

ex i!-> ting tray models did allow some conc lus ions to be establi shed. The stress and 

deformation results fo r the tray shell models clearly highlighted the optimum handling 

method at two different moisture contents. Al 8% moisture conditions, the shell mode ls 

di !-> played considerably less displacements and lower stress values when supported at the 

ends compared with supports at the sides. When supported at the ends, the displacements 

were central ised on the tray so any apple would move towards the centre of the tray, in this 

'> illlation the apples are very stable in the tray. At the 20% moisture content situation. the 

models displayed more displacements and more stress in both li fting s ituations. However, 

a l the 20% mo isture content condition, the materi al shows higher strain values when 

compared with 8% moisture content. and the s tructural support of the apples to the tray 

protected the tray from damage. 

From the thin shell models, it could be concluded that the geometry of the tray is the major 

concern to prevent bending during handling and not the materi al properties of the tray. An 

increa'>e in the weight of the tray might be ineffectual; there will be a s ignificant change in 

bending resistance by changing the geometry of the tray. The most effective modification 

from thi '> point or view is to increase the depth of the cup thus increases the relative height 

or the ri dges in the tray, which accordingly increases the second moment area. 

T he creation or FEA models or a tray was success ful; the handling function of the Friday 

tray was able to be successfully analysed using a non-liner analys is. Further work should 

now look at the models of fu ll cartons; this would allow a comparison of the performance 

or the trays at different stacking stages while in the box. In this situation, the slidelines 

.... hould be used not only in between the tray and apples but also between the neighbouring 

apples. Fu rther work i'> recommended. This should concentrate on the non- linear analysis 

or a 3D model and the dynamic analysis a fu ll carton loaded with apples when the carton is 

dropped during handling. 
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RECOMMENDATIONS & FUTURE WORK 

The research should be continued in two areas, to find out a full set of mechanical 

properties of the paper pulp material and the creation of FEA models . 

Measuring the mechanical properties in both longitudinal and vertical directions at variable 

environments gives information for design improvements, which could prevent the excess 

use of material and energy. To do the further experiments a controlled environmental 

chamber is needed and an apparatus that measures the deformation of the sample in both 

transverse and longitudinal directions. Then it is possible to measure the effect of moisture 

content on direction , initial elastic moduli, Poisson 's ratio, initial shear modulus, and the 

non-linear shapes of longitudinal direction and transverse direction uniaxial stress-strain 

curves. The data then will be used to define a Finite Element Analysis model to perform a 

non-liner material analysis. 

Any research that is done on this area will require large memory of the package. When the 

3D model was analysed error messages show that the package needs more memory then at 

the present. To attempt a complete analysis of a fully loaded carton with apples will be an 

exciting project. This will have to be modelled as a material non-linear analysis with the 

extensive use of slidelines between neighbouring apples and the tray. 

When the complete carton is fully modelled and working correctly, the next stage is a 

dynamic analysis looking at when a carton is dropped during handling. It was well known 

that tray tearing and apple bruising are a result of dynamic load being placed on the carton, 

as opposed to a static compressive force such as when the apples are stacked. This would 

then allow the researcher to accurately compare the behaviour of several different types of 

trays under realistic simulations. 

At this stage only the existing trays have been investigated. If the accurate models of the 

trays are working accurately, the problem areas can be easily identified. By eliminating 

these problems attempts could be made to change the tray design, which is one of the 

objectives. Finite element models would then be produced of the new designs so that 

testing could proceed without the expense of having to manufacture a prototype. 

Though these models may be time consuming and expensive initially, once the models are 

created it is an easy matter to modify the model for any further designs. Compared with the 

cost of thousands of physical drop tests which use new fruit each time and take months to 

perform, as well as having to be re-performed for each new packaging modification or fruit 

variety, the initial cost of developing a finite element model would not appear so high. 
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Appendix 1 
DESIGN SPECIFICATIONS FOR THE FRIDAY TRAY 



• 
1.0 PURPOSE 

New Zealand Apple and Pear Marketing Board 

CORRUGATED CASE SPECIFICATION MANUAL 

SPECIFICATION - FIBRE TRAYS 

The purpose of this procedure is to define the way Fibre Trays made for 
NZAPMB shall b·e produced. 

2.0 POLICY 

It shall be the policy of NZAPMB that all Fibre Trays produced for them shall 
meet this specification. 

3.0 RESPONSIBILITY 

It shall be the responsibility of the Fibre Tray manufacturers to ensure that 
trays produced for NZAPMB meet this specification. 

4.0 SPECIFICATION 

4.1 Weight: 
80 ± 5g oven dry (Averaged over four trays). Test method based on 
AS 1301.401 s-78. 

4.2 Dimensions: 
Fibre Products 
PRINTPAC-UEB 

4.3 Moisture Content: 

500 x 300mm 
500 x 304mm 

Aim 10%, Max 13% when packed (Averaged over four trays). 
Test Method based on AS1301.401s-78. 

4.4 Ventilation Spaces/Hand Holds: 
Hand holds shall be provided at the ends of each tray. 

· 4.5 Colour: 
To be confirmed. 

4.6 Tray Finish: 
Top Side - Area in contact with the fruit shall be smooth and tree from all 

lumps and foreign matter which will damage the fruit. 
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• 
New Zealand Apple and Pear Marketing Board 

CORRUGATED CASE SPECIACAllON MANUAL 

4.7 

4.8 

4.9 

4.10 

4.11 

4.12 

4.13 

4.14 

SPECIFICATION - FIBRE TRAYS 

., 
· ' 

Underside J To be confirmed. 
\ 

Foreign Matter: 
Foreign matter shall not be permitted in areas which will cause damage to the 
fruit. No more than 20 flecks/tray shall be permited. These must be clearly 
discernableon the upper surface of the tray, held at arms length. The flecks 
must be at least 2mm long. 

Edges: 
Excessive fl~h which prevents the tray fitting into the case neatly shall not 
be permitted. Trays with folded or rolled edges must not be in bundles. 

Identification: 
Each tray shall be clearly identified with the count number. 

Tears: 
No tears or holes off machine shall be permitted. 

Packaging: 
Each bundle shall be strapped and contain 125 trays. Each bundle shall have 
its own count label and a manufacturing date. All palletised trays shall be 
shrowded. 

Palletising: \ 
Each pallet shall contain 63 bundles, 9 bundles per layer, 7 bundles high. 
The pallet shall be covered using a protective shroud to stabilise the pallet 
load and to give protection for 1 years outside storage. The pallet is to be 
sufficiently stabilised to allow movement of the unwrapped pallet The count 
size label with manufacturing date is to be weather proof and clearly visible 
from the outside of the pallet shroud. Pallet size is 1500 x 1 080mm. 

Hygiene: 
To be confirmed. 

Chemical Additives: 
All chemical additives used in the manufacture of moulded pulp trays must 
comply with the following or their equivalent: 

FDA Regulation 176: 170 - Components of paper and paperboard in contact 
with aqueous and fatty foods. 
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• 
'-\ 

New Zealand Apple and Pear Marketing Board 

CORRUGATED CASE SPECIFICATION MANUAL 

SPECIFJCA TJON - FIBRE TRAYS 

. FDA Regulatidn 176: 180 - Components of paper and paperboard in contact 
with dry food. 

The USFDA has not granted specific approval for any dyestuff used in paper 
colouration. The usage of the dyestuff used at present is based on a history 
of safe use which is recognised by the FDA and demonstrable non-migration 
as determined by appropriate testing. 
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Appendix 2 
MANUFACTURE OF PULP TRAYS 



The NZAPMB draws trays from three plants in New Zealand, the majority of the trays 

being produced by Printpac UEB Moulded Fibre in their Auckland and Nelson plants. 

There is some variation in the design of the dies used at each plant, but they all adhere to 

the same manufacturing specifications provided by the board regarding weight, dimensions 

and other factors. It can be noticed that within these specifications, there are no criteria 

pertaining to the strength of the tray. 

Raw Materials: The Friday trays are being made wholly from recycled paper. Printpac 

UEB have a contract with a waste paper collection company (Paper Chase) and take all the 

paper from road side recycling programmes in Auckland and Christchurch. The bulk of 

their supply is newspaper. Chequer Moulded Pulp have a contract with Telecom and use 

recycled telephone books in combination with Kraft paper. The type of paper used 

ultimately affects the final product strength and characteristics. Glossy paper, carton 

manufacturer waste, and paper with a high wet strength if used in large quantities will lead 

to an inferior product. Kraft paper has relatively long fibers, which is believed to increase 

the cushioning properties of the trays. 

Manufacturing Process : The recycled paper is then processed in batches of about twenty 

kilograms and is broken down into fibre. The fibre is then transferred to a shredding 

process or through a rotating drum operating in similar manner to a concrete mixer, rotating 

approximately I 5 rpm and mixing the paper with hot water as it is pulped. The paper, once 

reduced to 4% pulp, is fed through a magnetic cleaning system that removes any metallic 

objects such as staples, and passed into a centrifuge to remove any other solid matter such 

as sand and stones. A vibration screen completes the cleaning process by removing larger 

pieces of pulp , which are then recycled through a mincer to improve their consistency. 

Various chemicals are added depending on the nature of the pulp mjx and may include 

kymenes and rosins to give wet strength to the pulp during manufacturing, dyes and dye 

fixatives , defoamers , acid to raise the pH, alum to bond the chemicals, and the wax for 

water repulsion in the final product. 

Dies to make the trays rotate through a vat of pulp. The dies consist of a brass former 

covered in one or two layers of fine mesh. The brass former has holes in it through which a 

suction of 0.8 bar pressure is used to stick pulp onto the die. Placement of these holes 

dictates the thickness of the pulp in specific regions of the tray. As the loaded die moves 

out of the vat, warm water is sprayed onto the back of it to force fine particles into the tray, 

to remove any feathering round the edges and also to give a smoother surface finish. By 

reversing the suction, the tray is blown off the die onto another rotating roller which drops 

it onto a conveyor and into the drying oven. The ovens are gas fired and run at 200°C 

taking approximately four minutes for the tray to dry. 

Quality control procedures operate to ensure that the trays are produced to the correct 

weight. Because of the drying time, it takes approximately five minutes of a production 
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run to check any changes made. Necessary changes are generally made on a trail and error 

basis. If the trays are too heavy, either the speed of the rotating dies is increased or water 

added to the pulp mix . Conversely, if the trays are too light the speed is adjusted so that the 

dies spent longer in the pulp vat. Tests are also conducted on water resistance and colour to 

ensure that specifications are met. 
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Appendix 3 
SLZ PACK DESIGN AND 2 TRAY SPECIFICATIONS 



SLZ PACK DESIGN 

Title PLB Single Layer Z Tray (SL-Z) - 100mm 

r . 734 

7-183 ._ C: ~l 
: = !C _____ , I ·- -.=:r·-·-·-·-·-1·,=j·-· '.0:] LP° , r-·-·-·y i 

' • I 1 ' h . 1 I n i 
u I \ y I I . :;=Ti 

I • I l 
_, 101 ~ 496 : 

I I . I l 

: · I 326 : i 1 
" 30 

>-. ~.. I ·l 7=r : 
LJ . I '. LJ 1 

I • ! , 
: . i ! : 

700 

\ 

' I • 

= · ___ -
'----~~--------_._ 

All dimensions are In mm. Case viewed from the inside. 

Title PLB Single Layer Z Tray (SL-Z) - 100mm 

Stock Ite m Code: 

Pick Style : 

Grade And Flute: 

Print Colours: 

Board Treatment: 

Manufacturer Joint: 

lntunal Dimensions: 

Tare Weight: 

072 Enza PLB Single LayH Z Tray - 100mm 
l S1 Select PLB Single Layer Z Tray · 100mm 

PLB m&chine erected tray 

3113C Body, 31 \ 3C End Pieces. 

Refer to the individual SIC specifications for colours and 
print layout. 

Watu Resistant Starch 

N/A 

-476 x 322 x 100mm (n'omlnal) 
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Appendix 4 
RELATION BETWEEN RESISTANCE, TIME AND MOISTURE CONTENT 

RELATION BETWEEN STRESS AND STRAIN AT DIFFERENT %MC 

CREEP TESTS ON PAPER PULP MATERIAL 

APPLE DENSITY MEASUREMENTS 

PULP TRAY POISSON' S RATIO CALCULATIONS 

PAPER PULP MATERIAL DENSITY MEASUREMENTS 



Relation between Resistance, Time and Moisture Content 

Sample 1: 
Room Temperature and Humidity: 23.8/42.1 
Sample weiaht before: 1.5992arms 

Time after Weight in Moisture contant 

in Min Grams in the sample 

0 1.9975 24.91 
1 1.9894 24.40 
2 1.9807 23.86 
3 1.9706 23.22 
4 1.9587 22.48 
5 1.9495 21.90 
6 1.9395 21.28 
7 1.9247 20.35 
8 1.9140 19.68 
9 1.9057 19.17 
10 1.8854 17.90 

Sample 2: 
Room Temperature and Humidity : 22.9/41 .7 
Sample weight before: 1.6774grms 

Time after Weight in Moisture content 

in Min Grams in the sample 

0 2.3693 41 .25 
2 2.3505 40.13 
4 2.3296 38.88 
6 2.3070 37.53 
8 2.2814 36.01 
10 2.2675 35.18 
12 2.2389 33.47 
14 2.2141 32.00 
16 2.1954 30.88 
18 2.1727 29.53 
20 2.1495 28.14 
22 2.1286 26.90 
24 20982 25.09 
26 2.0742 23.66 
28 2 0450 21 .91 
30 1.9892 18.59 

Sample .3 
Room Temperature and Humidity : 21 .3/56.8 
Sample weight before: 1.6286grms 

Time after Weight in Moisture content 

in Mi n Grams in the sample 

0 2.6351 61 .80 
3 2.6093 60.22 
6 2.5851 58.73 
9 2.5658 57.55 
12 2.5440 56.21 
15 2.5212 54.81 
18 2.4985 53.41 
21 2.4718 51 .77 
24 2.4490 50.37 
27 2.4211 48.66 
30 2.3981 47.25 
33 2.3760 45.89 
36 2.3542 44.55 
39 2.3252 42.77 
42 2.2969 41 .04 
45 2.2737 39.61 
48 2.2481 38.04 
51 2.2242 36.57 
54 2.2072 35.53 
57 2.1809 33.91 
60 2.1540 32.26 
63 2.1325 30.94 
66 2.1162 29.94 
69 2.0945 28.61 
72 2.0683 27.00 
91 1.9575 20.20 
96 1.9459 19.48 
99 1.8759 15.18 

Resistance in 

MOhms 

2.672 
4.540 
6.721 
8.223 
10.121 
12.050 
14.650 
18.920 
22.340 
28.870 
32.430 

Resistance In 
MOhms 

0.226 
0.253 
0.276 
0.298 
0.313 
0.447 
0.676 
0.804 
0.947 
1.167 
1.372 
3.560 
4.100 
6.170 
10.742 
14.983 

Resistance in 

MOhms 

0.103 
0.117 
0.134 
0.188 
0.231 
0.215 
0.242 
0.273 
0.262 
0.287 
0.3 11 
0.368 
0.433 
0.503 
0.578 
0.667 
0.708 
0.721 
0.787 
0.842 
0.898 
0.935 
0.978 
1.362 
2.672 
13.725 
28.554 
32.312 

Sample :4 
Room Temperature and Humidity : 20.9/52.3 
Sample weight before: 1.6216grms 

Time after in Weight in Moisture content 

Min Grams In the sample 

0 2.9235 80.28 
5 2.8668 76.79 
10 2.8227 74.07 
15 2.7659 70.57 
20 2.7203 67.75 
25 2.6446 63.09 
30 2.565 1 58.18 
35 2.5141 54.80 
40 2.4490 50.59 
45 2.3774 45.98 
50 2.3191 42.40 
55 2.2478 38.02 
60 2.2032 35.28 
65 2.1 521 32. 14 
70 2.0196 24.01 
75 1.9824 21.72 
80 1.9011 16.73 

Sample :5 
Room Temperature and Humidity : 20.9/52.3 
Sample weight before: 1.6397grms 

Time after in Weight in Moisture content 

Min Grams in the sample 

0 3.3805 106.17 
5 3.3268 102.89 
10 3.2741 99.68 
15 3.2256 96.72 
20 3.1722 93.46 
25 3.1 186 90.19 
30 3.0740 87.47 
35 3.0014 83.05 
40 2.9535 80.12 
45 2.8912 76.32 
50 2.8334 72.80 
55 2.7645 68.60 
60 2.6906 64.09 
65 2.6391 60.95 
70 2.5647 56.41 
75 2.5012 52.54 
80 2.4379 48.68 
85 2.3621 44.06 
90 2.3025 40.42 
95 2.2329 36.18 
100 2.2032 34.37 
105 2.1401 30.52 
110 2.0794 26.82 
115 1.9895 21.33 
120 1.9073 16.32 

Resistance in 
MOhms 

-1.326 
-1 .232 
-1 .112 
-0.996 
0.025 
0.119 
0.141 
0.204 
0.271 
0.395 
0.537 
0.612 
0.819 
1.063 
2.549 
6.816 
17.117 

Resistance in 

MOhms 

-1 .912 
-1.862 
-1.174 
-1 .597 
-1 .443 
-1 .376 
-1 .271 
-1 .347 
-1 .081 
-0.876 
0.103 
0.1 19 
0.192 
0.256 
0.305 
0.387 
0.489 
0.687 
0.894 
1.074 
2.745 
4.216 
7.917 
14.665 
20.741 
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Samples of no Moisture Content - At Room Temperature and Humidity 
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,1_ p.,_?(1'I ll_lltlltJ7 IUWW50 ll.001117 

11.~.!)lM, 111.111:!J:'I OIIX'fi(,9 ll(MII 1, 

O .:!6iO.'; UHl.!lJO 0 llllJ-1 OIMll61' 

11.lU(W~ 11.INIH) o 1~191 111,1199 
tl.lJ760 OUllXI t1.IW67 0,00229 

l)_l1'6lJ:? IIINl-126 O.l';J9-l OIMl260 

o .-C!:)6X IIIMJ.171 11.1711'1 11.IMl291 
ll..t6lJl.} IIU15l6 0.1~722 0.tMll21 

U.)IN.1-16 11.IU°'62 0.211l('6 11.1ms2 
11.)l(,(I}.. (1_1.111607 0.21911 II.IMIJX2 

11.5711" 0.1111652 112, .. IJ 11.IMJ.II, 
I) <,).17, O.IU69~ 11.2-l7:i I 11.IM).I.I.I 
11.(1'7Xx O.IXJ7-4l l).;?6122 II.IMJ.174 
ll.(1711-11 0.1.1117Xh 11.27l62 11.111505 
01111,1 11.1x,:,n.i tt..!X622 oms,, 

11.7l2..J6 ()tlllX7lJ 0 ,11021 0.(111566 

o.u,,11; OIMllJ:?-4 O.ll.!64 IUMIW7 
II 711:! ... :: (IIJl~)(,lJ (I. l25J(, IJ.(Nl(i27 

II ~2117: 0.1111115 0 H716 O_(Nl(1,S:,,; 

II I\Jl\7J 11111060 O \-490X lltNl<,Xk 

I))\ ihl~ 1101111) O"\(W),.J IHMl71l) 

ll'Jlt~' I OUI 151 o,s,111 tl.lNl75(1 

ll'J.!:\lJJ 1111119(, 11J111:,,;5 11(1117~11 

''·''i'(~- ll.11 :JI U.J.!tl'N ()(1(1~1 I 

II ,,~:'.\J 11.111:x-- 11-lN-4~ OIMIX4 I 
1.(1()\ '~ o.111n~ O.J'i70- 0.tNll\72 

I.Olli.) 0111 l77 OJ7lJ,,.l O,IICl'.HI\ 

1.0~1_,;;~ IUIJJ:?O O-l1JCl55 11.00tJll 

I O:i--.!1J O_IHJ(,J,,. 11507.l:i 11.(N,i.J(W 

I 111717 0111511 1152l72 IIIMl'/</-l 

I I 1171 1111i:;5, 0.5'967 0.01025 

1.15';::7 1111160-1 0.55671 tt.011156 

1. lilil; 11.IIICl-l~J 11.1758:i O_OIOX6 

I ~ll~Jh 11111(,l)J 11.5929\ 11111117 

I ~1~ '1' ll.0l7JO 11.'111'-)\(I ll.111 l-l7 
I 2-1711 Cl.lll7X5 11.625"'\tJ II 11117). 
I ~":112}. uonno 11,64161 1Uil211'J 

~~,tu IIIIIX7:i 0_6('4)-U 11.0l11lJ 

I ;1~.!J 0 .111')2 I llh/6!17 0.1112711 
1 n,,2~ O.OltJ<,6 0(1lJl75 lllll'IMI 
I l:'76, 0112011 11.7 I 14.l 11111111 
I \7~)<, IHl.!057 0.7:!XtJX 0111\62 

I Nhl-1 0.0211t2 111.11,,0 11111 l92 

1.-ll6\Jl ll.021J7 ll.7t,.1116 ll.lll-l2l 
I.J l<190 tUt:!ltJl 0.7XIIX6 11.lll45J 
1.-l.lXI I 11.1122,x ll.7tJ7-l.J lllll-l8.I 
1477<).I 11.1122x, o.8nX1 11.111515 
1.Jll).;21 11.02'.!h 11.Xsil<,X 11.111:1-1.~ 
l.51Xl7 U.U2l7J IIJUX79 ll.lll:i76 
1..S-8511 11.02-119 11.X/,-184 ll.lll(il6 
1.l:i79-l 11,112-1(,-1 11.XMl<,X 11.1116.17 
1.571,MI 11111:illl O.hlJ656 11.IIIMX 
1.596\5 11.111:i5:i 11.<Jn25 11.111698 

1.61726 11.112/~MI 11.'l\(J.III 11.11172\1 
u,1x11 11.02(,-16 0.9-179X 11111759 

'·"'~-n 002(191 11.%5-45 0.01790 

I 67SlX1 IH127l(1 11.9X261 11.111821 
1.7111 I I OU27XI I.IMMII I IUIIX:il 
I 7:!ll7 o.11:?X27 1.11169-l O.OIXX2 

I 7-lll75 11.112X72 1.111299 IU11912 

I 7611211 U.0:!917 l.115l157 11.11194, 

I 7Xl7• 11.112961 1.1167.111 11.111974 
I.Mil<,1 11.11-CMIX 1.118.111.1 11.1121MJ.I 
I.X21:!7 1111,11:i\ 1.mX97 11.1120.15 
1.X-lll-1/, 11.lnl~.i'J 1.115711 11.1121165 
l.l</iK,:i 11.11114-l l.l.'1K2 11.11211'!6 
1.XXI 11 llllliX9 1.1487(, 11.112127 
1.X99N..t 1Un214 l.11>5112 11.112157 
1.9IX-l7 llln2XO 1.18175 0.1121XX 
1.9,(,7.1 11.11112:i 1.191-)29 11.112218 
l.95NIX ll.111J711 l.::?169J ()JJ22..t9 

1.97-'19 cun..i 1<i l.2'.156 11.1122811 
l.9'111.17 II.IH41,I l.25lMl4 11.112.llll 

! Sample .l j S:tmple 4 
C/S An.:..1 = \6. 72 '4.mm C/S An:o = 24.16 sq.mm 

01ic111al U.·ncth = 57.9mrr Oncmal Lcni.!lh = -lfi.27m1r 
Str\.·,,1 I ~tr.1111.l Stf\·,,.J I S1rain-t 

l)J.llk.11.llt tl.t111K,OU O.lhXXXI ILIXiKKI 

O.OX66X II.IMM1l7 11. 111,11 II.IMMI2X 

II 115911 ll_(MMl52 ll.151n7 IIIMMl7I 

II 1-l-lXII IU MKIX6 o ltJ752 11.IMll 15 
tt.17-12(1 ll.tM1121 112-llSII (HMl15X 
11211_,27 ll1Mll:i5 11.286(11 11.m2111 

ll.2121~ o.(IOl'.>11 11.12765 II.IMl244 

11.26021 0.00225 IIJ678-l 11.IM12k7 

11.28657 0,01259 11.411592 o.mrn 
IUl-ll9 O.CN.>294 11.4-1226 11.IMl.'7-l 
11.14-lX, II.IMl:128 11.47558 ll.(MJ.117 
11.,7595 II.IMl16l ll.511Jsl II.IMJ.16(1 

114115(,9 II.IMIJ97 ll.'4292 11.mSO-l 
11-l,4/,I II.IMJ.IJ2 ll.572J5 II.IMl547 
11.4628X II.IN~/,/, 11./,112.111 11.IMl590 

0 . .1911ll 11.IMISIII 11.61195 II.IM16H 
11.5161.1 IIIM15l5 11.1,/,126 IIIMl676 

11.5.1126 II.IMl:i711 11.68/,.lll o.mno 
11.5(,(~17 IUM161J.I 11.71275 II.IMl761 
11.5895-l o.00<1W 11.7lXS7 II.IMll«16 
0.(,117.1 11.IMl(,7.I 11,765-lll 11.IMlll.19 

116,U.1 OIM1711X U.7XlJX2 IIJMIX9l 

IIMW5 IIIMl7.ls 11.X I 52, IIIMl'Ho 
ll(,771f\ II.IM1777 11.k-lOXlJ 11.IN)l)7lJ 

11.6'J9l5 0.00~12 tt.X6!--Al2 II.III022 

11.722:0'J Cl.(NlhJ6 U,X}-;lJ5l 11.1111165 

117-l.112 O_OOXl<I l)tJlll(, 11111111') 

llio:101 IIIM~Jl:i ll.')'19(, O.lll l:i2 

ll.7X440 11.111')511 U.9619(, 11.11119.1 
IIMJ.177 11.IM~JX.I 0.lJXJX5 0.01: .,:,,; 

o:,,;.2552 tl.01019 I.IICl7-4lJ O.Ol:!X2 

11.X455 I 11.1111154 1mn, II 111•2:i 
11:,,;6 .. nx 11.0IIIXX 1.05526 11.111168 

IU<X-ll2 0.0112, l.11767X 11111-lll 
0.90UO 11.1111.17 1.ll'!XIII 11111>55 
1192 IXI II.Ill ltJ2 1121 l(, ll.lllJlJX 

11.lJWt~ 0.01226 1.14'2:i 11.1115-11 

11')5771 1101261 1.1Ml2 11.111:iX-l 

0.'177:il> 0.01295 1.184(,9 11.111625 

11.94.JS21 ll.llls1'1 121)(\~I 11111671 
1.IIIH4 llllill,-1 I 2272-1 11.111714 
I 11'1,-l IHH \')9 1.2.J7klJ 11.111757 
1.11512, 11.1114•-l 1.2(,751 11.IIIXIMI 
I.IK,'!7-l 11.11146, 1.2XX711 11.IIIX-l.l 
1.IIXX-lll 11.1115111 U11!81 II.OIXX7 
1.11111n 11.1115,7 l.lJ042 0.1119:lO 

1.12565 11.111572 1.1511116 11.11197.' 
l.14J22 ll.lll(il6 1..17111 0.1121116 

1.16168 11.lllt,.II I.J9176 11.11211611 
1.181M~ 11.11167:i l.412.1X 11.11211n 

1.19818 11.1117111 1.4.11XJ 11.112146 

l.2162J (1.111744 IASll'JI 11.112189 
I.BJ55 11.1 11779 l.-l7115.1 11.1122:11 

l.25lNNI ornxn l.491X5 11.112276 
1.26762 1111184X 1.51147 ll.02119 
l.2XJl,I O.IIIX8l 1.5ll'12 11.112,02 

1.JIMl76 11.111917 1.S51J7 11.112405 

Ul721 11.111952 1.57107 11.1124-19 

I.JJ429 0,1119X6 I .5X9,2 11.112492 
I.J514-l 002021 l.6075J ll.1125J5 

Uo\lW II 112115:i 1.62-lXJ 11112578 
UX/,19 (1.11211'.HI 1.1,-1,115 11.112622 
I -lll2411 11.11212..i l.661Kw 11.112665 
IAIXIMI 11.1121;;9 1.67686 11.112711X 

I .1•4111 11.112191 l.6945ll 11.112751 
1.451,JX fl.11222X 1.711211 11.112794 
l.-l67kl 11.11226., l.7.'1159 11.02838 
1.48625 ll.02297 l.7-l6K5 11.ll28XI 

1.50.-.12 0.02:\ .. "\2 1.76.120 11.112924 

1.52029 0.02J61, 1.7Xl58 11.112%7 
l.5JC,79 11.112401 1.79901 11.11.lOII 
l.55J92 11.1124.,5 I.Kl51 I 11.11."154 
1.5711.l 0.024711 1.Xll95 11.11."m 
l.5X777 0.1125lJ.1 1.1149% 11.11.1140 
1.6(~58 11.1125W 1.86552 11.IIJIXJ 
l.62J56 ll.11257J 1.881184 11.11.1227 
1.6-lll')J ll.02/ilX 1.89586 U.UJ2711 

! Sample S 
C/S An.·a = 2k.X-l '4,mm 

Oncinal L.:m.!th = 4X -l7m1r 

~11\::-.:-.5 I StrJm5 
11.IMMXMI IUMMMMI 

II.OJ592 O(MMJ.11 

11.117-l'J7 IICMMIXII 

11.IIIX5l fl.lMll:!-1 

tl.ll66l) 11.IMll65 
11.16(,511 O.(Ml2116 

0,20:\19 O,IM124X 

11.2:16111 O.IN)289 

11.26:156 11.IMl:1.•11 
11.2RXJ I 11.IMl:171 
1U2015 11.IMJ.IIJ 

II.J5184 11.IMJ.1:i.l 
II.J75Xl II.IMJ.195 

IU995:i 11.IMl:i•6 

11.4211.111 II.IMIS78 

045811 1 O.IMl619 
0.4X204 11.IMl(,(,tl 

11.511517 11.IMl7111 
11.5.1271 111117-l, 

11.56(182 11.IMJ7X-l 

11.58-192 IHMIX25 
11,6(1(,117 IUMIX67 

0.62lJ5X 0.(N,-JO~ 

0.65511 0.(0.J-N 

11677118 11.IMl')'!O 

O.lllJXO'J 0 _011n2 

11n1 i;; 11.111111, 

11.74-l 11 1111111.I 
11.76571 II.Ill I.I.I 
11.786:ih 11.111195 

I) XIIX5, 11.1111,x 
O.Xl22X 0.0127lJ 

II X5.IX1 0111 ,20 
ll,X7X511 O.Oll62 

0901'2 11111-llll 
o _Y2Wl 0.01..w..i 

0.9-l.JX7 <Ull-lX5 
11.9fr5X5 O.Ol."i27 

1198XIJ.I 0.11156X 
l.(Ml')(,-1 111111,<,; 

I 11•1117 11.111651 
1.115274 11.111692 
1.07.197 11.017'1 
1.1,J-l69 11.11177-l 
I.IIJXII 11.111816 
1.IJ.lJ6 11,111857 

l.l5J:I.I ll.11189X 
1.172XX 11.llll.H9 

1.19168 11.1119XI 
1.2 1217 11.112022 
l.2J4M 11.112116.1 

1.25447 ll.11211~ 
1.27.127 11.112146 
1.29'1 l 11.112187 
u n.12 11.0222X 
I.JJJ5l ll.02269 
I .J541~J 1um11 
I.J7614 11.112.152 
1.W7l6 11.112 .. W:t 

1.11671 0.112-4:W 

1.4.1648 11.112476 
1.457114 11.112517 
1.-1778-l 11.1125:iX 
1.49854 11.112NMI 
1.5l8X.1 11.112(,-11 
1.5.1828 11.02682 
1.56078 ll.11272J 
1.57975 11.112765 
1.59792 ll.112XII(, 

1.616,7 11.112847 
1.635% 11.1128XX 
1.6548\1 ll.029JO 

l.67J68 ll.02971 
1.69116 IUIJOl2 
1.1mJ6 11.0.1115.1 
1.72857 11.IIJl1J5 
1.748211 II.IIJIJ6 

Con1inucd ... 
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Smnplc I 
C/S ,\r~a = 10.65 -.q.mm 
( Jri!.!inal L~n!.!th = -l-1 l Smn 

Stn.:s.,1 
2.(}()()62 

2.H21XX 

.:'.01~_1() 

2.115112 1 
2.11595-l 

2.llli-l70 

2.0(1512 

2.0(118 .1 

2.115772 

2.11-16 17 

2.01 X51 

I lJ .. Fi-l .:' 

l :nd 111 lk:-.ult, 

I Strain t 
0.0.1506 

(1.().1552 

(1.()1597 

11.0.16-12 

!Ul.1MO 

0.0.173.1 
,un11x 
11.03X21 
tUUX(19 

n.oWl-l 

!l .ll."W5lJ 
00-1005 

j Sample 2 
C/S Arca= 28. 16 sq.mm 

Ori£:inat Lcn!.!lh = 67 16mJT 

Strcss2 I Strain2 
1.2(16.1-l 1u12 :q1 

1.28-1-IX 0 .02 .171 

1..111128 0 .01-102 

1..116 16 (1.112-1 .1.1 

U .1182 !Ul2-l6.1 

1 .. 1501 ll.02-l9-l 

U<,857 0.0252-l 

UX.17-1 t).(12555 

1 .. 19915 (U125X(i 

1.-11-170 11.112616 
!.-l.11 (}() 0.112(1-17 

1.-1-1780 0,112677 

!.-l<1.W6 ll.i l2711X 

I.-IX17 I 11.0::n.w 
l.-ll)X91 11.1127N) 

1.5 1555 ll.02XOO 

I .).l2-l2 0.028.10 

1.)5099 O.U2X6 I 
1.)M,:0-1 1/.1l2XlJ2 

l.5X-I-II 11.112922 
l.(,t}(}(\7 IUJ295.1 

1.(117115 t U129X.1 

l .(1.1.191 11.0.1111-1 

l.<1507X (l.(),10-l5 

1.66726 tl.0.11175 
l. (18-lXII 11.111106 
1.7()25(1 0.0.11.16 

1.7196-l IUl:1167 

1.715)8 !Ul.119X 

1.7 51711 (Ul.1228 

1.7(,7 .17 0.11.1259 

1.78278 0.0.\289 

1.79759 (1.11.1.120 

u.: 1.196 11.111.1 51 

1.X2919 IUl.1.181 

I .X-l-l92 (Ul1-l12 

1.:-:61)-l-l O.ll"i-l-12 

1.87575 001-l71 

l.X1) 197 ll.l lUIIJ 

1.\J(IXll(1 !Ul.1.'fq 

l.')2171 lUl15(i5 

I .lJ.~(12(l tl.111595 

1.1J)ll.12 IUU626 
1.9(1-12() 0.03(157 

1.977 1.1 0.11,1687 

l.'JX1J77 11.11.17 IX 

2.llCl.'211 OJl\7JX 

2.Ul655 !Ul.177 1> 
2.11:!770 0.0.\X to 
2. 11.17:12 IUl.18-l(l 

2.11-l7-ll 0.111X7 J 

2.057 .15 O.tl.1'>01 

2.0(1611) 11.tJW.12 
2.l)(il)l)(, IJ .0'9(1.1 

2.117:!(12 O.OWI.J.1 

2.072)1.J O.O-lt12-l 

2.0711611 IUl-l!l5-l 

2.0(16.17 11.!1-l!IX) 

2.115927 11.fl-ll 16 

2.052-19 O.ll-ll-l6 

2.IWX\2 11.11-1177 

2.ovnx O.O-l207 

2.tlllJ.t2 <Ul-l2.1X 

l .lJ76.1X 1Ul-l269 

1.88210 n.o-1299 

I Sample 3 
C/S Arca= 36.72 sq.mm 

Ori!.!inal U:n!.!th = 57 9nm 

Stress.\ I Strain .\ 

l .65752 (l.tl26.:t2 

1.67255 0.02677 

1.6X916 11.11271 2 

1.71161.1 0.1127.t6 

1.72.1117 11.112781 

1.1.wm 11.112815 

1.7577.1 (Ul2X)O 

1.77.197 11.1 12884 

1.789.18 0.02919 

1.811-179 (1.11295.1 

I.X:!!121 !Ul2lJXX 

1.836.1.1 0.031122 

l .X5202 0.0.1057 

l .X67.\5 IU).11192 

I .XX1111 ll.tl.112(1 

1.89851 0.1111(11 

1.91217 0.01[9) 

l.92519 1un2.111 

1.9.18-18 (l.l'-12(1-l 

I .951-l2 IUH299 

1.96-l22 {).().1_1_1._'~ 

1.9762.1 IU).116X 

l .lJX6(1.1 0.0.1-lU:! 

1.99662 t).l)J-l .17 

2.011705 11.11.1-172 

2.111762 0.11.15116 

2.1126XX 11.11.15" I 
2.0.1720 11.11:l.575 

2.0-1755 11.11.\6111 

2.11578-1 11.0.\6-l-l 

2.06702 11.11.1679 

2.117-151 11.11.171.1 

2.1179.1.1 11.11.1748 

2.08186 11.111782 

2.llXtllJl 11.IL~Xl7 

2.117587 11.11.1851 

2.06797 IJ.11.1XX(1 

2.05596 tUl."N21 
2JIJ11() ll.t1W55 

2.0.1tMH tl.11JlJ90 

2.020.17 0.11-l02-l 

2.IXl7.18 O.O-l05'J 

1.982(1.1 11.(IJ()l).1 

1.9.1597 0.0412X 

1.8727-1 IU1-ll62 

1.78205 O.O-lllJ7 

End ot lk:'\Uh., 

I Sample 4 I Sample S 
C/S Ari;a = 2-l. I 6 sq.mm C/S Arca= 28.84 sq.mm 

Orit!ina l Lcm:lh = 46 27mrr Ori!.!inal LcncLh = 48 47mrr 

Stn;ss4 I Strain4 Stn.:ss5 I Strains 
1.91 171 11.11:i.11.1 1.766.17 O.ln177 

1.92724 11.11.1.156 l.78:i6:i 11.1 1.1218 

1.9-1276 11.11.1-IIXI l.81MMl7 (J.01260 

1.95611-1 11.11.14-1:1 1.8 1546 11.11:1:1111 

1.97016 11.11.1486 1.8:1111:1 11.11:1.142 

1.98.128 11.11.1529 1.845111 11.11.1.184 

1.99251 11.11:157:1 1.86082 11.11.1425 

2.00199 11.0.1616 1.8768 .. ti.II.UM 

2.1111.14 (1.(l.1659 1.89251 0.035117 

2.1118115 11.11.1702 1.90681) il.11.15-ll) 

2.02202 11.11.1745 1.922411 0.0.1590 

2.1122-lX 11.11.1789 1.9.1797 0.11.16.11 

2.11209-l lUl.1X.U 1.952.19 ll.11.1672 

2.01192 11.11.1875 l.965XI 11.11.171-l 

1.98874 0.0.1918 1.97979 o.11:n55 

l.951-l9 IUI.W62 1.99.t-12 (l.(11796 

1.8861:1 11.11-IIXl5 2.00725 1Hn8.17 

1.775711 1).()-11)-18 2.018.18 0.0.\879 

1.5.\-1.111 11.11-ll~JI 2.112725 0.11.1920 

Eml,1l' Rl'suh ... 2.11.11 811 t).()1961 

2.112479 O.tl-l(ICl2 

l.9751XI 11.11-1114-1 

I .X:2628 11.11-11185 

End uf Result:'\ 
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Relation Between Stress and Strain - 20% Moisture Content 

Mode 
Option 
Pre-Speed 
Test Speed 
Post-Speed 
Distance 
Count 

Measure Force 1n Tension 
Repeat Until Count 
2.0mmls 
0.5mmls 
10.0mm/s 
10.0mm 

Trigger Type Auto 
Tri er Force 0. 10N 

Sample 1 Sam le 2 
C/S Area= 28.12 sq.mm C/S Area= 18.04 sq.mm 
Onq1nal Lenqth = 78.33mm Onqinal Lenqth = 49.31 mm 

Stress1 I Strainl Stress2 I Strain2 
II.IKMMMI 11.IMMIIII 0.00000 0.00016 
(1.1)()5(19 II.IMKIJ6 0.02677 0.00057 
0.11 1220 0 ,()()(16 1 0.05222 0.00095 
0.111927 0 .IKKIX7 0.07661 0.00138 
0.1127 17 11.IMIII I 0.10227 0.00178 
11.11 1-IX5 11.IMII.\X 0.12550 0.00219 
0.11-1 , 0 1 11.IMll6:1 0.14678 0.00260 
(1.(15156 O.IKJIX9 0.16768 0.00300 
1U l59'N 0.110 2 1-1 0.18753 0.00341 
!Ul(1X W O.IMl:?-10 0.20704 0.00381 
fl.07<1X I IJ.(MJ266 0.22461 0.00422 
0_111-(50(, U.(Ml29 t 0.24285 0.00462 
O.tff\ :? X II.IMl1 I7 0.26037 0.00503 
0.10151 OJHl"\-l :? 0.27688 0.00544 
il.HitfN n.o016X 0.29241 0.00584 
0.117-H, (UIO.N 1 0.30748 0.00625 
I I. I 25lJ2 !UH~l9 0.32256 0.00665 
11. I11Ix 11.m-1.w 0.33686 0.00706 
11.1 -1 1:?9 11.IMl-l711 0 .35006 0.00746 
11.l -N:?IJ !UMl--l95 0.36369 0.00787 
O. I 5711J (UH152 l 0.37694 0.00827 
tl. 16-f 'n I UM15-l6 0.38936 0.00868 
0. 172.ll 1UHl572 0.40183 0.00909 
O. I XOl(1 (UHl597 0.41341 0.00949 
U. l}..7lJ I IUH16 2.1 0.42705 0.00990 
O.JlJ-IX-1 {1.()()6-19 0.44041 0.01030 
0.202 :?0 11.IH l67-I 0.45288 0.01071 
!l.2tJ\Jt l3 II.IM J7110 0.46591 0.01111 
0.21-197 11.1.11 17:!5 0.47894 0.01152 
0.2:?0 X-1 0.0075 1 0.49252 0.01190 
0.:?27 2X 1)_()(1776 0.50471 0.01233 
n.:!1 27\J II IMIXIKI 0.51663 0.01274 
0.21X7'1 O.IKIX27 0. 52949 0.01314 
11.:!-l-1711 I IIM IX) 1 0.54218 0.01355 
11.25167 IUMIX7X 0.55322 0.01395 
n.2N IJ-l IJ,()()90-l 0.56358 0.01436 
n.J<i796 O.IMllJJlJ 0.57539 0.01476 
11.175X2 1urnss 0.58525 0.01517 
!l.JX.1X2 (J.(Ml9XO 0.59645 0.01557 
11.:!lJi l(.)7 IUJIIKl(i 0.60576 0.01598 
n.JlJX61 0.0 IO.\J 0.61630 0.01639 
o. 1115-lX 11.111057 0.62639 0.01679 
tl.11 2X7 11.IIIIIX.1 0 .63714 0.01720 
0. 1211711 II.Ill IIIX 0.64828 0.01760 
11.1:!X Jt t 11.1111 .1-1 0.65959 0.01801 
11.1.1)2 I 0.111159 0.67101 0.01841 
0 .. 1-'257 II.Il l I X5 0.68315 0.01882 
11.1-llJ7:"i 0.012111 0.69374 0.01923 
IU .56911 11.1112.\6 0.70421 0.01963 
11. v,11-1 0.111 261 0.71491 0.02004 
1l. 1(1l)lJl) 0.11121-:7 0.72522 0.02044 
11.1768) O.Ol.\ 12 0.73492 0.02085 
II. 1X'\2 I 0.111.'\ '\X 0.74523 0.02125 
!1. 1XX9X 1111116.1 0.75538 0.02166 
0.19.506 II.III .\X9 0.76591 0.02206 
O.-HMl75 II.Ill-II.\ 0.77522 0.02247 
11 ,-111622 11.11 1-1411 0.78415 0.02288 
11. -111 27 0.01466 0.79385 0.02328 
11.-115,1.1 11.111-191 0.80299 0.02369 
11.-l20 13 11.11151 7 0.81236 0.02409 
11.-l2-H2 11.111542 0.82001 0.02450 
11.-1.11155 11.111568 0.82855 0.02490 
0.--0606 11.11159.\ 0.83681 0.02531 
11.-l-ll:29 11.01619 0.84484 0.02571 
O.-W666 11.1116-14 0.85089 0.02612 
O.-l5 1.J9 11.1116711 0.85793 0.02653 
O.-l5629 11.111695 0.86652 0.02693 
11.-16118 I 11.111721 0.87273 0.02734 
O..J656X 11,1117-16 0.87932 0.02774 
l ),J6lJ77 11.111772 0.88703 0.02815 
11.-1 7.\X.1 11.111798 0.89468 0.02855 
11.-1767X 11.11182.\ 0.90360 0.02896 
11.-IXIM~J 11.IIIX49 0.91114 0.02937 
11.-IX.\46 11.111874 0.91940 0.02977 
tlAX68X 11.11I\/lMI 0.92871 0.03018 
tl.-llJ125 11.111925 0.93836 0.03058 

Sam le 3 Sam le 4 
C/S Area= 26.36 sq.mm C/S Area= 18.96 sq.mm 
Oriqinal Lenqth = 78.93mm Onqinal Lenqlh = 55.79mm 

Stress3 I Strain3 Stress4 I Strain4 
0.00000 0.00010 0 .00000 0.00014 
0.00425 0.00035 0.02178 0.00050 
0.01415 0.00061 0.04272 0.00084 
0.02523 0.00086 0.06234 0.00122 
0.03672 0.00110 0.08207 0.00158 
0.04825 0.00137 0.09921 0.00194 
0.05869 0.00162 0.11624 0.00229 
0.06866 0.00188 0.13360 0.00265 
0.07781 0.00213 0.15137 0.00301 
0.08775 0.00238 0.16709 0.00337 
0.09628 0.00264 0.18312 0.00373 
0.10505 0.00289 0.19953 0.00409 
0.11392 0.00314 0.21577 0.00445 
0.12299 0.00340 0.23059 0.00480 
0. 13107 0.00365 0.24415 0.00516 
0.13949 0.00390 0.25733 0.00552 
0.14700 0.00416 0.27094 0.00588 
0.15455 0.00441 0 .28391 0.00624 
0.16127 0.00466 0.29652 0.00660 
0.16703 0.00492 0 .30891 0.00695 
0.17261 0.00517 0 .32110 0.00731 
0.17811 0.00542 0 .33201 0.00767 
0.18338 0.00568 0 .34204 0.00803 
0.18904 0.00593 0 .35079 0.00839 
0.19355 0.00618 0 .35986 0.00875 
0.19848 0.00644 0.36809 0.00911 
0.20269 0.00669 0 .37611 0.00946 
0.20611 0.00694 0 .38407 0.00982 
0.21017 0.00720 0 .39277 0.01018 
0.21377 0.00745 0.40269 0.01052 
0.21692 0.00770 0.41155 0.01090 
0.21988 0.00794 0 .42173 0.01126 
0.22352 0.00821 0.43381 0.01161 
0.22849 0.00846 0.44515 0.01197 
0.23448 0.00872 0.45643 0.01233 
0.23964 0.00897 0.46688 0.01269 
0.24507 0.00922 0.47727 0.01305 
0.25193 0.00948 0 .48819 0.01341 
0.26051 0.00973 0.49800 0.01377 
0.26893 0.00998 0.50675 0.01412 
0.27644 0.01024 0 .51767 0.01448 
0.28327 0.01049 0 .52885 0.01484 
0.29131 0.01074 0 .53855 0.01520 
0.29871 0.01100 0 .54747 0.01556 
0.30535 0.01125 0 .55754 0.01592 
0.31161 0.01150 0.56888 0.01628 
0.31832 0.01176 0.57885 0.01663 
0.32542 0.01201 0.58776 0.01699 
0.33175 0.01226 0.59715 0.01735 
0.33759 0.01252 0.60686 0.01771 
0.34389 0.01277 0.61561 0.01807 
0.34958 0.01302 0.62310 0.01843 
0.35455 0.01328 0.63233 0.01878 
0.35876 0.01353 0.64109 0.01914 
0.36358 0.01378 0.65042 0.01950 
0.36787 0.01404 0.65870 0.01986 
0.37174 0.01429 0 .66741 0.02022 
0.37564 0.01454 0 .67695 0.02058 
0.37986 0.01480 0.68645 0.02094 
0.38354 0.01505 0.69626 0.02129 
0.38862 0.01530 0.70564 0.02165 
0.39446 0.01556 0.71577 0.02201 
0.39989 0.01581 0.72590 0.02237 
0.40622 0.01606 0.73470 0.02273 
0.41210 0.01632 0.7~362 0.02309 
0.41753 0.01657 0.75290 0.02345 
0.42291 0.01683 0.76255 0.02380 
0.42898 0.01708 0.77205 0.02416 
0.43448 0.01733 0.78059 0.02452 
0.43919 0.01759 0.78956 0.02488 
0.44439 0.01784 0.79826 0.02524 
0.45080 0.01809 0.80765 0.02560 
0.45778 0.01835 0.81524 0.02599 
0.46502 0.01860 0.82289 0.02635 
0.471 13 0.01885 0.83070 0.02671 
0.47758 0.01911 0.84024 0.02707 

Sam le 5 
CIS Area= 18.12sq.mm 
Oriq,nal Lenqth = 58.43mm 

Stress5 I Strains 
0.00000 0.00000 
0.04288 0.00017 
0.05121 0.00051 
0.06496 0.00086 
0.08019 0.00120 
0.09305 0.00154 
0.10618 0.00188 
0.1 1683 0.00222 
0.12759 0.00257 
0.14023 0.00291 
0.15447 0.00325 
0.16722 0.00359 
0.18135 0.00394 
0.19443 0.00428 
0.20795 0.00462 
0.22014 0.00496 
0.23300 0.00531 
0.24641 0.00565 
0.25911 0.00599 
0.27169 0.00633 
0.28411 0.00667 
0.29586 0.00702 
0.30778 0.00736 
0.31915 0.00770 
0.33057 0.00804 
0.34288 0.00839 
0.35381 0.00873 
0.36485 0.00907 
0.37660 0.00941 
0.38813 0.00976 
0.39834 0.01010 
0.40828 0.0 1044 
0.41760 0.01078 
0.42831 0.01112 
0.43764 0.01147 
0.44708 0.01181 
0.45651 0.01215 
0.46600 0.01249 
0.47467 0.01284 
0.48328 0.01318 
0.49018 0.01352 
0.49680 0.01386 
0.50408 0.01421 
0.51153 0.01455 
0.51595 0.01489 
0.52152 0.01523 
0.52765 0.01557 
0.53366 0.01592 
0.53996 0.01626 
0.54702 0.01660 
0.55497 0.01694 
0.56120 0.01729 
0.57014 0.01763 
0.58129 0.01797 
0.59338 0.01831 
0.60375 0.Q1865 
0.61462 0.01900 
0.62533 0.01934 
0.63659 0.01968 
0.64735 0.02002 
0.65740 0.02037 
0.66711 0.02071 
0.67677 0.02105 
0.68664 0.02139 
0.69581 0.02174 
0.70386 0.02208 
0.71275 0.02242 
0.72219 0.02276 
0.72942 0.02310 
0.73698 0.02345 
0.74476 0.02379 
0.75155 0.02413 
0.75773 0.02447 
0.76286 0.02482 
0.76816 0.02516 
0.77274 0.02550 

Continued .. . 

Appendix 4- 4 



Sample 1 I Sample 2 I Sample3 I Sample 4 I Sample 5 
C/S Area; 28.12 sq.mm C/S Area ; 18.04 sq.mm C/S Area ; 26.36 sq.mm C/S Area ; 18.96 sq. mm C/SArea; 18.12sq.mm 
Onainal Lenath ; 78.33mm Oriainal Lenath ; 49.31 mm Original Length; 78.93mm Original Length ; 55. 79mm Original Length ; 58.43mm 

Stress1 I Strain1 Stress2 I Strain2 Stress3 I Strain3 Stress4 I Strain4 Stress5 I Strains 
IIA97115 0.111951 0.94789 0.03099 0.48392 0.01936 0.84731 0.02742 0.77815 0.02584 
tl.5().Q3 IU11976 0.95737 0.03139 0.48991 0.01961 0.85438 0.02778 0.78140 0.02619 
11.:'illl(l.1 0 .021)()2 0.96807 0.03180 0.49484 0.01987 0.86218 0.02814 0.78720 0.02653 
11.)17117 (1.1121127 0.97788 0.03220 0.50061 0.02012 0.86925 0.02850 0.79321 0.02687 
11.52315 (IJ)205 \ 0.98653 0.03261 0.50634 0.02037 0.87648 0.02886 0.801 49 0.02721 
0.)2t)(_l4.J 0 .02117X 0 .99573 0.03302 0.51127 0.02063 0.88286 0.02922 0.81049 0.02755 
(J.5 '\..l5.1 ().( 12!0-l 1.00510 0.03342 0.51730 0.02088 0.89172 0.02958 0.81882 0.02790 
O.)\Xti2 11.112129 1.01513 0.03383 0.52367 0.02113 0.89847 0.02993 0.82759 0.02824 
0.5-!2X5 11.112155 1.02406 0.03423 0.53050 0.02139 0.90496 0.03029 0.83808 0.02858 
!J.5-lhX7 O.OJIXI 1.03193 0.03464 0.53722 0.02164 0.91134 0.03065 0.84735 0.02892 
(1.5)1125 0 .111:206 1.04 124 0.03504 0.54291 0.02189 0.91804 0.03101 0.85541 0.02927 
11.55"'17 (1_11"22.\2 1.05089 0.03545 0.54928 0.0221 5 0.92495 0.03137 0.86269 0.02961 
11.55633 tl.0:!157 1.05865 0.03585 0.55561 0.02240 0.93112 0.03173 0.87114 0 .02995 
tl.5(1()\)) 0 .11228.1 1.06674 0.03626 0.56184 0.02265 0.93792 0.03208 0.87864 0.03029 
l) . ."66hX o.tlDOX 1.07522 0.03667 0.56787 0.02291 0 .94467 0.03244 0.88466 0.03063 
11.57~5X 11.0'.2H-l 1.08426 0.03707 0.57405 0.02316 0.95132 0.03280 0.89095 0.03098 
tl.'\7X77 0.112.159 1.09324 0.03748 0.58061 0.02341 0.95759 0.03316 0.89851 0.03132 
11.5X.llJ9 11.11:nxs 1.10067 0.03788 0.58695 0.02367 0.96445 0.03352 0.90602 0.03166 
fl .:'Wl-l7 11.02-llO 1.10870 0.03829 0 .59310 0.02392 0.97157 0.03388 0.91325 0.03200 
O.:W772 (IJ(!:-l ,16 1.11 829 0.03869 0.59860 0.02417 0.97975 0.03424 0.92086 0.03235 
11.ht1277 O.ll1-l61 1.12738 0.0391 0 0.60520 0.02443 0.98877 0.03459 0.93002 0.03269 
11.611X.\2 ( J.112-l87 1.13553 0.03951 0.61184 0.02468 0.99726 0.03495 0.93841 0.03303 
11.61\XO 0.02512 1.14357 0.03991 0.61798 0.02493 1.00654 0.03531 0.94619 0.03337 
<1.61XXX 0 .1125\X 1.15233 0.04032 0.62382 0.02519 1.01582 0.03567 0.95508 0.03372 
0.62.\ 26 tl.0256-l 1.16225 0.04072 0.62986 0.02544 1.02363 0.03603 0.96507 0.03406 
11.617 ] 1 11.015X9 1.17034 0.041 13 0.63562 0.02569 1.03207 0 .03639 0.97357 0.03440 
1)_(110:,.:1 11.02(1 15 1.17700 0.04153 0.64116 0.02595 1.04051 0.03674 0.98190 0.03474 
11.61-l.25 0 .02(HO 1.18498 0.04194 0 .64651 0.02620 1.05000 0.03710 0.99045 0.03508 
11.6H71 11.11266(1 1.19451 0.04234 0.65156 0.02645 1.05918 0.03746 1.00011 0.03543 
tl_h..i 157 (J.112691 1.20249 0.04275 0.65728 0.02671 1.06751 0.03782 1.00855 0 .03577 
ll.(1-l5)lJ 0.112717 1.21042 0.04316 0.66294 0.02696 1.07500 0.03818 1.01634 0.03611 
0.65ff\lJ 11.027-12 1.2 1763 0.04356 0.66787 0.02721 1.08418 0.03854 1.02401 0.03645 
11.65551 0.0276X 1.22627 0.04397 0.67295 0.02747 1.09309 0.03890 1.03273 0.03680 
0.66 l-l2 11.0279,1 1.23359 0.04437 0.67853 0.02772 1.10121 0.03925 1.04078 0.037 14 
0 .667I-l 11.ll2X l9 1.24080 0.04478 0.68456 0.02797 1.10939 0.03961 1.04790 0.03748 
11.6n62 11.1128-l-l 1.24878 0.04518 0.69067 0.02823 1.11746 0.03997 1.05519 0.03782 
O.h77-l2 0.1128711 1.25743 0.04559 0.69662 0.02848 1.12579 0.04033 1.06380 0.03817 
ll.hX225 I Ul'.2X95 1.26524 0.04599 0.70311 0.02873 1.13412 0.04069 1.07086 0.03851 
tl.(1XX5 I !Ul'.292 I 1.27195 0.04640 0.70983 0.02899 1.14130 0 .04105 1.07787 0.03885 
0.(19171 0.029-l7 1 27999 0.04681 0.71635 0.02924 1.14905 0.04141 1.08405 0.03919 
11(1\N:!2 I Ul'.21J7~ 1.28952 0.04721 0.72200 0.02949 1.15812 0 .04176 1.09045 0.03953 
0 70-1~1 <Ul299X 1.29701 0.04762 0.72830 0.02975 1.16619 0 .04212 1.09829 0.03988 
11_71 111>-. 0 ,11'\(IJ _'\ 1.30460 0.04802 0.73464 0 .03000 1.17310 0.04248 1.10453 0 .04022 
11.7 l(l '\(1 O.O'\O--l1J 1.31292 0.04843 0 .74108 0.03025 1.18117 0.04284 1.11038 0.04056 
ll.7JJ<1J 0 .11'\07--l 1.32079 0.04883 0.74697 0.0305 1 1.18998 0.04320 1.11755 0.04090 
o.ns2..i 0.11\1110 1.32905 0.04924 0.75334 0.03076 1.19821 0.04356 1.12478 0.04125 
!1.7'\-l'\:! 0 .01125 1.33625 0.04965 0.75956 0.0310 1 1.20517 0.04391 1.13206 0.04159 
0.7-111--l'\ 0.111151 1.3441 2 0.05005 0.76567 0.03127 1.21292 0.04427 1.13946 0.04 193 
11.7-H,7<, 1un17<i 1.35327 0.05046 0.77155 0.03152 1.22131 0.04463 1.14619 0.04227 
11.75263 11.m:20::: 1.36092 0.05086 0 .77754 0.03177 1.22896 0.04499 1.15370 0.04262 
11.7 .:Wll7 IUl'\227 1.36807 0.05127 0 .78350 0.03203 1.23597 0.04535 1.16087 0.04296 
11.76-JlJ7 tUl'\251 1.37544 0.05167 0.78980 0.03228 1.24346 0.04571 1.16777 0.04330 
11.77077 IUl'\J7X 1.38348 0.05208 0.79575 0.03254 1.25253 0.04607 1.17445 0.04364 
tl.77(,X.'i II.OJ10-l 1.39108 0.05248 0.80273 0.03279 1.26044 0.04642 1.1 8339 0.04398 
11.7H 11-l 11.0H'\O 1.39823 0.05289 0.80884 0.03304 1.26825 0.04678 1.19073 0.04433 
11.7X1JI.) 11.11.1155 1.40582 0.05330 0.81506 0.03330 1.27500 0.04714 1.19691 0.04467 
11.79--lXX 11.11.'\lXI 1.41391 0.05370 0.82049 0.03355 1.28333 0.04750 1.20486 0.04501 
11.X006X IUl.'4116 1.42195 0.05411 0.82644 0.03380 1.29135 0 .04786 1.212 14 0.04535 
IU\0672 o.m..t.'2 1.42905 0.05451 0.83346 0.03406 1.29873 0 .04822 1.21915 0.04570 
11.X l2X--l IUJ.l-l57 1.43620 0.05492 0 .83896 0.03431 1.30512 0.04858 1.22655 0.04604 
II.X IX Ill tl.11.1-18.1 1.44335 0.05532 0.84454 0.03456 1.31234 0.04893 1.23300 0.04638 
IU(2151 11.11).1118 1.45078 0.05573 0.85008 0.03482 1.31999 0 .04929 1.24045 0.04672 
IUQX--ll 11.111.11-l 1.45831 0.05613 0.85618 0.03507 1.32695 0.04965 1.24730 0.04706 
11.X1 17X 11.111.159 1.46524 0.05654 0.86108 0.03532 1.33370 0.05001 1.25353 0.04741 
11.X Nn 11.111.IX.I 1.47195 0.05695 0.86548 0.03558 1.34140 0.05037 1.26038 0.04775 
11.X-l-1111 0.0.16!0 1.47960 0.05735 0.87026 0.03583 1.34826 0.05073 1.26534 0.04809 
11.X-I X76 11.tl.l6.l6 1.48697 0.05776 0.87591 0.03608 1.35585 0.05108 1.27274 0.04843 
11.K5-l<,2 (1.11.1661 1.49324 0.05816 0.88115 0.03634 1.36224 0.05144 1.27903 0.04878 
tl.X59.i6 11.11)687 1.50011 0.05857 0.88600 0.03659 1.36851 0.05180 1.28538 0.04912 
11.86.\69 0.111712 1.50754 0.05897 0.89067 0.03684 1.37605 0.052 16 1.29123 0.04946 
11.X67X5 0.11.1718 1.5 1402 0.05938 0.89628 0.03710 1.38344 0.05252 1.29757 0.04980 
11.87.15 1 tl.1117(>-l 1.52134 0.05979 0.90137 0.03735 1.38987 0.05288 1.30552 0 .05015 
II.X7X91 tl.t1.17X9 1.52766 0.06019 0.90603 0.03760 1.39583 0 .05324 1.31 137 0.05049 
II.XX.'\X9 0.03X 15 1.53520 0.06060 0.91024 0.03786 1.40280 0 .05359 1.31556 0.05083 
CI.XXX9-l tl.tl.18411 1.54185 0.06100 0 .91533 0.03811 1.40881 0 .05395 1.32163 0.05117 
CI.X9-l77 l).l).'\866 1.54739 0.06141 0 .92086 0.03836 1.41493 0.05431 1.32820 0.05151 
O.lJOO--l6 0.03891 1.55382 0.06181 0 .92599 0.03862 1.42152 0.05467 1.33438 0.05186 
0.911615 11.111917 1.56064 0.06222 0.93164 0.03887 1.42806 0.05503 1.34045 0.05220 
O.lJl 127 tl.O.W-12 1.56752 0.06262 0.93794 0.03912 1.43470 0.05539 1.34779 0.05254 
0.917--l6 11.ll.'\96X 1.57367 0.06303 0.94435 0.03938 1.44140 0.05574 1.35480 0.05288 
0.92119 tl.11.19')1 1.57955 0.06344 0.95042 0.03963 1.44699 0.05610 1.36220 0.05323 
11.9283!< 0.1)-lOl9 1.58692 0.06384 0.95630 0.03988 1.45311 0.05646 1.36882 0.05357 
0.93329 11.11-111-l-l 1.59257 0.06425 0.96263 0.04014 1.45923 0.05682 1.37610 0.05391 
11.91958 0.11-11170 1.59839 0.06465 0.96939 0.04039 1.46519 0.05718 1.38317 0 .05425 
ll.9..W2--l tl.1141~)5 1.60322 0.06506 0.97568 0.04064 1.47141 0.05754 1.38979 0 .05460 
11.9.:l929 ll.04121 1.61131 0.06546 0.98213 0.04090 1.47727 0.05790 1.39564 0 .05494 
11.95~XX 11.11-1147 1.61685 0.06587 0.98820 0.04115 1.48386 0.05825 1.40298 0.05528 
11.95861 tt.<1-1172 1.62267 0.06627 0.99564 0.04140 1.49024 0.05861 1.40971 0.05562 

Cont1nui..!d .. 
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Sample 1 j Sample 2 j Sample 3 j Sample 4 j Sample 5 
C/S Area = 28. 12 sq.mm C/S Area= 18.04 sq.mm C/S Area = 26.36 sq.mm C/S Area= 18.96 sq.mm C/S Area= 18.12sq.mm 
Onainal Lenath = 78.33mm Oriainal Lenath = 49.31mm Original Length = 78.93mm Original Length = 55. 79mm Original Length = 58.43mm 

Stress, I Strainl Stress2 I Strain2 Stress3 I Strain3 Stress4 I Strain4 StressS I Strain5 
O.l)6..115 0.11-1198 1.62744 0.06668 1 00159 0.04166 1.49573 0.05897 1.41617 0.05596 
tl.lJ6)';6 ,1 ll.!14223 1.63320 0.06709 1.00778 0.04191 1.50174 0.05933 1.42246 0.05631 
ll.97 ,115 11.tl-l2-19 1.63891 0.06749 1.01347 0.04216 1.50828 0.05969 1.42930 0.05665 
ll.97X I 1 0 ,11-127-l 1.64368 0.06790 1.01976 0.04242 1.51398 0.06005 1.43758 0.05699 
o.1.nn2lJ 11.11-L\IIO 1.64911 0.06830 1.02675 0.04267 1.51967 0.06041 1.44249 0.05733 
II lJXX71 [l.( 1-t l25 1.65222 0.06871 1.03232 0.04292 1.52479 0.06076 1.44840 0.05768 
0 .lJl)-;-1l) 0 .0-11.S I 1.65748 0.06911 1.03759 0.043 18 1.53059 0.06112 1.45469 0.05802 
11_1.JlJX-lJ I Ul-1176 1.66203 0.06952 1.04359 0.04343 1.53681 0.06148 1.46109 0.05836 
1.011..12.1 (1 .11..1-l(12 1.66508 0.06992 1.05027 0.04368 1.54172 0.06184 1.46760 0.05870 
1.01)9\.S 11.0-l-l27 1.66774 0.07033 1.05671 0.04394 1.54689 0.06220 1.47357 0.05905 
l.111-lX6 11.11-1-151 1.67145 0.07074 1.06187 0.04419 1.55216 0.06256 1.48052 0.05939 
1.1)~0-11 0.11-1.in 1.67522 0.07114 1.06798 0.04444 1.55865 0.06291 1.48543 0.05973 
1.112(17-l 11.11-1 511-l 1.67711 0.07155 1.07451 0.04470 1.56303 0.06327 1.49145 0.06007 
I 111286 (l_()..1510 1.67888 0.07 195 1.08020 0.04495 1.56714 0.06363 1.49724 0.06041 
l .11.1:-i i.J-I 11.tW555 1.68032 0.07236 1.08612 0.04520 1.57226 0.06399 1.50259 0.06076 
r.o..i .. rn, 11.0-l)XI 1.68071 0.07276 1.09177 0.04546 1.57790 0.06435 1.50861 0.06110 
I.U5<HW 11.IW60(1 1.67988 0.07317 1.09784 0.04571 1.58223 0.06471 1.51451 0.06144 
I .( 15615 11.0-16."\2 1.67849 0.07358 1.10470 0.04596 1.58592 0.06507 1.52058 0.06178 
l.0'115i.J tl.lJ-l657 1.67611 0.07398 1.11074 0.04622 1.59177 0.06542 1.52550 0.06213 
1.0(,757 0.0-1681 1.66984 0.07439 1.11681 0.04647 1.59636 0.06578 1.53201 0.06247 
I.0 72 1J..i 0.0--'70X 1.65854 0.07479 1.12272 0.04672 1.60042 0.06614 1.53731 0.06281 
1.1171)(,2 0 .11-17 .1-1 1.63902 0.07520 1.12906 0.04698 1.60369 0.06650 1.54183 0.06315 
I.IIX)-H1 O.O.J75lJ 1.60998 0.07560 1.13479 0.04723 1.60749 0.06686 1.54658 0.06349 
l.()l)IIX 0.11-11:,,:5 1.55344 0.07601 1.14014 0.04749 1.61055 0.06722 1.55193 0.06384 
l.tl'J671 11.IWXIO 1.42201 0.07641 1.14727 0.04774 1.61361 0.06757 1.55756 0.06418 
I 1112 15 11.11-IX.\(1 End ol Rt.::-uh:- 1.15307 0.04799 1.61672 0.06793 1.56336 0.06452 
I I07X2 ll.11.JX6t 1.15880 0.04825 1.62147 0.06829 1.56744 0.06486 
I 1111'/ ll.O-l8X7 1.16453 0.04850 1.62389 0.06865 1.57191 0.06521 
I I IX)\ 11.11-Nl1 1.17045 0.04875 1.62500 0.06901 1.57655 0.06555 
I 12511-1 11.0-.JlJ\~ 1.1 7697 0.04901 1.62558 0.06937 1.58074 0.06589 
I 111)61) 1Ul-l96-l 1.18240 0.04926 1.62690 0.06973 1.58444 0.06623 
I I 156 _1 11.1>-WXlJ 1.18706 0.04951 1.62816 0.07008 1.58797 0.06658 
1.1-tlHIX 11.11:\01:\ 1.19374 0.04977 1.62748 0.07044 1.59426 0.06692 
J.1-l561 11.0511-10 1.19985 0.05002 1.62584 0.07080 1.59812 0.06726 
I 1 :i I 17 11.1151166 1.20740 0.05027 1.62389 0.07116 1.60121 0.06760 
I 156(11' 11.0:\l~JI 1.21222 0.05053 1.62168 0.07152 1.60320 0.06794 
I 1607)\ 11.0511 7 1.21737 0.05078 1.61867 0.07188 1.60640 0.06829 
I 16<1'<1 IUJ51-l2 1.22261 0.05103 1.61234 0.07224 1.60922 0.06863 
I. 17:!tJ I 11.05161'1 1.22800 0.05129 1.60517 0.07259 1.61153 0.06897 
I 1;;r 11.11)19 '\ 1.23304 0.05 154 1.59641 0.07295 1.61330 0.06931 
I I~ IX'\ ll.05219 1.23919 0.05179 1.58803 0.07331 1.61545 0.06966 
I. 1xno !l.1 152-1-1 1.24495 0.05205 1.57690 0.07367 1.61656 0.07000 
I 192(1-I !l.05:?711 1.25000 0.05230 1.56461 0.07403 1.61821 0.07034 
I. flJ765 ().{ 15:?IJ6 1.25470 0.05255 1.54684 0.07439 1.61849 0.07068 
I 21126 '\ 0.0) '\JI 1.26020 0.05281 1.52547 0.07474 1.62053 0.07103 
1.2117{1=' 11.115\-17 1.26567 0.05306 End or lk!'.uh., 1.61987 0.07 137 
I.~ 1 '\ JlJ 11.115\72 1.27113 0.05331 1.61943 0.07171 
l ::_ 1792 11.tl)WX 1.27640 0.05357 1.61661 0.07205 
1. 222(15 11.115-121 1.28137 0.05382 1.61451 0.07239 
t .21792 (1.(1).J.JIJ 1.28687 0.05407 1.61170 0.07274 
1.J H511 11.05-l7-I 1.29287 0.05433 1.60795 0.07308 
1.2,~55 11.115500 1.29829 0.05458 1.60044 0.07342 
1. 2-1 15(1 11.115525 1.30322 0.05483 1.59310 0.07376 
t.2 .JX\\ 11.11:\:\:\1 1.30835 0.05509 1.58135 0.07411 
I .251X I 11.0557(1 1.31404 0.05534 1.56540 0.07445 
1. 2596-l 11.0560 :? 1.32030 0.05559 1.54354 0.07479 
1. 26-ltJ-I U.115fr27 1.32485 005585 1.51275 0.07513 
I .2(1952 11.11565\ 1.33005 0.05610 End of Ri.;suhs 
1.27-Ui-l 11.115671) 1.33570 0.05635 
1.2X05X 11.11:\70-l 1.34158 0.05661 
I .2X:\7X 11.1157\0 1.34693 0.05686 
t.21J0 '\(1 0.115755 1.35273 0.05711 
1.21)516 11.11:\781 1.35827 0.05737 
1.1110XlJ 0.115Xl1<1 1.36377 0.05762 
1.'\tl(,'\l ll.l15X.~2 1.36939 0.05787 
I. H 1112 11.1158:\7 1.37432 0.05813 
l."';INJ.-1 11.115XX1 1.38020 0.05838 
I. '2127 ll.1)5911X 1.38555 0.05863 
1. l:!7211 0 .1159.\4 1.39048 0.05889 
'--', 11n 0.115959 1.39628 0.05914 
1 . .\.1(191'( IIJl59K5 1.40186 0.05939 
U -1257 IIJl61110 1.40747 0.05965 
l . .1 -l 71J--l 0 .060.\6 1.41252 0.05990 
1 . .\526."\ 11.06062 1.41741 0.06015 
1 .. 157.J.1 IIJJ611X7 1.42170 0.06041 
1 . .\6291 11.11611.1 1.42785 0.06066 
I .. 16XU."\ 11.1161:lX 1.43327 0.06091 
1 .. n26Y 11.11616-1 1.43691 0.06117 
I. 177:lX tl.061X9 1.44230 0.06142 
1.3826X 11.1)(,215 1.44807 0.06167 
U875</ 11.06240 1.45322 0.06193 
139278 (l.1>6266 1.45785 0.06218 
L.W7.10 O.tk'12YI 1.46320 0.06244 
l.-1-IIJ60 11.ll(,J l 7 1.46810 0.06269 
1. -111761 (l_tl(1.\-l2 1.47356 0.06294 
1.-1122 7 tl.ll(1.\6X 1.47822 0.06320 
l.--l 16X6 (1_()(1.\9.\ 1.48365 0.06345 
1.-121.JX 0.06419 1.48873 0.06370 
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Sample 1 ! Sample 2 I Sample 3 I Sample 4 I Sample 5 
C/S Area = 28.12 sq.mm C/S Area= 18.04 sq.mm C/S Area= 26.36 sq.mm C/S Area= 18.96 sq.mm C/S Area = 18. 12sq.mm 
Ono,nal Lenoth = 78.33mm Orioinal Lenoth = 49.31 mm Orio,nal Lenoth = 78.93mm Orioinal Lenoth = 55. 79mm Orioinal Lenoth = 58.43mm 

Stress, I Strain1 Stress2 I Strain2 Stress3 I Strain3 Stress4 I Strain4 Stress5 I Strains 
IA26XX tl.ll(,-l-l5 1.49302 0.06396 
1.-l 11-l-l tl.06-l711 1.49772 0.06421 
IAl)1JlJ 11.06-196 1.50243 0.06446 
I .-l-l1~)1 0.06511 1.50736 0.06472 
l .-l-H1'\7 11.116547 1.51165 0.06497 
1.-1.-'\ 1117 11.116572 1.51529 0.06522 
I .J55 I 1 IUl(1.'W;,,( 1.52075 0.06548 
I -l.'ilJ};-,, 11.(1662.1 1.52553 0.06573 
l.-1(, 1(,l) (1.(1(16-llJ 1.52914 0.06598 
l.--ll1X-N 00(167-1 1.53361 0.06624 
I J7"81 tl.11671MI 1.53759 0.06649 
I 17(1:-. I 11.06715 1.54211 0.06674 
l. lh] 5-1 tl.(1{1751 1.54712 0.06700 
I ..i,\6 ,,.._ 0,116776 1.55186 0.06725 
1 .)lJ 107 O.ll(1XO:! 1.55596 0.06750 
I -N-1 ~) 11.IIMQX 1.56058 0.06776 
I -l1JN72 !U16X51 1.56449 0.06801 
1501:W 0_06X79 1.56844 0.06826 
I )OX I.\ IU16')(14 1.57185 0.06852 
I j I 21(1 IUl69111 1.57648 0.06877 
t .:'i l(i(HI 0.1/(11)55 1.58039 0.06902 
1.51(127 O.t1<11JXI 1.58475 0.06928 
l.5~-175 0.07110(1 1.58778 0.06953 
1.52X.J5 0.117011 1.59139 0.06978 
1.51 215 11.11711.\7 1.59514 0.07004 
1.5 ,.ws 1urn 1x1 1.59894 0.07029 
I 5-11116 <l.0710),,, 1.60228 0.07054 

1.5-'-' '5 11.117 11-l 1.60493 0.07080 
t .5-lX!lo"I IU17 l59 1.60865 0.07105 
I 55 IX5 iU17 I X5 1.61191 0.07130 
I 55-P1 11.117211 1.61449 0.07156 
I .5.'iXll7 11.0721(, 1.61707 0.07181 
1.56195 11,117261 1.62022 0.07206 
1.5(('11 0.1172X7 1.62291 0.07232 
1.56911 11,117111 1.62439 0.07257 
l -i7~17 0.1171\X 1.62671 0.07282 
1.:)7511\ 1)(17'\(lJ 1.62921 0.07308 
Jj7l)J1 o.o71X1J 1.63153 0.07333 
I "'iS:!-17 0.117-115 1.63304 0.07358 
l 5X551 11.07-l-Ul 1.63380 0.07384 
I )SXl1 11.117-1(16 1 63456 0.07409 
I .:'1 1JJXlJ 11.07-l')I 1.63581 0.07434 
I )9)02 11.117517 1.63585 0.07460 
1 :WX-17 11.117)-12 1.63437 0.07485 
l.(11H1)7 0.11756X 1.63304 0.07510 
I .h\1,6 ' 0.11759-1 1.63179 0.07536 
I .(111722 11.076llJ 1.62910 0.07561 
I .(1119X2 lt.1176-15 1.62458 0.07586 
I.hi 11)) 11.117670 1.61791 0.07612 
I (d-l-U ll.(176l)(1 1.61077 0.07637 
l.1d71:-. 11.117721 1.59731 0.07662 
l hll>-llJ t1.1177-l7 1.57621 0.07688 
I .(121177 (1.(17772 1.54230 0.07713 
l(1::!l.l-l ll.1177lJX 1.49200 0.07739 
I h2:W:! 0 .07X2l End or Ri.:Mlh.\ 
I .h2752 0.07X-ll) 

1.h::!'>I l 11.11n1J 
1'11(1:-;I) (IJ17lJCHI 

1.(112-17 ll.07lJ25 

I .h \l7X 0.117lJ..'il 

l .6q51 11.11797 7 

l.6l)lX 11.IIXIH12 

l .6V177 O.IIXll2X 

1.(,17< O.IIXll.'.H 

1.(117-lX 11.IIXll79 

l.l1U1lJI 11.IIXIIW 
l (1l(1-l5 11.1181111 

l (11(1711 11.11815:i 

l .(11.57-l 11.11818 I 
l.(11-l 15 O.OX20l1 

1.6.120-l o.OXD2 

I h::!952 0.118257 

l .6261HI O.IIX28.l 
I 62112 11.IIX111X 
1.61(,,6 11.0X.l.l-l 

l.61U--l'J 11.())(l()(J 

1.llo:n.1 11.118:185 

1.59-l-19 11.118-ll I 
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Relation between Stress and Strain - 40% Moisture Contant 

Mode 
Option 
Pre-Speed 
Test Speed 
Post-Speed 
Distance 
Count 

Measure Force in Tension 
Repeat Until Count 
2.0mm/s 
0.5mm/s 
10.0mm/s 
10.0mm 

Trigger Type Auto 
Trigger Force 0.10N 
Break Detect Off 
I Sample 1 Sample 2 
C/S Ares = 26. 76 sq.mm C/S Ares = 19.92 sq.mm 
Ono1nal Lenoth = 62.19mm Oriqinal Lenoth = 44.67m m 

Stress1 I Stra1n1 Stress2 I Strain2 
0.00000 0.00000 0 .00000 0.00000 
0.04421 0.00016 0.03815 0 .00022 
0.05673 0.00048 0.04965 0.00067 
0.07096 0.00080 0.06210 0.00112 
0.08483 0.00 113 0.07565 0.00157 
0.09903 0.00145 0 .08931 0.00201 
0. 11214 0.00177 0.10191 0.00246 
0.1254 1 0.00209 0.11275 0.00291 
0.13767 0.00241 0 .12425 0.00336 
0.1 4985 0.00273 0 .13494 0.0038 1 
0.16 188 0.00306 0 .14518 0.00425 
0.17283 0.00338 0.15437 0.00470 
0.18259 0.00370 0.16295 0.00515 
0.19286 0.00402 0 .17254 0.00560 
0.20295 0.00434 0.18163 0.00604 
0.21 233 0.00466 0 .19011 0.00649 
0.22 100 0.00498 0 .19754 0.00694 
0.22993 0.0053 1 0 .20638 0.00739 
0.23890 0.00563 0 .21300 0.00784 
0.24690 0.00595 0.22078 0.00828 
0.25392 0.00627 0.22851 0.00873 
0.26091 0.00659 0.23504 0.00918 
0.26876 0.00691 0 .24207 0.00963 
0.27608 0.00724 0.24975 0.01007 
0.28225 0.00756 0.25617 0.01052 
0.28808 0.00788 0 .26350 0.01097 
0 29473 0.00820 0.27073 0.01142 
0.30060 0.00852 0.27781 0.01186 
0.30665 0.00884 0.28429 0.01231 
0.31226 0.00917 0.29207 0.01276 
0.31816 0.00949 0 .29915 0.01321 
0.32369 0.00981 0.30628 0.01366 
0.32919 0.01013 0.31255 0.01410 
0.33423 0.01045 0.31973 0.01455 
0.33935 0.01077 0.32641 0.01500 
0.34454 0.01 11 0 0.33238 0.01545 
0.35026 0.01142 0.33886 0.01589 
0.35568 0.01174 0.34538 0.01634 
0.36 102 0.01206 0.35326 0.01679 
0.36693 0.01238 0.35914 0.01724 
0.37287 0.01270 0.36611 0.01769 
0.37848 0.01302 0.37385 0.01813 
0.38389 0.01335 0.37997 0.Q1858 
0.39002 0.01367 0.38630 0.01903 
0.39552 0.01399 0.39287 0.01948 
0.40060 0.01431 0.39829 0.01992 
0 40546 0.01463 0.40537 0.02037 
0 .41061 0.01495 0.41200 0.02082 
0.41551 0.01528 0.41782 0.02127 
0.42007 0.01560 0.42430 0.02171 
0.42429 0.01592 0.43097 0.02216 
0.42889 0.01624 0.43690 0.02261 
0.43262 0.01656 0.44227 0.02306 
0.43700 0.01688 0 .44880 0.02351 
0.44051 0.01721 0 .45457 0.02395 
0.44395 0.01753 0.46034 0.02440 
0.44720 0.01785 0.46596 0.02485 
0.45071 0.01817 0.47239 0.02530 
0.45333 0.01849 0 .47801 0.02574 
0.45639 0.01881 0.48404 0.02619 
0.45882 0.01913 0.49036 0.02664 
0.46196 0.01946 0.49583 0.02709 
0.46454 0.01978 0.50181 0.02754 
0.46861 0.02010 0 .50833 0.02798 
0.47343 0.02042 0.51376 0.02843 
0.47780 0.02074 0.51933 0.02888 
0.48180 0.02106 0.52445 0.02933 
0.48591 0.02139 0.52932 0.02977 
0.49043 0.02171 0.53494 0.03022 
0.49462 0.02203 0.53991 0.03067 
0.49828 0.02235 0.54493 0.03112 
0.50220 0.02267 0.55030 0.03156 
0.50605 0.02299 0.55587 0.03201 
0.50972 0.02332 0.56024 0.03246 
0.51383 0.02364 0.56451 0.03291 

I Sample 3 I Sample4 
C/S Ares= 19.64 sq.mm C/S Ares = 22.8 sq.mm 
Oriainal Lenath = 40.63mm Oriainal Lenoth = 51.63mm 

Stress3 I Strain3 - Stress4 I Strain4 
0.00000 0.00000 0.00000 0.00000 
0.04445 0.00025 0.00658 0.00019 
0.05570 0.00074 0.00846 0.00058 
0.06945 0.00123 0.01123 0.00097 
0.08462 0.00172 0.0 1518 0.00136 
0.09969 0.00222 0.01754 0.00174 
0.11354 0.00271 0.02110 0.00213 
0.12714 0.00320 0.02434 0.00252 
0. 14058 0.00369 0.02864 0.00291 
0.15305 0.00418 0.03250 0.00329 
0.16548 0.00468 0.03728 0.00368 
0.17795 0.00517 0.041 80 0.00407 
0.18946 0.00566 0.04623 0.00445 
0.20097 0.00615 0.05162 0.00484 
0.21141 0.00665 0.05675 0.00523 
0.22200 0.00714 0.06232 0.00562 
0.23284 0.00763 0.06868 0.00600 
0.24308 0.00812 0.07465 0.00639 
0.25255 0.00861 0.08171 0.00678 
0.26247 0.00911 0.08860 0.00717 
0.27225 0.00960 0.09570 0.00755 
0.28203 0.01009 0.10329 0.00794 
0.29053 0.Q1058 0.11110 0.00833 
0.29929 0.01108 0.11886 0.00872 
0.30937 0.01157 0.12789 0.00910 
0.31792 0.01206 0.13658 0.00949 
0.32699 0.01255 0.14535 0.00988 
0.33513 0.01304 0.15386 0.01027 
0.34430 0.01354 0.16325 0.01065 
0.35305 0.01403 0.17224 0,01104 
0.36161 0.01452 0.18167 0.01143 
0.36879 0.01501 0.19070 0.01181 
0.37719 0.01551 0.20035 0.01220 
0.38518 0.01600 0.20969 0.01259 
0.39308 0.01649 0.21860 0.01298 
0.40051 0.01698 0.22785 0.01336 
0.40840 0.01747 0.23724 0.01375 
0.41645 0.01797 0.24588 0.01414 
0.42490 0.01846 0.25504 0.01453 
0.43208 0.01895 0.26408 0.01491 
0.43880 0.01944 0.27368 0.01530 
0.44684 0.01994 0.28268 0.01569 
0.45428 0.02043 0.29171 0.01608 
0.46085 0.02092 0.30061 0.01646 
0.46843 0.02141 0.30930 0.01685 
0.47556 0.02190 0.31781 0.01724 
0.48320 0.02240 0.32610 0.01763 
0.48941 0.02289 0.33487 0.01801 
0.49664 0.02338 0.34355 0.01840 
0.50351 0.02387 0.35237 0.01879 
0.51130 0.02437 0.36031 0.01917 
0.51762 0.02486 0.36833 0.01956 
0.52347 0.02535 0.37732 0.01995 
0.53040 0.02584 0.38557 0.02034 
0.53798 0.02634 0.39404 0.02072 
0.54465 0.02683 0.40127 0.02111 
0.55061 0.02732 0.40939 0.02150 
0.55799 0.02781 0.41772 0.02189 
0.56451 0.02830 0.42531 0.02227 
0.57159 0.02880 0.43298 0.02266 
0.57755 0.02929 0.44114 0.02305 
0.58442 0.02978 0.44860 0.02344 
0.59196 0.03027 0.4551 8 0.02382 
0.59776 0.03077 0.46307 0.02421 
0.60372 0.03126 0.47096 0.02460 
0.61013 0.03175 0.47846 0.02499 
0.61660 0.03224 0.48583 0.02537 
0.62286 0.03273 0.49355 0.02576 
0.62882 0.03323 0.50009 0.02615 
0.63508 0.03372 0.50715 0.02653 
0.64114 0.03421 0.51386 0.02692 
0.64710 0.03470 0.521 32 0.02731 
0.65285 0.03520 0.52768 0.02770 
0.65886 0.03569 0.53461 0 .02808 
0.66492 0.03618 0.54193 0.02847 

I Sample 5 
C/S Ares= 17 sq.mm 
Oriainal Lenoth = 58. 17mm 

- Stress.5 I Strains 
0.00000 0.00014 
0.01359 0.00048 
0.02853 0.00083 
0.04547 0 .00117 
0.06053 0.00150 
0.07524 0 .00186 
0 .08935 0 .00220 
0.10253 0 .00254 
0.11665 0.00289 
0.12812 0 .00323 
0.13900 0 .00358 
0.15006 0 .00392 
0.16035 0 .00426 
0.17041 0.00461 
0 .17929 0.00495 
0.18841 0.00529 
0 .19729 0.00564 
0 .20512 0.00598 
0.21229 0 .00633 
0.21935 0 .00667 
0.227 18 0.00701 
0.23365 0 .00736 
0.24059 0 .00770 
0.24712 0 .00805 
0.25400 0.00839 
0.25947 0.00873 
0.26518 0 .00908 
0.27065 0.00942 
0.27565 0.00976 
0.28100 0.01011 
0.28576 0 .01045 
0.28988 0 .01078 
0 .29453 0 .01114 
0.29953 0.01148 
0 .30306 0.01183 
0 .30741 0.012 17 
0.31041 0.01252 
0 .31512 0.01286 
0 .31812 0.01320 
0.32147 0.0 1355 
0.32382 0.0 1389 
0.32759 0 .01423 
0.33000 0 01458 
0.33188 0.01492 
0.33400 0.01527 
0 .33565 0.01561 
0.33688 0.01595 
0.33765 0.01630 
0.33853 0.01664 
0.33935 0 .01698 
0.34041 0.01733 
0.33929 0 .01767 
0.33829 0.01802 
0.33712 0 .01836 
0.33565 0 .01870 
0.33294 0 .01905 
0.32912 0.01939 
0.32512 0.01974 
0.31982 0.02008 
0.31371 0.02042 
0.30488 0.02077 
0.2954 1 0.02111 
0.28247 0 .02145 
0 .26747 0.02180 
0.24906 0.0221 4 
0.22647 0.02249 
0 .201 12 0.02283 
0.1711 8 0.02317 

End or R!.!sults 
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Sample 1 ! Sample 2 ! Sample 3 ! Sample4 ! Sample 5 
C/S Ares= 26. 76 sq .mm CIS Ares = 19. 92 sq.mm C/S Ares = 19.64 sq.mm C/S Ares = 22.8 sq.mm C/S Ares = 17 sq .mm 
Onq,nal Lenath = 62. 19mm Ona,nat Lenath = 44.67mm Oria,na l Lenath = 40.63mm Oria,nal Lenath = 51.63mm Ona,nal Lenath = 58.17mm 

Stress1 I Strainl Stress2 I Strain2 Stress3 I Strain3 Stress4 I Strain4 Stress5 I Slrain5 
0.5 1857 0.02396 0.56958 0.03336 0.67077 0.03667 0.54904 0.02886 
0.52339 0.02428 0 .57415 0.03380 0.67637 0.03716 0.55496 0.02925 
0.52814 0.02460 0.57846 0.03425 0.68208 0.03766 0.56136 0.02963 
0.53236 0.02492 0.58358 0.03470 0.68798 0.03815 0.56768 0.03002 
0.53688 0.02525 0.59011 0.03515 0.69399 0.03864 0.57487 0.03041 
0.5411 1 0.02557 0.59629 0.03559 0.69964 0.03913 0.58 11 0 0.03080 
0.54567 0.02589 0.60206 0.03604 0.70458 0.03963 0.5878 1 0.031 18 
0.54974 0.02621 0.60748 0 .03649 0.70988 0.04012 0.59425 0.03157 
0 55321 0.02653 0.6 1401 0.03694 0.71527 0.04061 0.60044 0.03196 
0.55777 0.02685 0.62008 0.03739 0.72037 0.04110 0.60675 0.03235 
0.5621 1 0.02717 0.62610 0.03783 0.72561 0.04159 0.61294 0.03273 
0.56641 0.02750 0.63178 0.03828 0.73070 0.04209 0.61917 0.03312 
0 57037 0.02782 0.63760 0.03873 0.73666 0.04258 0.62482 0.03351 
0.57485 0.02814 0.64408 0.03918 0.74190 0.04307 0.63092 0.03390 
0.57848 0.02846 0.64970 0 .03962 0.74633 0.04356 0 .6371 5 0.03428 
0.58266 0.02878 0.65532 0.04007 0.75153 0.04406 0.64263 0.03467 
0.58681 0.0291 0 0.66175 0.04052 0.75698 0.04455 0.64917 0.03506 
0. 59088 0.02943 0.66707 0.04097 0.76166 0.04504 0.65487 0.03544 
0.59548 0.02975 0.67244 0.04141 0.76604 0 .04553 0.66066 0.03583 
0.60056 0.03007 0.67796 0.04186 0.77067 0 .04603 0.66675 0.03622 
0.60463 0.03039 0.68298 0.04231 0.77561 0.04652 0.67263 0.03661 
0 60863 0.03071 0.68876 0.04 276 0.78075 0.04701 0.67798 0.03699 
0.6 1293 0.03103 0.69428 0.04321 0.78488 0.04750 0.68342 0.03738 
0.61734 0.03136 0.69990 0.04365 0.78875 0.04799 0.68917 0.03777 
0.62126 0.03168 0.70472 0.044 10 0.79364 0 .04849 0.6953 1 0.03816 
0 62571 0.03200 0.71109 0.04455 0. 79776 0.04898 0 .70123 0.03854 
0 62997 0.03232 0.7 1616 0.04500 0.80295 0.04947 0.70649 0.03893 
063423 0.03264 0.72068 0.04544 0.80698 0.04996 0. 71237 0.03932 
063868 0.03296 0.72560 0.04589 0.81120 0.05046 0.71776 0.03971 
0.64234 0.03329 0 .73052 0.04634 0.81527 0.05095 0.72289 0.04009 
0.64682 0 .03361 0.73509 0.04679 0.81970 0.051 44 0.72851 0.04048 
0.65138 0.03393 0.73966 0.04724 0.82281 0.05193 0.73399 0.04087 
0.65531 0.03425 0.74347 0.04768 0.82648 0.05242 0 .73943 0.04126 
0.65871 0.03457 0 .74854 0.04813 0.83040 0.05292 0 .74500 0.04164 
0.66278 0.03489 0.75306 0.04858 0.83549 0.05341 0.75013 0.04203 
0.66644 0.03521 0.75633 0.04903 0.83890 0.05390 0.75461 0.04242 
0.67044 0.03554 0.76059 0.04947 0.84236 0.05439 0 .76018 0.04280 
0.67444 0.03586 0.7657 1 0.04992 0 84633 0.05489 0.76627 0.04319 
0.67896 0.03618 0.76943 0.05037 0.85010 0.05538 0.77110 0.04358 
0.68229 0.03650 0. 77329 0.05082 0.85382 0.05587 0.77579 0.04397 
0.68539 0.03682 0.77651 0.05126 0.85672 0.05636 0.78053 0.04435 
0.68845 0.03714 0. 78042 0.051 71 0.86095 0.05685 0.78592 0.04474 
0.69133 0.03747 0.78479 0.05216 0.86456 0.05735 0.79162 0.04513 
0 69492 0.03779 0.78850 0.05261 0.86726 0.05784 0.79544 0.04552 
0.69851 0.03811 0.79217 0.05306 0.87077 0.05833 0.80053 0.04590 
0.70194 0.03843 0.79629 0.05350 0.87398 0.05882 0.80601 0.04629 
0.705 16 0.03875 0.80010 0.05395 0.87724 0.05932 0.81075 0.04668 
0.70927 0.03907 0.80351 0.05440 0.88070 0.05981 0.81487 0.04707 
0.7 1233 0.03940 0.80683 0.05485 0.88294 0.06030 0.81947 0.04745 
0. 71499 0.03972 0.80964 0.05529 0.88615 0.06079 0.82434 0.04784 
0 71775 0 .04004 0.81421 0.05574 0.88956 0.06128 0.82952 0.04823 
0.72089 0.04036 0.81717 0.05619 0.89226 0.06 178 0.83386 0.04862 
0 72328 0.04068 0.82144 0.05664 0.89394 0.06227 0.83803 0.04900 
0.72623 0 .04100 0 .82470 0.05709 0.89715 0.06276 0.84351 0.04939 
0.72956 0.04132 0.82856 0.05753 0.90071 0.06325 0.84781 0.04978 
0. 73255 0.04165 0.83268 0.05798 0.90285 0.06375 0.85145 0.05016 
0 73539 0 .04 197 0.83650 0.05843 0.90438 0.06424 0.85592 0.05055 
0.73748 0.04229 0.84001 0.05888 0.90652 0.06473 0.86066 0.05094 
0.73984 0 .04261 0.84362 0.05932 0.90840 0.06522 0.86548 0.05133 
0.74331 0.04293 0.84774 0.05977 0.91044 0.06571 0.86987 0.05171 
0.74664 0 .04325 0.85281 0.06022 0.91171 0.06621 0.87377 0.05210 
0 750 19 0.04358 0.85643 0 .06067 0.91309 0.06670 0.87829 0 .05249 
0 75265 0 04390 0.86114 0.06111 0.9 1548 0.06719 0.88232 0 .05288 
0.75635 0.04422 0.86586 0 .06156 0.91701 0.06768 0.88623 0.05326 
0.76039 0 .04454 0.87113 0.06201 0.91736 0.06818 0.89044 0.05365 
0.76413 0 .04486 0.87515 0.06246 0.91792 0.06867 0.89544 0.05404 
0.76805 0 .04518 0 .87972 0.06291 0.91945 0.06916 0 .89961 0.05443 
0.77265 0.04551 0.88384 0.06335 0.92123 0.06965 0.90281 0.05481 
0. 77653 0.04583 0 .88730 0.06380 0.92138 0.07015 0.90697 0.05520 
0.78053 0.04615 0.89132 0.06425 0.92189 0.07064 0.91145 0.05559 
0.78427 0.04647 0.89458 0.06470 0.92281 0.07113 0.91 548 0.05598 
0.78819 0.04679 0.89864 0.06514 0.92296 0.07162 0.91917 0.05636 
0.79200 0 .04711 0.90256 0.06559 0.92256 0.07211 0.92289 0.05675 
0.79570 0.04744 0.90562 0.06604 0.92 123 0.07261 0.92684 0 .05714 
0.80019 0 .04776 0.90863 0.06649 0.92 108 0.07310 0.93044 0.05752 
0.80385 0 .04808 0.91140 0.06694 0.92042 0.07359 0.93474 0 .05791 
0.80788 0.04840 0.91476 0 .06738 0.9 1838 0.07408 0.93776 0 .05830 
0.81170 0.04872 0.91697 0.06783 0.9 1589 0.07458 0.94136 0.05869 
0.81562 0.04904 0.91938 0.06828 0.91283 0.07507 0.94548 0.05907 
0.81898 0.04936 0.92209 0.06873 0.90677 0.07556 0.9481 6 0.05946 
0.82231 0.04969 0.92410 0.06917 0.89908 0.07605 0.95175 0.05985 
0.82541 0.05001 0.92636 0.06962 0.88641 0.07654 0.95579 0.06024 
0.82933 0.05033 0 .92771 0.07007 0.86777 0.07704 0.9592 1 0.06062 
0.83262 0.05065 0.92932 0.07052 0.83574 0.07753 0.96224 0.06101 
0.83625 0.05097 0.93012 0 .07096 0.77581 0.07802 0.96535 0.06140 
0.83980 0.05129 0.93153 0.07141 0.65290 0.07851 0.96864 0.061 79 
0.84342 0.05162 0.93062 0.07186 End of RcsulL~ 0.97140 0.06217 
0.84705 0.05194 0.93072 0.07231 0.97500 0.06256 
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! Sample 1 
C/S Ares = 26. 76 sq.mm 

I Sample 2 
C/S Ares= 19.92 sq.mm 

! Sample 3 
C/S Ares = 19.64 sq.mm 

! Sample 4 
C/S Ares = 22.8 sq.mm 

I Sample 5 
C/S Ares = 17 sq.mm 

O110,nal Lenath = 62.19mm OriQ1nal Lenath = 44.67mm Oric,nal LenQ!h = 40.63mm Ong1nal Lenath = 51.63mm Original Lenqth - 58. 17mm 
S!ressl I Strainl Stress2 I Strain2 Stress3 I S train3 Stress4 I Strain4 S!ress5 I Strains 
084993 0.05226 0.93087 0.07276 0.97763 0.06295 
0 85370 0.05258 0.92982 0.07320 0.98075 0.06334 
0.85725 0.05290 0.92791 0.07365 098443 0.06372 
0 86039 0.05322 0 92480 0.07410 0.98759 0.06411 
0.86319 0.05355 0.92134 0.07455 0.98974 0.06450 
0 86663 0.05387 0.91566 0.07499 0.99149 0.06488 
0 86984 005419 0.90843 0.07544 099373 0.06527 
0.87328 0.05451 0.89744 0.07589 0.99640 0.06566 
0 87612 0.05483 0 88298 0.07634 0.99925 0.06605 
087990 0.05515 0.86350 0.07679 1.00101 0.06643 
0 88303 0.05548 0 83604 0.07723 100285 0.06682 
0 88647 0.05580 0.79980 0 07775 1.00504 0.06721 
0.88920 0.05612 0.75306 0 07820 1 00737 0.06760 
0 89241 0.05644 End nl R~,ult, 1.00877 0.06798 
0.89567 005676 1.00969 0.06837 
0 89865 005708 1 01009 0.06876 
0.90138 0.05740 1.01154 0.06915 
0 90471 0.05773 1.01167 0.06953 
090785 0.05805 1.01189 0.06992 
091 114 0.05837 1.01167 0.07031 
091 375 0.05869 1.01061 0.07070 
0.91633 0.05901 1.00917 0 .07108 
091981 0.05933 1.00566 0 .07147 
0.92298 0.05966 1.00228 0 .07186 
0 92552 0.05998 0.99583 0.07224 
0 92758 0.06030 0.98579 0.07263 
0.93150 0.06062 0.96974 0.07302 
093386 006094 0.94145 0.07341 
0.93617 0.06126 End ul R!.!.,uh~ 
0 .93901 006159 
0 94174 006191 
094451 0.06223 
0 94709 0.06255 
0.94951 006287 
0 95247 006319 
0 95549 0 06352 
0 95759 0.06384 
0.95927 006416 
0.96158 0.06448 
096469 0.06480 
096697 0.065 12 
0 96887 0.06544 
0 97108 0 06577 
0.97336 0.06609 
0 97560 006641 
0 97724 0 06673 
0 97862 006705 
0.98072 006737 
098270 0.06770 
098378 0.06802 
0 98554 0.06834 
0.98830 0.06866 
0 98976 0.06898 
099036 006930 
099167 0.06963 
0.99297 006995 
0.99432 0.07027 
0.99552 0.07059 
0.99596 0.07091 
0 99847 0.07123 
0 99873 0.07155 
0 99865 0.07 188 
0.99880 0.07220 
0.99922 0.07252 
0.99940 0.07284 
0.99948 0.07316 
099892 0.07348 
099884 0.07381 
0.99798 0.07413 
0.99686 0.07445 
0.99477 0.07477 
0.99339 007509 
0.99215 0.07541 
0.99096 0.07574 
0.98860 0.07606 
0.98688 0 .07638 
0.98490 0.07670 
0.98169 0.07702 
0.97694 0.07734 
0.97231 0.07767 
0.96764 0.07799 
0.96297 0.07831 
0 .95605 0.07863 
0 94851 0.07895 
0.94167 0.07927 
0.93315 0.07959 
0 .92309 0.07992 
0 .91244 0.08024 
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Sample 1 Sample 2 i Sample3 l Sample4 i Samples 
C/S Ares; 26.76 sq.mm C/S Ares ; 19.92 sq.mm C/S Ares; 19.64 sq.mm C/S Ares ; 22.8 sq.mm C/S Ares ; 17 sq.mm 
Ong,nal Lenath ; 62.19mm Oriainal Lenath ; 44.67mm Oriainal Lenath ; 40.63mm Oriainal Lenath; 51 .63mm Oriainal Lenath ; 58.17mm 

Stressl I Stra,nl Stress2 I Strain2 Stress3 I Strain3 Stress4 I Strain4 Stress5 I Strains 
0.90108 0 .08056 
0.88789 0.08088 
0.87182 0.08120 
0.85250 0.08152 
0.83105 0.081 85 
0.80643 0.08217 
0.77993 0.08249 
0.75187 0.08281 
0 72235 0.08313 
0.69006 0.08345 
0.65138 0.08378 
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Relation between Stress and Strain - 60% Moisture Content Samples 

Mode 
Option 
Pre-Speed 
Test Speed 
Post-Speed 

Measure Force ,n Tens10n 
Repeat Until Count 
20mmls 
05mm1s 
1oomm1s 

Distance 10.0mm 
Count 
Tr19ger Type Auto 
Tr er Force 0 ION 

Sam le 1 Sam le 2 Sam le 3 
CIS Area= 32.04 sq.mm CIS Area = 25.88 sq mm CIS Area= 22.4 sq.mm 
Onq1nal Length= 47 39mm 0 0 r1q1nal Length • 62 63mm ng1nal Leoqth • 44.93mm 

S1ress1 I Stram1 Stress2 I S1ra1n2 Stress3 I S1ra1n3 
0 00000 0 00000 0.00000 0.00013 0.00000 0.00000 
0 02194 0 00027 0.00502 000045 0.01 121 0 00045 
0.02906 0.00070 001 144 0.00077 0 02219 000089 
003767 0 00112 0 01944 000109 003402 0 00134 
004600 000154 0.02620 0001 39 0.04487 0.00178 
005371 000196 003342 000172 005558 0 00223 
006136 0 00238 0.04077 000204 0 06585 0.00267 
0 06948 000281 0.04753 000236 007580 000312 
0 07684 0.00323 005421 000268 0 08549 0.00356 
0 08408 0 00365 006047 000300 0.09446 0 00401 
009126 000407 006631 000332 0 10335 000445 
0 09797 0 00449 0 07241 000364 0.11196 0.00490 
0 10478 0 00492 007794 000396 0 12022 0 00534 
0 11114 000534 008393 000428 0 12853 000579 
0 11792 000576 0 08945 000460 0 13580 000623 
0 12397 0 0061 8 009482 000492 0 14402 0 00668 
0.13034 000660 0 .10066 0.00524 0 15165 0.00712 
0 13624 0.00703 0 10564 000556 0.15821 000757 
0 14157 0.00745 0 11070 000588 0 16504 0.00801 
0 14757 000787 0.11669 000620 0.17210 0.00846 
0 15331 000829 0 12179 000651 0.17929 000890 
0 15893 0 00871 0 12655 000683 0 18674 0.00935 
0 16458 0 00914 0.13107 0 00715 0.19330 0.00979 
0.16976 0.00956 0.13590 000747 0 19982 0 01024 
0 17497 000998 0.14069 000779 0 20647 001068 
0 18031 0 01040 0 14548 000811 0 21295 0011 13 
0 18533 0 01083 0 14996 0 00843 0 21893 0 01157 
0 19042 001125 0 15475 000875 0 22549 0 01202 
0 19529 001167 0 15970 000907 0 23205 0 01246 
0 20050 0 01209 0 16426 000939 0 23763 001291 
0 20524 0.01251 0 16886 0 00971 0 24420 001335 
0 20974 0 01294 0 17349 001001 0 24960 001380 
0 21486 0 01336 0 17813 001035 0 25580 001424 
021985 001378 0 18257 001067 0 26147 0.01469 
0 22469 0 01420 0 18690 001099 026737 001513 
0 22971 0 01462 0 19115 001 130 0 27299 0 01558 
0 23430 001505 0.19664 001162 0 27915 001602 
023929 0 01547 0.20089 0 .01194 0 28513 001647 
024376 0 01587 020495 001226 0 29022 0 01692 
0.24844 001631 0 20885 001258 0 29585 0 01736 
0 25272 0.01673 0 21356 0 01290 0 30196 0 .01781 
0 25715 001716 0 21766 001322 0 30696 0 01825 
026174 0 01758 0 22183 0 01354 031214 0.01870 
026645 001800 0 22624 001386 0.31777 001914 
0.27129 001842 0 23026 001 41 8 032241 0 0 1959 
027581 001884 0.23470 0 01450 032808 0.02003 
0 27999 001927 0.23895 0 01482 033241 002048 
0 28377 001969 0 24324 00151 4 0 .33813 002092 
0 28842 002011 024834 001546 0 34241 0 02137 
029288 002053 025170 0 01578 0.34804 002181 
0 29722 002095 0 25599 0.01 609 0.35290 0.02226 
0 30109 002138 025997 001641 035679 0.02270 
0 30568 002180 026379 001673 036125 0.02315 
0 31071 002222 026843 001705 036603 002359 
0 31498 0.02264 027249 0.01737 0 .37054 0.02404 
0 31919 0.02306 0.27604 0.01769 0 .37433 002448 
0 32275 0.02349 028068 001 801 0.37862 0.02493 
0 32737 002391 0 28489 001833 0 38335 0.02537 
0 33193 002433 0 28872 0.01865 0 38741 0.02582 
0.33583 0.02475 0.29258 0 01897 0.391 43 0.02626 
033973 002517 0.29648 001929 0.39522 0 02671 
0 34398 002560 0.30031 0.01961 0.39946 002715 
0.34788 002602 030429 001993 0.40379 0.02760 
0 35209 0.02644 030827 0.02025 0.40759 0.02804 
035599 0.02686 0 .31182 0.02057 0 41116 0.02849 
0 36061 0.02728 0.31561 0 .02088 0 4151 3 002893 
036461 002771 0.31982 002120 0.4 1897 002938 
0 36860 002813 032342 002152 0.42254 0.02982 
0 37260 0.02855 0.32724 0.02184 0.42576 0.03027 
0.37662 0 02897 0 33149 002216 0.42964 0.03071 
0.38093 0.02939 033501 002248 043393 0.03116 
038489 002982 0 33918 002280 0.43790 003160 
0.38904 0.03024 0.34250 0.02312 0 .44134 0.03205 
039304 0.03066 0.34648 0.02344 0 .44589 0.03249 
039728 0 .03108 0.34981 0 .02376 0 44982 003294 
040115 003150 0.35375 002408 0 45371 003339 

Sam le4 Sam le s 
C/S Area = 32.96 sq.mm C/S Area • 21.28 sq.mm 
0 na1nal Leoath • 71.27mm 0 nainal Leoath = 52.74mm 

Stress4 I Stra1n4 StressS I Strains 
0.00000 00001 1 0 00000 000015 
0 00258 0.00039 0.00808 0.00053 
0 .00683 0.00067 0.01790 0.00091 
001 144 0.00095 0.02857 000129 
001 581 0.00122 0.03853 0.00165 
002075 000152 0.04850 0.00205 
002558 0.00180 0.05808 0.00243 
003019 0.00208 0.06706 0.00281 
003495 000236 007594 000319 
003917 000264 0.08402 000356 
0 04360 0.00292 0.09234 000394 
0 .04794 0.00320 0. 10023 0 00432 
0 05243 0.00348 0. 10851 000470 
005640 0.00376 0.11584 0.00508 
0.06065 0 .00404 0 .12326 000546 
0.06396 0.00432 0 .13008 0.00584 
0.06799 0.00460 0.13755 0.00622 
0 07178 0.00488 0.14394 0.00660 
0.07591 0 .00516 0.15052 0.00698 
007964 0.00544 0 .15733 0 .00736 
008325 0.00572 0 .16358 0.00774 
0 .08668 0.00601 0 . 17021 000812 
0.09041 000629 0.17594 000849 
0.09430 0 00657 0.18191 000887 
009782 0.00685 0.18792 000925 
0 10103 0 00713 0 .19384 0.00963 
0.10461 0.00741 0.19967 0.01001 
0 10780 0 00769 0.20503 001039 
0111 4 1 000797 0.21053 001077 
0 11481 000825 021612 001115 
011 802 0.00853 0.22152 001 153 
0.12151 000880 0.22697 0 .01189 
012512 000909 0.23200 001229 
0 12822 000937 023773 001267 
0.13177 0.00965 0.24272 0.01305 
0.13550 0.00993 0.24770 0.01342 
0 13893 001021 0 .25291 0.01380 
0 14272 0 .01050 0.25742 001418 
0 14587 001078 0.26320 0.01456 
0 14973 0.01106 0.26720 0.01494 
0 15285 001134 0.27204 001532 
0 15646 0011 62 0.27688 0 01570 
0 15980 001190 0281 63 001608 
0 16320 001218 0 28609 001646 
0 16629 0.01246 0.28976 0.01684 
0 16966 0.01274 0.29389 0.01722 
0 17269 001302 0.29906 001760 
0 17552 0.01330 0.30352 0.01797 
0 17822 0.01358 0.30728 0.01835 
0.18067 0.01386 0.31208 0.01873 
0.18249 0.01 4 14 0.31626 0.01911 
0.184 13 0.01442 0.31960 0.01949 
0.18620 0.01470 0.32331 0.01987 
0 18844 0.01499 0 .32796 0.02025 
0.19017 0.01527 0.33177 0.02063 
0.19132 0.01555 0.33496 0.02101 
0 19442 0.01583 0 .33867 002139 
0.19763 0.01611 0 .34309 0.02177 
0.20079 0.01639 0 .34680 0 .02215 
0.20413 0.01667 0.35038 002253 
0 .20755 0.01695 0 .35348 002290 
0 .21053 0.01723 0 .35700 0.02328 
0.21 402 0.01751 0.36029 0.02366 
0.21751 0.01779 0 .36391 0.02404 
0.22093 0.01807 0.36607 0.02442 
0.22433 0.01835 0.37096 0.02480 
0.22819 0.01863 0.37364 002518 
0231 16 0.01891 0.37679 0.02556 
0.23444 0.01919 0.37942 0.02594 
0.23799 0.01948 0.38224 0.02632 
0 24150 0.01976 0.38581 0.02670 
0.24472 0.02004 0.39013 0.02708 
0.24791 0.02032 0.39417 0.02746 
0.25179 0.02060 0.39784 0.02783 
0.25446 0.02088 0 .40263 0.02821 
0.25798 0.02116 0 .40658 0.02859 
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Sa mple 1 j Sample 2 j Sample 3 j Sample 4 j Sample 5 
C/S Area = 32.04 sq.mm C/S Area = 25.88 sq.mm C/S Area= 22.4 sq.mm C/S Area= 32.96 sq.mm C/S Area= 21.28 sq.mm 
Oria,nal Lenath = 47.39mm Oriainal Lenath = 62.63mm Original Length = 44.93mm Original Length= 71.27mm Original Length= 52.74mm 

Stress, I Strain1 Slress2 I Slrain2 Slress3 I Slra in3 Stress4 I Strain4 Stress5 I Strains 
0.40465 0 .03193 0.35696 0.02440 0.45790 0.03383 0.26126 0.02144 0.41034 0.02897 
0.40846 0.03235 0.36047 0.02472 0.46246 0.03428 0.26417 0.02172 0.41447 0.02935 
0.41295 0.03277 0.36387 0.02504 0.46683 0.03472 0.2671 7 0 .02200 0.41894 0.02973 
0.41673 0.03319 0.36816 0 .02536 0.471 47 0.03517 0.27021 0 .02228 0.42274 0.03011 
0.42038 0.03361 0.3714 1 0 .02567 0.47496 0.03561 0.27279 0.02256 0.42655 0.03049 
0.42450 0.03404 0.37481 0.02599 0.47902 0.03606 0.27573 0.02284 0.43087 0.03087 
0.42890 0.03446 0.37859 0.02631 0.48348 0.03650 0.27837 0.02312 0.43553 0.03125 
0.43240 0.03488 0.382 11 0.02663 0.48795 0.03695 0.28092 0 .02340 0.43947 0.03163 
0.4361 4 0.03530 0.38570 0.02695 0.49192 0.03739 0 .28340 0 .02368 0.44314 0.03201 
0.43989 0.03572 0.38903 0.02727 0.49580 0.03784 0.28592 0.02397 0.44713 0.03239 
0.44295 0.03615 0.39289 0.02759 0.50009 0.03828 0.28829 0.02425 0.45160 0.03276 
0.44663 0.03657 0.39594 0.02791 0.50473 0.03873 0.29017 0.02453 0.45526 0.03314 
0.45006 0.03699 0.39954 0.02823 0.50813 0.03917 0.29187 0.02481 0 .45865 0.03352 
0.45387 0.0374 1 0.40305 0.02855 0.5 1183 0.03962 0.29427 0.02509 0.46245 0.03390 
0.45755 0.03783 0.40630 0.02887 0.51625 0.04006 0.29636 0.02537 0 .46706 0.03428 
0.46092 0.03826 0.40912 0 .02919 0.51969 0.04051 0.29879 0.02565 0.47035 0.03466 
0.46423 0.03868 0.41252 0.02951 0.52299 0.04095 0.30240 0.02593 0.47425 0.03504 
0.46738 0.03910 0.41 615 0.02983 0.52665 0.04140 0.30579 0.02621 0.47782 0.03542 
0.47054 0.03952 0.420 13 0.03015 0.53063 0.04 184 0.30953 0 .02649 0.48111 0.03580 
0.47456 0.03995 0.42276 0.03046 0.53406 0.04229 0.31308 0 .02677 0.48449 0.03618 
0.47787 0.04037 0.42608 0.03078 0.53728 0.04273 0.31638 0.02705 0.48825 0.03656 
0.48093 0.04079 0.42937 0.03110 0.54085 0.0431 8 0.31936 0.02733 0.49121 0.03694 
0.48421 0.04121 0.43253 0.031 42 0.54393 0.04362 0.32279 0 .02761 0.49380 0.03732 
0 48730 0.04163 0.43582 0.03174 0.54719 0.04407 0.32597 0.02789 0.49727 0.03769 
0 49051 0.04206 0.43864 0.03206 0.54996 0.04451 0.32916 0 .02817 0.50103 0.03807 
0.49360 0.04248 0.44216 0.03238 0.55210 0.04496 0.33262 0 .02846 0.50352 0.03845 
0.49685 0 .04290 0.44494 0.03270 0.55491 0.04540 0.33589 0.02874 0.50648 0.03883 
0.50009 0.04332 0.44838 0.03302 0.55817 0.04585 0.33877 0 .02902 0.50949 0.03921 
0.50334 0.04374 0 45097 0.03334 0. 56058 0.04629 0.34217 0.02930 0.51316 0.03959 
0.50627 0.044 17 0.45394 0.03366 0.56 11 2 0.04674 0.34533 0.02958 0.5 1565 0.03997 
0.50871 0.04459 0.45761 0 .03398 0.56344 0.04718 0 .34876 0.02986 0.51828 0.04035 
0.51220 0.04501 0.46105 0 .03430 0.56478 0.04763 0.351 43 0.03014 0 .52068 0.04073 
0. 51498 0.04543 0.46383 0.03462 0.56625 0.04807 0 .35446 0.03042 0.52368 0.04111 
0. 51742 0.04585 0.46689 0 .03494 0.56665 0.04852 0.35674 0.03070 0.52594 0.04 149 
0.5 1998 0.04628 0.46994 0.03525 0.56679 0.04897 0.35959 0.03098 0.52867 0.04 187 
0.52291 0.04670 0.47268 0.03557 0.56754 0.04941 0.36238 0 .03126 0.53153 0.04224 
0.52581 0.04712 0.47635 0.03589 0.56652 0.04986 0.36490 0.03154 0.53445 0.04262 
0.52809 0.04754 0.47894 0.03621 0.56460 0.05030 0.36793 0.031 82 0.53665 0.04300 
0. 53059 0.04796 0.48188 0.03653 0.56129 0.05075 0.37063 0.0321 0 0.53872 0.04338 
0 53308 0.04839 0.48509 0.03685 0.55634 0.05119 0.37324 0.03238 0.54117 0.04376 
0 53558 0.04881 0.48771 0.03717 0.55009 0.05164 0.37588 0.03266 0.54408 0.04414 
0 53752 0.04923 0.49038 0.03749 0.53938 0.05208 0.37828 0.03295 0.54572 0.04452 
0. 53964 0 04965 0.49339 0.03781 0.52406 0.05253 0.38113 0.03323 0.54704 0.04490 
0. 54189 0.05007 0.49606 0 .03813 0.50518 0.05297 0.38425 0.03351 0.54873 0.04528 
0.54382 0.05050 0.49880 0.03845 0.48049 0.05342 0.38686 0.03379 0 .55 127 0.04566 
0.54582 0.05092 0 .50151 0.03877 0.44862 0.05386 0.38926 0.03407 0.55273 0.04604 
0.54757 0 .05134 0.50402 0.03909 0.41366 0.05431 0.39266 0.03435 0.55442 0.04642 
0. 54919 0.05176 0 .50672 0.03941 End of Rc~ult:-. 0.39515 0 .03463 0.55625 0.04680 
0.55053 0.05218 0.50985 0.03973 0.39818 0.03491 055883 0.04717 
0.55144 0.05261 0.51233 0.04004 0.40112 0 .035 19 0.56048 0.04755 
0.55222 0.05303 0.51 491 0.04036 0.40379 0.03547 0.56325 0.04793 
0.55240 0.05345 0.517 12 0.04068 0.40737 0 .03575 0.56518 0.04831 
0.552 12 0.05387 0.51974 0.04100 0.41029 0.03603 0.56776 0.04869 
0.55128 0.05429 0.52233 0.04 132 0.41350 0.03631 0.56988 0.04907 
0.54888 0.05472 0.52430 0.04164 0.41663 0.03659 0.57133 0.04945 
0.544 10 0.05514 0.52693 0.04 196 0.41993 0.03687 0.57209 0.04983 
0.53755 0.05556 0.52952 0.04228 0.42336 0 .03715 0.57397 0.05021 
0.52625 0.05598 0.531 84 0.04260 0.42658 0 .03744 0.57528 0.05059 
0.50858 0.05640 0 .53373 0.04292 0.42894 0 .03772 0.57603 0.05097 
0.48159 0.05683 0.536 13 0 .04324 0.43249 0 .03800 0.57627 0.05135 

E11tl or lk,uh, 0.53829 0.04356 0.43532 0.03828 0.57632 0.05 173 
0.54022 0 .04388 0.43835 0.03856 0.57528 0.05210 
0.54219 0.04420 0.44141 0.03884 0.57298 0.05248 
0.54405 0.04452 0.44445 0 .03912 0.57054 0.05286 
0 .54598 0.04483 0.44772 0.03940 0.56635 0.05324 
0 .54768 0.04515 0.45046 0.03968 0.55968 0.05362 
0.54919 0.04547 0.45319 0.03996 0.54986 0.05400 
0 .55073 0.04579 0.45598 0 .04024 0.53877 0.05438 
0 .55270 0 .04611 0.45916 0 .04052 0.52580 0.05476 
0.55425 0.04643 0.46217 0 .04080 0.50996 0.05514 
0.55529 0.04675 0.46508 0.04108 0.48727 0.05552 
0.556 18 0 .04707 0.46763 0 .04136 0.45653 0.05590 
0.55777 0.04739 0.47093 0.04164 End of Rcsuhs 
0.55850 0 .04771 0.47385 0.04193 
0.55920 0.04803 0.47691 0.04221 
0 .56020 0.04835 0.47943 0 .04249 
0.56086 0.04867 0.48246 0 .04277 
0 .56028 0 .04899 0.48516 0 .04305 
0 .56066 0.04931 0.48796 0 .04333 
0 .55958 0.04962 0.49135 0 .04361 
0.55873 0.04994 0 .49414 0.04389 
0.55715 0 .05026 0.49736 0.04417 
0.55471 0.05058 0.50021 0.04445 
0.55189 0.05090 0.5031 3 0 .04473 
0.54880 0 .05122 0.50555 0.04501 
0.54339 0.05154 0.50868 0.04529 
0.53686 0.05186 0.51107 0.04557 
0.52805 0.05218 0.51405 0 .04585 
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Sample 1 i Sample 2 i Sample 4 i Sample 5 

CIS Area = 32.04 SQ.mm C/S Area = 25.88 sq.mm 
i Sample 3 
C/S Area = 22.4 SQ.mm C/S Area= 32.96 sq.mm C/S Area = 21 .28 sq.mm 

Onq,nal Lenath = 47 39mm Ona,nal Lenath = 62.63mm Oria,nal Lenqth = 44.93mm Onmnal Lenath = 71 .27mm Oriainal Lenath = 52. 7 4mm 

Slresst I S1ra1n1 Stress2 I Stra1n2 Slress3 I Strain3 Stress4 I Strain4 Stress5 I Strains 

0.51828 0.05250 0.51684 0 .04613 

0.50638 0.05282 0.5 1963 0.04642 
0 49150 0.05314 0 52233 0.04670 

0 47156 0.05346 0.52473 0.04698 

0.44610 0.05378 0.52737 0.04726 
(nJ 111' Rl·,uh)I, 0.53022 0.04754 

0.53286 0.04782 
0.53525 0.04810 
0.53789 004838 
0 54090 0.04866 
0.54366 0.04894 
0 54606 004922 
0 54857 0.04950 
0.55124 0.04978 
0 55370 0.05006 
055601 0.05034 
0.55843 0.05062 
0.56195 0.05091 
0.56365 0.05119 
0.56641 0.05147 
0.56829 0.05175 
0.57100 0.05203 
0 57351 0.05231 
0.57546 0.05259 
0 57764 0.05287 
0 58037 0.05315 
0.58265 0.05343 
0.58516 0.05371 
0.58683 0.05399 
0 58923 0.05427 
0 59129 0.05455 
0 59342 0.05483 
0.59572 0.055 11 
0 59782 005539 
0 60024 0.05568 
0.60261 0.05596 
0 60440 0.05624 
0 60631 0.05652 
0 60874 005680 
0.61080 0 05708 
0.61 296 0.05736 
0.61444 0.05764 
0 61663 0.05792 
0 61854 0 05820 
062069 0.05848 
0.62254 0.05876 
0.62427 005904 
062633 0.05932 
062758 0.05960 
0 62943 0.05988 
063119 0.06017 
0.63292 0.06045 
0.63434 0.06073 
0.63577 0.06101 
0.63762 0.06129 
0 63883 0.06157 
0.63996 0.06185 
0.64132 0.06213 
0 64266 0.06241 
0.64433 0.06269 
0.64539 0.06297 
0.64618 0.06325 
0.64815 0.06353 
0.64857 0.06381 
064970 0.06409 
0.65006 0.06437 
0 65073 0.06466 
0 65146 0.06494 
0.65225 006522 
0.65255 0.06550 
0.65249 0.06578 
0.65379 0.06606 
0.65373 0.06634 
0.65352 0.06662 
0.65361 0.06690 
0.65337 0.06718 
0.65291 0.06746 
0.65221 0.06774 
0.65121 0.06802 
0.65076 0.06830 
0.64915 0.06858 
0.64654 0.06886 
0.64296 0.069 15 
0.6391 1 0.06943 
0.63431 0.06971 
0.62655 0.06999 
0.61502 0.07027 
0.59821 0.07055 
0.57060 0.07083 
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Relation between Stress and Strain - 80% Moisture Content 

Mode 
Option 
Pre-Speed 
Test Speed 
Post-Speed 
Distance 
Count 

Measure Force in Tens,on 
Repeat Until Count 
2.0mm/s 
0.5mm/s 
10.0mm/s 
10.0mm 

Trigger Type Auto 
Tn ger Force 0.10N 

Sam le 1 Sam le 2 Sa m le 3 
C/S Area; 28.96 sq.mm C/S Area ; 38.88 sq.mm C/S Area; 30.92 sq.mm 

Sam le4 
C/S Area; 42.24 sq.mm 

Onq1nal Lenqth; 48.21 mm Onmnal Length ; 53.35mrr Ona1nal Lenath; 47.92mm Original Length; 60.06mm 
Slressl I Strainl Stress2 I Strain2 Slress3 I Strain3 Stress4 I Strain4 
0 .00000 0 .00000 0.00000 000015 0.00000 0.00017 0 00000 000013 
0.02065 0.00021 0.00494 0.00052 0.00611 0.00058 0.00391 0.00047 
002745 0.00062 0.00908 0.00090 0.01158 0.00098 0.00836 000080 
0.03436 0.00104 0.01417 0.00127 0.01734 0.00142 0.01210 0.00113 
0.04195 0.00145 0.01880 0.00163 0.02335 0.00184 0.01629 0.00145 
004879 0.00187 0.02338 000202 0 .02875 0.00225 0 .02034 0.00180 
0.05559 0.00228 0 .02788 0.00240 0.03389 0 00267 0.02467 0.00213 
0 06184 0.00270 0 .03212 0.00277 0.03926 000309 0.02898 000246 
0 06868 0.00311 0.03660 0.00315 0.04470 000351 0.03277 0.00280 
0 07507 0.00353 0 .04066 0.00352 0.04955 000392 0 03686 0.00313 
0 .08046 0.00394 0.04465 0.00390 0.05411 0.00434 0.04117 0.00346 
0 08598 000436 0.04846 000427 0.05896 0.00476 0.04517 0.00380 
009178 0.00477 0.05255 0 00465 0.06394 0.00518 0.04889 0.004 13 
0 .09706 000519 0.05651 000502 0.06860 0.00559 0.05284 0.00446 
0 10183 0 00560 0.06044 000540 0.07245 0 .00601 0 .05637 0.00480 
0 10708 0.00602 0.06407 0.00577 0.07730 0.00643 0.06042 000513 
0 11181 0.00643 0.06790 0.00615 0.08 166 0 .00684 0.06409 0.00546 
0 11675 0.00685 0 .07153 0.00652 0 .08583 000726 0.06750 0.00579 
0 12096 0.00726 0 .07526 0.00690 0.08991 000768 0.07102 0.00613 
0.12535 000767 0 .07860 0.00727 0.09395 0.00810 0.07472 0.00646 
0 .12987 000809 0 .08169 0.00765 0.09822 0.00851 0.07813 0.00679 
0 13412 0.00850 0.08529 0.00802 0.10226 0.00893 0.08139 0.00713 
0. 13867 000892 0.08884 0.00840 0.10582 0.00935 0.08473 0.00746 
0. 14199 0.00933 0.09223 000877 0.10990 0.00977 0.08795 0.00779 
0 14648 0.00975 0.09540 0.00915 0.11387 0 .01018 0.09112 0.00813 
0 14972 0.01016 0.09918 0.00952 0 .11763 0.01060 0 .09453 0.00846 
0 15345 0.01058 0.10237 000990 0 .12109 0.01102 0.09721 0.00879 
0 15746 0.01099 0.10558 0.01027 0 .12497 001144 0.10062 0.00912 
0 16112 0.01141 0 .10849 0.01065 0.12904 0.01185 0.10372 0.00946 
0 16461 0.01182 0 11178 0.01 102 0 13260 0.01225 0.10670 0.00979 
0 16834 0.01224 011499 001140 0.13616 0.01269 0.10973 0.01012 
0 17131 0.01265 0 t 1795 0.01175 0.13952 0.01311 0.11276 0.01044 
0 17483 0.0 1307 0 12088 001215 0.14301 0.01352 0.11567 0.01079 
0 17787 0 0 1348 0.12433 0 01252 0.14651 0.01394 0.11861 0.0t 112 
0. 18135 0.01390 0 12719 0 .01290 0.14971 0.01436 0.12128 0.01146 
0 18439 0.01431 0.12976 0.01327 0.15278 0.01477 0.12398 0.01179 
0 .18785 0.01473 0.13266 001365 0.15686 0.01519 0.12706 0.01212 
0 .19075 0.01514 0.13578 0.01402 0.16045 0.01561 0.12981 0.01245 
0 19410 0.01556 0.13861 0.01440 0.16345 0.01603 0.13248 0.01279 
0 19686 0.01597 0.14133 001477 0.16649 0.01644 0.13501 0.01312 
0 19990 0.01639 0.14403 0.01515 0 . 16963 0.01686 0 .13767 0 .01345 
0 20283 0.01680 0.14673 0.01552 0 .17283 0.01728 0.14020 0 .01379 
0 20559 0.01722 0 14954 0.01590 0.17616 0.01770 0 .14321 0.01412 
0 20860 0.01763 0 15216 0.01627 0.17911 001811 0 .14588 0.01445 
021102 0.01805 0 .15460 0.01664 0.18250 0.01853 0. 14839 0.01479 
0.21357 0.01846 0 .15741 0.01702 0.18503 0.01895 0.15097 0.01512 
0 21682 0.01888 0 16019 0.01739 0.18862 0 01937 0.15348 0.01545 
0 21944 0 01929 0 .16301 001777 0.19140 0 01978 0 15594 0.01578 
0.22175 0.01971 0 .16548 001814 0.19437 0.02020 0.15840 0.01612 
0 22438 0 02012 0 .16821 0.01852 0.19748 0.02062 0.16091 0.01645 
0 .22704 0.02054 0 17068 0.01889 0.20029 0.02104 0.16349 0.01678 
0 22980 002095 0.17328 0.01927 0.20301 0.02145 0.16570 0.01712 
0 23184 0.02136 0. 17580 0.01964 0.20537 0.02187 0.16839 0.01745 
0 23419 0.02178 0.17863 0.02002 0.20834 0.02229 0.17053 0.01778 
0 23688 0 02219 0.18112 0.02039 0.21148 0.02270 0.17306 0.01812 
0.23892 0.02261 0.18364 0.02077 0.21400 0.02312 0.17562 0.01845 
0 24095 0.02302 0.18593 0.02114 0.21672 0.02354 0.17775 0.01878 
0.24316 0.02344 0.18807 0.02152 0.21944 0.02396 0.17997 0.01911 
0.24530 0.02385 0.19087 0.02189 0.22183 0.02437 0.18205 0.01945 
0.24727 0.02427 0.19339 0.02227 0.22422 0.02479 0.18449 0.01981 
0.24872 0.02468 0.19552 0.02264 0.22639 0.02521 0.18686 0 .02015 
0.25110 0.02510 0.19805 0.02302 0.2291 1 0.02563 0.18906 0.02048 
0.25356 0.02551 0.20031 0.02339 0.23166 0.02604 0.19134 0.02081 
0.25473 0.02593 0.20270 0.02377 0.23418 0.02646 0.19354 0.02115 
0.25566 0.02634 0.20494 0.02414 0.23645 0.02688 0.19581 0.02148 
0.25670 0.02676 0.20707 0.02452 0.23887 0.02730 0.19804 0.02181 
0.25756 0.02717 0.20939 0.02489 0.24098 0.02771 0.19991 0.02214 
0 .25784 0.02759 0.21173 0.02527 0.24331 0.02813 0.20223 0.02248 
0.25767 0.02800 0.21366 0.02564 0.24557 0.02855 0.20436 0.02281 
0.25698 0.02842 0 .21572 0.02602 0.24787 0.02896 0.20663 0.02314 
0 .25615 0.02883 0.21806 0.02639 025023 0.02938 0.20864 0.02348 
0 .25456 0.02925 0.22022 0.02677 0.25188 0.02980 0.21080 0.02381 
0.25176 0.02966 0.22245 0.02714 0.25382 0.03022 0.21 283 0.024 14 
0.24924 0.03008 0.22443 0.02752 0.25563 0.03063 0.21489 0.02448 
0.24706 0.03049 0.22629 0.02789 0.25754 0.03105 0.21697 0.02481 
0.24451 0.03091 0.22827 0.02827 0.25970 0.031 47 0.21887 0.02514 

S am le S 
C/S Area; 34.8 sq.mm 
Onmnal Lenatn; 57.50mm 

Stress5 I Strain5 
0.00000 0.00000 
0.01089 0.00017 
0.01503 0.00052 
0.01983 0.00087 
0.02466 0.00122 
0.02902 0 .00157 
0.03368 0.00191 
0.03859 0.00226 
0.04305 0.00261 
0.04736 0.00296 
0.05164 0.00330 
0.05572 0.00365 
0.05948 0.00400 
0 .06345 0.00435 
0.06750 0.00470 
0 .07144 0.00504 
0.07534 0.00539 
0.07874 0.00574 
0.08250 0.00609 
0.08652 0 .00643 
0.09020 0.00678 
0.09376 0.00713 
0.09707 0.00748 
0.10023 0.00783 
0 .10411 0.00817 
0.10753 0.00852 
0.11095 0.00887 
011376 0 00922 
0.11721 0 .00957 
0 12069 0 .00991 
0.12374 0 .01026 
0.12684 0 .01061 
0.13034 0.01096 
0.13336 001130 
0.13629 0.01165 
0. 13934 0.01200 
0 .14267 0.01235 
0.14563 0.01270 
0.14876 0.01304 
0.15172 0.01339 
0.15497 0.01374 
0 .15790 0.01409 
0 .16057 0.01443 
0.16319 0.01478 
0.16609 0.01513 
0.16917 0.01548 
0.17181 0.01583 
0.17428 0.01617 
0 17753 0 .01652 
0.18020 0.01687 
0.18310 0 .01722 
0.18580 0 .01757 
0 18862 0.01791 
0.19164 0.01826 
0.19394 0.01861 
0.19626 0.01896 
0 .19922 0.01936 
0.20161 0.01970 
0.20437 0.02005 
0.20670 0.02040 
0 .20925 0.02075 
0.21164 0.02110 
0.21437 0.02144 
0.21635 0.02179 
0.21897 0.02214 
0.22 109 0.02249 
0.22359 0.02283 
0.22555 0.02318 
0.22799 0.02353 
0.23037 0.02388 
0.23259 0.02423 
0.23448 0.02457 
0.23629 0.02492 
0.23868 0 .02527 
0.24101 0.02562 
0.24310 0.02597 
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! Sample 1 
C/S Area = 28 96 sq.mm 

j Sample 2 
C/S Area= 38.88 sq.mm 

j Sample 3 
C/S Area= 30.92 sq.mm 

j Sample4 
C/S Area = 42.24 sq.mm 

I Samples 
C/S Area = 34.8 sq.mm 

Ona,nal Lenalh = 48.21 mm Ona,na l Lena1h = 53.35mrr Ona,nal Lena1h = 47.92mm Onaina l Lena1h = 60.06mm Ona,nal Lenglh = 57.50mm 
Stress, I S!rain 1 Stress2 I Stra,n2 S1ress3 I S1ra1n3 Slress4 I Strain4 S1ress5 I S1rarn5 
0.24258 0 03132 0.23050 0.02864 0.26155 0.03189 0.22086 0.02547 0.24494 0.02631 
0.23981 0.03174 0.23256 0 .02902 0.26290 0.03230 0.22285 0.02581 0.24684 0.02666 
0.23809 0.03215 0.23457 0.02939 0.26442 0.03272 0.22474 0.02614 0.24894 0.02701 
0.23643 0.03257 0.23657 0.02977 0.26565 0.03314 0.22656 0.02647 0.25078 0.02736 
0.23470 0.03298 0.23891 0.03014 0.26672 003356 0.22834 0.02681 0.25261 0.02770 
0 23270 0.03340 0.24056 0.03052 0.26792 0.03397 0.23045 0.02714 0.25425 0 .02805 
0 23135 003381 0.24223 0 .03089 0.26889 0.03439 0.23205 0.02747 0.25632 0 .02840 
0.22977 0.03423 0.24408 0.03127 0.27041 0.0348 1 0.23383 0.0278 1 0.25776 0.02875 
0 22797 0.03464 0.24594 0.03164 027057 0 03523 0.23556 0.02814 0.25971 0.02910 
0.22569 0.03505 0.2477 1 0 03201 0.27063 0.03564 023724 0.02847 0.26124 0 .02944 
02231 7 0 03547 024913 0 03239 0.27073 0.03606 0.23946 0.02880 0.26299 0.02979 
0.22 110 003588 0 25095 0 03276 0.26999 0.03648 0.24067 0.02914 0.26466 0.03014 
0.21854 003630 0.25244 0 0331 4 0 26886 0 03689 0.24254 002947 0.26647 0 .03049 
021606 0.03671 025409 0.03351 0.26682 0 03731 0.24411 0.02980 0 26807 0.03083 
0.21354 0.03713 0.25545 003389 0.26481 0.03773 0.24600 0.03014 0.26968 0.031 18 
021177 0.03754 0.25743 0 03426 0.26145 0.03815 0.24754 0.03047 0.27069 0.03153 
020925 0.03796 0.25890 0.03464 0.25650 0.03856 0.24877 0.03080 0 .27230 0.03188 
0 20618 003837 0.26070 0.03501 0.24971 0.03898 0.25033 0.03114 0.27333 003223 
0.20352 0 .03879 0.26193 0.03539 0.23942 0.03940 0.25180 0.03147 0.27526 003257 
0.20086 0.03920 0.26340 0.03576 0.22513 0.03982 0.25341 0.03180 0 .27632 0.03292 
0 19820 0.03962 0.26499 0 03614 0 .20530 0.04023 0.25488 0 .03213 0 .27761 0.03327 
0. 19499 0.04003 0.26613 0.03651 End of R..::,ult~ 0.25672 0 .03247 0 .27888 0.03362 
0. 19161 0.04045 0.26708 0 .03689 0.25798 0 .03280 0 .28014 0.03397 
0.18823 004086 0.26803 0.03726 0.25904 0.03313 0 .28129 0.03431 
0.18432 0 04128 0.26896 0.03764 0.26030 0 .03347 0 .28227 0.03466 
0 17980 004169 0.27001 0.03801 0.26188 0.03380 0.28302 0.03501 
0 17358 004211 0 27058 003839 026338 0.03413 028411 0 03536 
0. 16540 0.04252 0.27137 0.03876 0.26439 0 .03447 0.28511 0 03570 
0 15401 0 04294 0.27251 0 03914 026553 003480 0.28572 0.03605 
0 13874 0 04335 0 27307 0 03951 0 26700 003513 028615 0 03640 
0 11968 0 04377 0.27287 0.03989 0 26813 003546 0.28698 0.03675 
009506 0 04418 0.27299 0.04026 026913 0 .03580 0 28727 0.03710 

1:nd ,,t lt~·,u ll , 0.27287 0.04064 0.27003 0.03613 0.28710 0 03744 
0 27271 0.04101 0.27124 0.03646 0.28727 0.03779 
0.27158 0 0 4139 0 2721 4 0.03680 0.28744 0.03814 
0.26965 004176 027296 0.03713 0.28759 0.03849 
026741 0.04214 0.27334 0.03746 0.28707 0.03883 
0 26394 0.04251 0.27427 0.03780 0.2861 5 0.03918 
0.25877 0.04289 0.27479 0.03813 0.28471 0.03953 
0.25116 0 04326 0.27536 0.03846 0.28388 0.03988 
024069 0 04364 0.27571 0.03879 0.28158 0.04023 
0 22659 0 04401 0.27623 0.039 13 0 27917 004057 
0.20903 0.04439 0 27689 0.03946 0.27555 004092 
0 18645 0 04476 0.27718 0.03979 0.27109 0 04127 

b aJ 111 R~,uh, 0.27739 0.04013 0.26537 0.04162 
0.27760 0.04046 0.25911 0 .04197 
0.27782 0.04079 0.25152 0 .04231 
0.27775 0.04 113 0.24359 0 .04266 
0.27739 0.04146 0.23402 0.04301 
0.27723 0.041 79 0.22388 0.04336 
0.2771 1 0.042 12 0.2 1152 0.04370 
0.27647 0.04246 End of RcsulL, 
0.27538 0.04279 
0.27427 0.04312 
0.27294 0.04346 
0.2711 4 0.04379 
0.2685 1 0.044 12 
0.26480 0.04446 
0.25978 0.04479 
0.25284 0.04512 
0.24368 0.04545 
0.23232 0.04579 
0.21986 0.04612 
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Relation between Stress and Strain - 100% Moisture content 

Mode 
Opuon 
Pre-Speed 
Test Speed 
Post-Speed 
Distance 
Trigger Type 
Trigger Force 

ttress l 
000000 
002347 
0.02743 
0 03361 
0 04053 
0.04678 
0 05337 
0 .05917 
0 06441 
0 06976 
0.07519 
0 07994 
0.08454 
008851 
009255 
0 09644 
0 10007 
0 10337 
0 .10674 
0 10992 
011272 
011497 
0 11800 
0 12070 
0 12362 
0 12496 
0 12758 
0 13016 
0 13200 
0 13350 
0 13518 
0 1376 1 
0 13941 
0 14079 
0 14270 
0 14416 
0 14562 
0.14644 
0.14779 
0.14903 
0.15037 
0 15097 
0 15232 
0. 15322 
0 15382 
0.1 5434 
0. 15438 
0.15539 
0 15558 
0 15535 
0 15543 
0 15591 
0 15524 
0.15494 
0 15430 
015356 
0.15311 
0 15213 
0.15034 
0.14832 
0.14656 
0 14420 
0 14072 
0.13716 
0.13353 
0.12837 
0.12234 

End ol Rc,ult, 

I 

Measure Force in Tension 
Repeat Unul Count 
2.0mmis 
O.Smm/s 
10.0mm/s 
10.0mm 
Auto 
OlON 

!:::itrainl ::;1ress3 

0.00000 0.00000 
0 .00024 000246 
0.00071 0.00538 
000119 0.00808 
0.00166 0.01117 
0 00214 0 .01369 
000261 0 .01661 
000309 001926 
0.00356 0 02209 
0.00404 0 02499 
0.00451 0.02717 
0.00499 0.02943 
000546 0 03261 
000594 0.03452 
000641 0.03714 
0.00689 003933 
000737 004186 
0.00784 0 .04417 
0 00832 004645 
0.00879 0 .04876 
0.00927 0.05098 
0.00974 005305 
001022 0.05512 
0 01069 0.05734 
0.01117 0 05962 
0.01164 006173 
0 01212 0.06365 
0 01259 0 06569 
0 01307 0 06798 
0 01354 0 06979 
0 01402 0 07183 
0.0 1449 0 07403 
0 01497 0 07564 
0 01544 0.07780 
0.01592 007973 
0.01639 0.08 152 
0.01687 0 08309 
0.01734 0.08513 
0.01782 0 08698 
0.01829 0.08859 
0.01877 0.09031 
0 01924 0.09197 
0.01972 0.09375 
0 02019 0.09528 
002067 009717 
0.02115 0 09898 
0.02162 0.10037 
0.02210 010194 
0.02257 0 10348 
0.02305 010531 
0.02352 0 10681 
002400 0.10838 
0.02447 0.10977 
002495 0 11141 
0.02542 0.11276 
0.02590 0.11450 
0.02637 0.11563 
0.02685 011722 
0.02732 0.1 1855 
0.02780 0.12013 
0.02827 012140 
0.02875 0.12303 
0.02922 0.12429 
0.02970 0.12558 
0.03017 0.12680 
0.03065 0.12795 
0.031 12 0.12917 

0.13034 
0 .13178 
0 .13285 
0.13404 
0.13531 
0.13640 
0.13737 
0.13866 
0.13977 
0.14077 

I Stra in3 

0.00000 
0.00028 
0.00056 
0.00084 
0.001 11 
0.00139 
0.00167 
0.00195 
0.00223 
0.00251 
0.00279 
000307 
0.00334 
000362 
000390 
0.00418 
0.00446 
0.00474 
000502 
0.00530 
0.00557 
0.00585 
0.00613 
000641 
000669 
0.00697 
000725 
000753 
0 00780 
0 00808 
0.00836 
0.00864 
000892 
0.00920 
0.00948 
0.00976 
0.01003 
0.01031 
0.01059 
001087 
0.01115 
001143 
001171 
0.01199 
0 01226 
0.01254 
001282 
0.01310 
0.01338 
0.01366 
0.01394 
0.01422 
0.01449 
0.01477 
0.01505 
0.01 533 
0.01561 
001589 
0.01617 
0.01645 
0.0 1672 
0.01700 
0.01728 
0.01756 
0.01784 
0.01812 
0.01840 
0.01868 
0.01895 
0.01923 
0.01951 
0.01979 
0.02007 
0.02035 
0.02063 
0.02091 
0.021 18 

Stres s4 I Stra1n4 

0.00000 0.00000 
0.00196 000027 
0.00445 0.00054 
0.00692 0.00082 
0.00936 0.00109 
0.01183 0.00136 
0.01399 0.00163 
0.01623 0.00190 
0.01848 0.002 18 
0.02064 0.00245 
0.02267 0.00272 
0.02482 0.00299 
0.02685 0.00327 
002895 0.00354 
0.03064 0.00381 
0 .03279 0.00408 
0.03467 0.00435 
0.03665 0.00463 
0.03822 0.00490 
0.04020 0.00517 
0.04213 0.00544 
0 04372 0.00571 
0.04518 000599 
0.04692 0.00626 
0.04858 000653 
0.05039 0 .00680 
005176 0.00707 
0.05342 0.00735 
0 05535 0.00762 
005689 0.00789 
0.05866 0.00816 
0 06061 0.00844 
0.06244 0.00871 
0.06411 0.00898 
0.06560 0.00925 
0.06741 0.00952 
0.06910 0.00980 
0.07081 0.01007 
0.07225 0.01034 
0.07369 0 .01061 
0 07548 0.01088 
007689 0.011 16 
0.07846 0.01143 
0 .07978 0.01170 
0.08149 0 .01197 
0.08259 0.01224 
0.08406 0.01252 
0.08584 0.01279 
0.08729 0.01306 
0.08880 0.01333 
0.09024 0.01361 
0.09174 0.01388 
0.09301 0.01415 
0.09440 0.01442 
0.09589 0.01469 
0.09714 0.01 497 
0.09846 0.01524 
009985 001 551 
0.10137 0.01578 
0.10271 0.01605 
0.10374 0.01633 
0. 10479 0 .01660 
0.10621 0.01687 
0 .10775 0.01714 
0 .10897 0.01741 
0.11022 0.01769 
0.111 61 0.01796 
0.11269 0.01 823 
0.11386 0.01850 
0.11513 0.01878 
0.11638 0.01905 
0.11741 0.01932 
0.11851 0.01959 
0.11980 0.01986 
0.12093 0.02014 
0.12188 0.02041 
0.12303 0.02068 

SQ.mm 

Original Length = 56.45mm 
StressS I Strains 
0.00000 0.00000 
001070 000018 
0.01241 0.00053 
0.01569 0.00089 
0.01891 0.00124 
0.02181 0.00159 
0.02513 0.00195 
0.02824 0.00230 
0.03142 0.00266 
0.03405 0.00301 
0.03673 0.00337 
0.03951 0.00372 
004229 0 .00407 
0.04445 0.00443 
0.04718 0.00478 
0 .04967 0.00514 
0.05206 0.00549 
0.05418 0.00585 
0.05641 0.00620 
0.05876 0.00655 
0.06106 0 .00691 
0.06293 0.00726 
0 .06545 0.00762 
0 .06766 0.00797 
0.06953 0.00833 
0.07155 0.00868 
0 .07326 0.00903 
0 .07546 0.00939 
0 .07748 0.00974 
0 .07905 001010 
0.08106 0.01045 
0.08296 0.01081 
0.08486 0.01116 
0.08654 0.01151 
0.08832 0 .01187 
0.09010 0.01222 
0 .09200 0.01258 
0.09357 0.01293 
0.09509 0 .01329 
0.09699 0.01364 
0 .09877 0.01399 
0.10045 0.01435 
0.10197 0.01470 
0.10368 0.01506 
0.10543 0.01541 
0.10669 0.01577 
0 .10802 0.01612 
0 .10978 0.01647 
0.11146 0.01683 
0.11296 0.01718 
0.11443 0.0 1754 
0.11573 0.01789 
0.11747 0 .01825 
0.11872 0.01860 
0.12010 0.0 1895 
0.12117 0 .01931 
0.12257 0.01966 
0.12418 0.02002 
0.12546 0.02037 
0.12672 0.02073 
0. 12812 0.02108 
0.12940 0.02143 
0.13030 0.02179 
0.13168 0.02214 
0.13282 0.02250 
0.13379 0.02285 
0.13543 0.02321 
0.13636 0.02356 
0.13747 0.02391 
0.13859 0.02427 
0.13949 0.02462 
0 .14063 0.02498 
0 .14165 0.02533 
0.1 4279 0.02569 
0 .1 4381 0.02604 
0.14454 0.02640 
0.14547 0.02675 
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Stress1 I Stra1n1 Stress3 I Stram3 Stress4 I Stra,n4 s tress5 I S train5 

0.14168 0.02146 0.12435 0.02095 0.14627 0.02710 
0.14264 0.02 174 0.12538 0.02122 0 .14713 0.02746 
0.14384 0.02202 0 .12645 0.02150 0.14808 0.02781 
0. 14486 0.02230 0.12741 0.02177 0.14903 0.02817 
0.14567 0.02258 0. 12834 0.02204 0.14957 0.02852 
0.14665 0.02286 0.12949 0.02231 0.15047 0.02888 
0. 14756 0.02314 0. 13056 0.02259 0 .15095 0.02923 
0. 14850 0.02341 0.13137 0.02286 0.15123 0.02958 
0.14917 0.02369 0.1 3252 0.02313 0 .15185 0.02994 
0. 15000 0.02397 0. 13347 0.02340 0.15249 0.03029 
0.15098 0.02425 0.13445 0.02367 0.15280 003065 
0. 15187 0.02453 0.1 3526 0.02395 0 .15304 0.03100 
0.15242 0.02481 0.13619 0.02422 0 .15354 0.0-3136 

-~ 

0. 15309 0.02509 0. 13733 0.02449 0.15320 0 .03171 
0.15403 0.02537 0.1 3797 0.02476 0. 15316 0.03206 
0. 15461 0.02564 0.13866 0.02503 0 .15285 0.03242 
0.15529 0.02592 0.14000 0.02531 0 .15233 0.03277 
0. 15586 0.02620 0.14073 0.02558 0.15187 0.033 13 
0. 15660 0.02648 0.14171 0.02585 0.15102 0.03348 
0. 15716 0.02676 0.1 4225 0.02612 0 .14962 0.03384 
0.1 5790 0.02704 0.1 4318 0.02639 0 .14808 0.03419 
0. 15795 0.02732 0.14384 0.02667 0.14563 0.03454 
0.15901 0.02760 0.14491 0.02694 0 .14283 0.03490 
0.15932 0.02787 0.1 4545 0.02721 0.13906 0.03525 
0. 15962 0.02815 0. 14606 0.02748 0 .13474 0 .03561 
0. 15969 0.02843 0.14699 0.02776 0 .12907 0.03596 
0.1 5999 0.0287 1 0.1 4802 0.02803 0 .12190 0.03632 
0. 16032 0.02899 0.1 4890 0.02830 0 .11336 0.03667 
0.16062 0.02927 0.14932 0.02857 0.10316 0.03702 
0. 16080 0.02955 0.14990 0.02884 End of Result., 
0.16114 0.02983 0.1505 1 0.02912 
0.1 6082 0.03010 0.15130 0.02939 
0. 16091 0.03038 0.15188 0.02966 
0. 16071 0.03066 0.15267 0.02993 
0.1 6064 0.03094 0.1 5335 0.03020 
0.16043 0.03 122 0.1 5411 0.03048 
0.16003 0.03150 0.15455 0.03075 
0 15977 0.03178 0 .15504 0.03102 
0.15962 0.03206 0.15575 0.03129 
0.1 5951 0.03233 0.15621 0.03156 
0. 15901 0.03261 0. 15685 0.03184 
0. 15823 0.03289 0.1 5733 0.03211 
0. 15760 0.03317 0.1 5773 0.03238 
0.15694 0.03345 0 .15844 0.03265 
0. 15592 0.03373 0.15885 0.03293 
0. 15496 0.03401 0 .15932 0.03320 
0.1 5381 0.03429 0. 15963 0.03347 
0.15274 0.03456 0.16005 0.03374 
0. 15 131 0.03484 0.16054 0.03401 
0.14989 0.03512 0. 16076 0.03429 
0. 14743 0.03540 0.1611 2 0.03456 
0. 14549 0.03568 0 .16161 0.03483 
0.1 4303 0.03596 0. 16171 0.03510 
0.1 4027 0.03624 0. 16205 0.03537 
0.13696 0.03652 0 .16235 0.03565 
0.13328 0.03679 0 .16235 0.03592 
0.1 2926 0.03707 0 .16269 0.03619 
0.1 245 1 0.03735 0 .16262 0.03646 
0 .11966 0.03763 0 .16257 0.03673 
0.1 1452 0.03791 0 .16308 0.03701 
0. 10916 0.03819 0.16296 0.03728 
0. 10374 0.03847 0.16264 0.03755 
0.09861 0.03875 0.16269 0.03782 
0.09330 0.03902 0.16247 0.03810 

Ent.l or R\;SUh!- 0.16232 0.03837 
0 .16 183 0.03864 
0 .16134 0.03891 
0 .16125 0.03918 
0.16027 0.03946 
0.15961 0.03973 
0 .15873 0.04000 
0.15763 0.04027 
0.15648 0.04054 
0.15469 0.04082 
0 .15313 0.04109 
0 .15088 0.04136 
0.14834 0.04163 
0 .14570 0.04190 
0.14208 0.04218 
0.13839 0.04245 
0.13430 0.04272 
0.12993 0.04299 
0.12504 0.04327 
0 .12002 0.04354 
0 .11545 0.04381 
0.1 1032 0.04408 
0 .10526 0.04435 
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Stress and Strain Relation - Brought up to 60, 80 and 100% MC and dried to 20% Moisture Content 
Sl!m121!:!2Q-1 Area= 31.96 sq.mm Sl!!llll1!!8Q·1 Area = 19.68 sq.mm Sam12I!! 100:1 Area = 24.4 sq.mm 

Original Leng1h = 62.39mm Original Length= 38.21mm Original Length = 50.09mm 
Sl!mll!!:! §Q·2 Area= 17.8 sq.mm Sam121!! 8Q·2 Area = 24.84 sq.mm Sam121!! JQQ·.1 Area= 28.44 sq.mm 

Original Length = 52.63mm Original Length= 71.35mm Original Length= 57.21mm 
S2mll!!! §Q-;i Area= 27.28 sq.mm Sl!mlll!! !lQ·;J Area = 26. 76 sq.mm Sam121!! JQQ·J Area= 25.92 sq.mm 

Original Length= 61.93mm Original Leng1h = 38. 92mm Original Length = 55. 75mm 

60% to 2 0% Samples 80% to 20% Samples 100% to 20% Samples 

Slress I S1ra1n I Stress I S1ra1n I Stress I S1ra1n 
1·1 1·1 1·2 1·2 1-3 1-3 

S1ress I Strain I Siress I Strain I Stress I Slrain 
2-1 2· 1 2·2 2·2 2·3 2-3 

Stress I Slrain I Stress I Strain I Stress I Strain 
3· 1 3· 1 3-2 3-2 3.3 3.3 

0.000 0.0000 0.190 0.0006 0.000 0.0000 0.321 0.0002 0.000 0.0000 0.314 0.0008 0.103 0.0002 0.000 0.0000 0.000 00000 
0010 0.0003 0.201 0.0010 0.004 0.0003 0.336 0.0007 0.003 0.0003 0.338 0.0013 0.113 0.0006 0.027 0.0002 0.012 0.0004 
0021 0 0006 0.211 0.0013 0.014 0.0006 0.356 0 .0013 0.012 0.0006 0 .363 0.0018 0.124 0.0010 0.035 0.0005 0.028 0.0007 
0031 0.0010 0.220 00017 0025 0.0010 0376 0.0018 0020 0.0008 0.387 0.0023 0.135 0.0014 0.043 0.0009 0.043 0.0011 
0042 00013 0.228 0.0021 0.035 00013 0.394 0.0023 0.028 0.0011 0.412 0.0028 0.146 0.0017 0.050 0.0012 ll.058 0.0014 
0.053 0.0016 0.235 0.0025 0.045 00016 0.410 00028 0.035 00014 0 435 0.0033 0.158 0.0022 0.056 0.0016 0.072 0.0018 
006• 00019 0240 00029 0.056 0.0019 0.428 0.0033 0040 0.0017 0 458 0.0039 0.169 0.0026 0.063 0.0019 0.085 0.0022 
0.075 00022 0.244 0.0032 0.065 0 .0023 0.444 0.0039 0.046 0.0020 0.481 0.0044 0.180 0.0030 0.069 0.0023 0.097 0.0025 
0.085 0.0026 0.252 0.0036 0.073 0 .0026 0.458 0.0044 0.054 0.0022 0.502 0.0049 0.191 0.0034 0.074 0.0026 0.110 0.0029 
0.094 0.0029 0.262 0.0040 0.081 0.0029 0.471 0 .0049 0.063 0.0025 0.522 0.0054 0.201 0.0038 0.082 0.0030 0.120 0.0032 
0 103 00032 0.272 0.0044 0.087 0.0032 0.485 0.0054 0.074 0.0028 0.543 0.0059 0.21 2 0.0042 0.092 0.0033 0. 131 0.0036 
0.110 00035 0.283 0.0048 0.094 0.0036 0.497 0.0060 0.084 0.0031 0.561 0.0064 0.222 0.0046 0.101 0.0037 0.139 0.0039 
0.116 00038 0.293 0.0051 0.100 0.0039 0.509 0.0065 0.094 0.0034 0.578 0.0069 0.231 0.0050 0.111 0.0040 0.147 0.0043 
0.121 0.0042 0304 0.0055 0.106 0.0042 0.520 0.0070 0.104 0.0036 0.595 0.0075 0.240 0.0054 0.120 0.0044 0.155 0.0047 
0.126 0.0045 0.314 0.0059 0.113 0.0045 0.532 0.0075 0.113 0.0039 0.610 0.0080 0.249 0.0057 0.127 0.0047 0.162 0.0050 
0.131 0.0048 0.324 0.0063 0.120 0.0048 0.542 0.0081 0.123 0.0042 0.625 0.0085 0.258 0.0061 0.132 0.0051 0.168 0 .0054 
0 136 0.0051 0.334 0.0067 0.126 0.0052 0.553 0.0086 0.132 0.0045 0.640 0.0090 0.266 0.0065 0.139 0.0054 0.173 0.0057 
0.140 00054 0.344 00070 0 133 0.0055 0.563 0.0091 0.139 0.0048 0.654 0.0095 0.274 0.0069 0.144 0.0058 0.178 0.0061 
0 145 0.0058 0.352 0.0074 0 141 0.0058 0.573 0.0096 0.146 0.0050 0.668 0.0100 0.281 0.0073 0.150 0.0061 0.186 0.0065 
0150 0.0061 0.360 0.0078 0149 0.0061 0 580 0.0102 0.154 0.0053 0.680 0.0105 0.289 0.0077 0 .156 0.0065 0.197 0.0068 
0.156 00064 0.369 0.0082 0.157 0.0065 0 588 0.0107 0161 0.0056 0.693 0.0110 0.296 0.0081 0.162 0.0068 0.207 0.0072 
0 .164 00067 0378 0.0086 0.164 0.0068 0.597 0.0112 0.169 0.0059 0.706 0.0116 0.302 0.0085 0.169 0.0072 0.217 0.0075 
0 173 0.0071 0.387 0.0089 0172 0.0071 0.606 0.0117 0.176 0.0062 0.719 0.0121 0.309 0.0089 0.178 0.0075 0.226 0.0079 
0 182 0.0074 0395 0.0093 0 180 0.0074 0.612 0.0122 0.182 0.0064 0.730 0.0126 0.316 0.0093 0.186 0.0079 0.235 00083 
0.191 0.0077 0404 0.0097 0.188 00078 0.620 0.0128 0.188 0.0067 0.741 0.0131 0.323 0.0097 0 .194 0.0082 0.244 0.0086 
0 199 00080 0413 0.0101 0.195 0.0081 0.626 0.0133 0.195 00070 0.752 0.0136 0.328 0.0101 0.203 0.0086 0.253 0.0090 
0207 0.0083 0.422 0.0105 0.202 0.0084 0.633 0.0138 0.203 0.0073 0.763 0.0141 0.334 0.0105 0.211 0.0089 0.261 0.0093 
0216 00087 0.431 0.0108 0.209 00087 0.639 0.0143 0.213 0.0076 0.772 0.0146 0.340 0.0109 0.220 0.0093 0.268 0.0097 
0 225 00090 0.440 0.0112 0.216 0 .0090 0.644 0.0149 0.223 0 .0078 0.781 0.0152 0.346 0.0113 0.229 0.0096 0.275 00100 
0233 0.0093 0 449 00116 0222 0.0094 0649 0 .0154 0.232 0.0081 0.788 0.01 57 0.351 0.0117 0.237 0.0100 0.283 0.0104 
0.240 0.0096 0.458 0.0120 0.230 0.0097 0.654 0.0159 0.242 00084 0 795 0.0162 0.357 0.0121 0.245 0.0103 0.289 0.0108 
0 249 0.0099 0465 0.0124 0.238 0.0100 0.657 0.0164 0251 00087 0801 0.0167 0.362 0.0125 0.254 0.0 107 0.296 0.011 1 
0256 00103 0474 0.0127 0.245 0.0103 0.661 0.0170 0.260 0.0090 0.807 0.0172 0.367 0.0129 0.262 0.0110 0.302 0.0115 
0.263 0.0106 0.483 0.0132 0.251 00107 0.664 0.0175 0.268 0.0093 0.812 0.0177 0.372 0.0133 0 .271 0.0114 0.309 00118 
0270 0.0109 0.491 00135 0258 0.0110 0.667 00180 0277 0.0095 0819 0.0182 0.376 0.0137 0.280 0.0117 0.315 00122 
0275 0.0112 0.499 0.0139 0.265 0.0113 0.669 0.0185 0.286 0.0098 0822 00188 0.381 0.0141 0.288 0.0121 0.322 0.0126 
0.281 0 0115 0.506 0.0143 0.271 00116 0.668 0.0191 0.295 0.0101 0.827 0.0193 0.385 0.0145 0 .296 0.0124 0.328 0.0129 
0287 00119 0514 0.0147 0277 00119 0.669 0.0196 0.302 00104 0.831 00198 0.389 0.0149 0.304 0.0128 0.334 0.0133 
0 291 00122 0521 00151 0282 00123 0.665 0.0201 0.311 00107 0837 0.0203 0.392 0.0153 0.311 0.0 131 0.340 0.0136 
0 295 0.0125 0.529 0.0154 0 288 00126 0.660 0.0206 0.318 0 .0109 0842 0.0208 0.396 0.0157 0.319 0.0135 0.346 0.01 40 
0299 0 .0128 0.537 0.0158 0.294 00129 0653 0.0211 0.326 0.0112 0846 0.0213 0.400 00161 0.326 0.0138 0.351 0.0143 
0 .303 00131 0.545 0.0162 0.299 0.0132 0.644 0.0217 0.333 0.0115 0.851 0.0218 0.403 0.0165 0.332 0.0142 0.356 0.0147 
0306 00135 0.552 00166 0303 00136 0634 0 .0222 0.340 0.0118 0855 0.0224 0.406 0.0169 0.339 0.0145 0.362 00151 
0 309 0.0138 0.559 00170 0.309 0 .0139 0621 0.0227 0.347 0.0121 0.858 0.0229 0.409 0.0173 0.346 0.0149 0.367 0.0154 
0314 00141 0.566 00173 0314 0.0142 0.605 0.0232 0.353 0.0123 0.858 0.0234 0.411 0.0177 0.352 0.0152 0.371 0.0158 
0320 00144 0573 0.0177 0.318 00145 0.584 0.0238 0.359 0.0126 0 .859 0.0239 0.413 0.0181 0.359 0.0156 0.376 0.0161 
0328 00147 0 581 00181 0.323 0 .0149 End ol Rl"~uh, 0.365 0.0129 0.859 0.0244 0.415 0.0185 0.365 0.0159 0.381 00165 
0.335 00151 0.587 0.0185 0.328 0.0152 0.373 0.0132 0.858 0.0249 0.4 16 0.0189 0.372 0.0163 0.385 0.0169 
0.343 0 0154 0.593 0.0189 0.334 0.0155 0.380 0.0135 0.854 0.0254 0.418 0.0193 0.379 0.0166 0.389 0.0172 
0.351 0.0157 0.599 0.0192 0.337 0.0158 0.367 0.0137 0.649 0.0260 0.419 0.0197 0.385 0.0170 0.392 0.0176 
0.358 0.0160 0.606 0.0196 0.341 00161 0.394 0.0140 0.638 0.0265 0.419 0.0201 0.391 0.0173 0.395 0.0179 
0.365 0.0163 0.611 0.0200 0.345 0.0165 0.401 0.0143 0.826 0.0270 0.418 0.0205 0.397 0.0177 0.398 0.0183 
0.372 0.0167 0616 0.0204 0.351 0.0168 0.409 00146 0.811 0.0275 0.4 18 0.0209 0.403 0.0180 0.403 0.0187 
0.379 0.0170 0.621 0.0208 0.357 0.0171 0.417 0.0149 0.796 0.0280 0.416 0.02 13 0.408 0.0184 0.407 0.0190 
0365 0.0173 0.627 0.0211 0.365 0.0174 0.424 0.0151 0.779 0.0285 0.415 0.0217 0.413 0.0187 0.411 0.0194 
0390 00176 0.631 0.0215 0.372 0.0178 0.431 0.0154 0.765 0.0290 0.411 0.0221 0.418 0.0191 0.415 0.0197 
0397 00180 0.638 0.0219 0.379 0.0181 0.440 0.0157 I End ol RcsulL, 0.407 0.0225 0.423 0.0194 0.418 0.0201 
0 403 0.0183 0.645 0.0223 0.384 0.0184 0.448 0.0160 0.403 0.0229 0.427 0.0198 0.420 0.0204 
0 410 00186 0651 0.0227 0.390 0.0187 0.455 0.0163 0.396 0.0233 0.431 0.0201 0.422 0.0208 
0.416 0.0189 0.658 0.0230 0.397 0.0191 0.463 0.0165 0.389 0.0237 0.435 0.0205 0 .424 0.0212 
0.422 00192 0.664 00234 0.402 0.0194 0.471 0.0168 0.379 0.0241 0.439 0.0208 0.425 0.0215 
0.429 0.0196 0.670 0.0238 0.407 0.0197 0.478 0.0171 0.369 0.0245 0.442 0.0212 0.425 0.0219 
0 .436 0.0199 0.676 0.0242 0.411 0.0200 0.485 0.0174 0.357 0.0249 0.445 0.0215 0.425 0.0222 
0.443 0.0202 0.682 0.0246 0.415 0.0203 0.492 0.0177 Ent.I nf Re.,ulL~ 0.448 0.0218 0.425 0.0226 
0.451 0.0205 0.688 0.0249 0.420 00207 0.500 0.0179 0.451 0.0222 0.423 0.0230 
0 458 0.0208 0.694 0.0253 0.424 0.0210 0.507 0.0182 0.452 0.0225 0.420 0.0233 
0.465 0.0212 0.702 0.0257 0.429 0.0213 0.514 0.0185 0.453 0.0229 0.416 0.0237 
0.472 0.0215 0.708 0.0261 0.435 0.0216 0.520 0.0188 0.454 0.0232 0.4 12 0.0240 
0.478 0.0218 0.715 0.0265 0.442 0.0220 0.527 0.0191 0.454 0.0236 0.404 0.0244 
0.485 0.0221 0.722 0.0268 0.448 0.0223 0.535 0.0193 0.451 0.0239 0.395 0.0248 
0.492 0.0224 0.729 0.0272 0.454 0.0226 0.542 0.0196 0.448 0.0243 0.383 0.0251 
0.499 0.0228 0.735 0.0276 0.459 0.0229 0.549 0.0199 0.443 0.0246 0.368 0.0255 
0.505 0.0231 0.741 0.0280 0.464 0.0233 0.556 0.0202 0.437 0.0250 0.349 0.0258 
0.512 0.0234 0.747 0.0284 0.470 0.0236 0.563 0.0205 0.431 0.0253 I End of RcsutL, 
0.518 0.0237 0.752 0.0287 0.475 00239 0.569 0.0207 0.422 0.0257 
0.525 0.0240 0.758 0.0291 0.480 0.0242 0.575 0.0210 0.412 0.0260 
0 531 0.0244 0763 0.0295 0.465 0.0245 0.581 0.0213 I End of RcsulL" 
0.538 0.0247 0.768 0.0299 0.490 0.0249 0.587 0.0216 
0.543 00250 0.772 0.0303 0.495 0.0252 0.593 0.0219 
0.549 0.0253 0.777 0.0306 0.500 0.0255 0.596 0.0221 
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6 0 % to 20% Samoles 800,1, to 20% Samoles 100% to 20% Samoles 

Stress I Strain I Stress I Strain I Stress I Strain 
1-1 1·1 1·2 1-2 1·3 1·3 

Stress I 
2·1 

Strain I Stress I Strain I Stress I Strain 
2-1 2-2 2-2 2-3 2·3 

Stress I Strain I Stress I Strain I Stress I Strain 
3-1 3-1 3·2 3·2 3.3 3.3 

0.554 0.0256 0.782 0.0310 0.506 0.0258 0.602 0.0224 
0.559 0.0260 0.787 0.0314 0 .5 13 0.0262 0.608 0.0227 
0.564 0.0263 0.793 0.0318 0.520 0.0265 0.614 0.0230 
0.569 0.0266 0.801 0.0322 0.526 0.0268 0.618 0.0233 
0. 573 0.0269 0.808 0.0325 0.532 0.0271 0.623 0.0235 
0.578 0 .0272 0.815 0.0329 0.538 0.0275 0,628 0.0238 
0.582 0.0276 0.821 0.0333 0.544 0.0278 0.633 0.0241 
0.587 0.0279 0.828 0.0337 0.549 0.0281 0.638 0.0244 
0.593 00282 0.834 0.0341 0.555 0.0284 0.642 0.0247 
0.598 0.0285 0.840 0.0344 0.560 · 0.0287 0.648 0.0249 
0.604 0.0289 0.847 0.0348 0.566 0.0291 0.654 0.0252 
0 .610 00292 0.853 00352 0.572 0.0294 0.659 0.0255 
0 615 0 .0295 0.859 0.0356 0.578 0.0297 0.663 0.0258 
0.619 0.0298 0.865 0.0360 0.584 0.0300 0.668 0.0261 
0. 625 0.0301 0.870 0.0363 0.591 0.0304 0.674 0.0263 
0.630 0.0305 0.876 0.0367 0 .596 0.0307 0.680 0.0266 
0.635 0.0308 0.881 0.0371 0.602 0.0310 0.685 0.0269 
0639 0.0311 0.888 0.0375 0.609 0.0313 0.693 0.0272 
0.645 0.0314 0.893 0.0379 0 .614 0.0316 0.700 0.0275 
0.651 0.0317 0.897 0.0382 0.621 0 .0320 0.705 0.0278 
0.657 0 .0321 0.902 0.0386 0.627 0.0323 0.711 0.0280 
0.663 0.0324 0.908 0.0390 0.633 0.0326 0.717 0.0283 
0.670 0 .0327 0.912 0.0394 0.639 0.0329 0.724 0.0286 
0 .677 0 .0330 0.917 0.0398 0.645 0.0333 0.729 0.0289 
0.684 0 .0333 0.922 0.0401 0.651 0.0336 0.735 0.0292 
0.690 0.0337 0.926 0.0405 0.657 0.0339 0 ,741 0.0294 
0.698 0.0340 0.930 0.0409 0.663 0.0342 0.747 0.0297 
0.704 0 .0343 0.934 0.0413 0.670 0.0346 0.753 0.0300 
0.710 0.0346 0.938 0.0417 0.675 0.0349 0.757 0.0303 
0.716 0.0349 0.941 0.0420 0.681 0.0352 0.763 0.0306 
0. 723 0.0353 0.945 0.0424 0.687 0 .0355 0.768 0.0308 
0. 729 0.0356 0.947 0.0428 0.693 0.0358 0.773 0.0311 
0 736 0.0359 0.949 0.0432 0.699 0.0362 0.778 0.0314 
0. 742 0.0362 0.950 0.0436 0.704 0.0365 0.784 0.0317 
0. 749 0.0365 0.953 0.0439 0.710 0.0368 0.790 0.0320 
0 757 0.0369 0.954 0.0443 0 .715 0.0371 0.794 0.0322 
0. 762 00372 0.956 0.0447 0.720 0.0375 0.799 0.0325 
0.768 0 .0375 0.957 0.0451 0.726 0.0378 0.804 0.0328 
0.775 0.0378 0.958 0.0455 0.732 0.0381 0 .809 0.0331 
0.781 0.0381 0.958 0.0458 0.737 0.0384 0.814 0.0334 
0.787 0.0385 0.957 0.0462 0 .742 0 0388 0.818 0.0336 
0 793 0 0388 0.955 0.0466 0.746 00391 0.823 0.0339 
0. 799 0.0391 0.953 0.0470 0.751 0 0394 0.827 0.0342 
0. 805 0.0394 0.949 0.0474 0.755 0.0397 0.832 0.0345 
0. 811 0.0397 0.944 0.0477 0.759 0.0400 0 .835 0.0348 
0.817 00401 0.939 0.0481 0 .763 0.0404 0.838 0.0350 
0.822 0.0404 0.932 0.0485 0.768 0.0407 0 .842 0.0353 
0.828 0.0407 0.924 0.0489 0.772 0.0410 0.844 0.0356 
0.834 0 .0410 0.913 0.0493 0.777 0.0413 0.845 0.0359 
0.840 0.0414 0.902 0.0496 0.781 0.0417 0.845 0.0362 
0.845 0 .0417 0.891 0.0500 0.787 0.0420 0.842 0.0364 
0. 851 0 .0420 0.876 0.0504 0 .792 0.0423 0.837 0.0367 
0. 857 0.0423 0.859 0.0508 0.798 0.0426 0.832 0.0370 
0. 863 0.0426 0.843 0.0512 0.803 0.0430 0.823 0.0373 
0.869 0.0430 I End 1it R~-.,ult!', 0.809 0.0433 0.813 0.0376 
0.874 0.0433 0 .814 0.0436 0.800 0.0378 
0 881 0.0436 0.819 0.0439 0.784 0.0381 
0.887 0.0439 0.824 0.0442 0 .763 0.0384 
0.892 0.0442 0 .829 0.0446 0.734 0.0387 
0.898 0.0446 0.834 0.0449 ( End ill" R1.;!->ull."t 
0.903 0.0449 0 .838 0.0452 
0.910 0 .0452 0 .842 0.0455 
0.915 0.0455 0.847 0.0459 
0.920 0.0458 0.852 0.0462 
0 .927 0.0462 0.856 0.0465 
0.933 0.0465 0.860 0.0468 
0.938 0.0468 0.864 0.0472 
0 .944 0.0471 0.870 0.0475 
0.950 0 .0474 0.875 0.0478 
0.956 0.0478 0.880 0.0481 
0.962 0.0481 0.886 0.0484 
0.967 0.0484 0.892 0.0488 
0.973 0.0487 0.897 0.0491 
0 .978 0.0490 0.903 0.0494 
0.984 0.0494 0.908 0.0497 
0.989 0.0497 0 .915 0.0501 
0 .994 0.0500 0.920 0.0504 
1.000 0.0503 0.926 0.0507 
1.005 0 .0506 0.931 0.0510 
1.009 0.0510 0.937 0.0513 
1.015 0.0513 0.943 0.0517 
1.021 0.05 16 0 .948 0.0520 
1.026 0.05 19 0.953 0.0523 
1.031 0.0523 0.961 0.0526 
1.037 0.0526 0.966 0.0530 
1.042 0.0529 0.972 0.0533 
1.048 0.0532 0.977 0.0536 
1.053 0.0535 0.982 0.0539 
1.058 0.0539 0.987 0.0543 
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6 0% to 20% Samples 80% to 20% Samples 1000/4 to 20% Samoles 

Stress I Strain I Stress I 
1-1 1-1 1-2 

Strain I Stress I Strain 
1-2 1-3 1-3 

Stress I Strain I Stress I 
2-1 2-1 2-2 

Strain I Stress I Strain 
2-2 2-3 2-3 

Stress I Strain I Stress I Strain I Stress I Strain 
3-1 3-1 3-2 3-2 3-3 3-3 

1.064 0.0542 0.992 0.0546 
1.069 0 0545 0.997 0.0549 
1.074 0.0548 1.002 0.0552 
1 079 0.0551 1.008 0.0555 
1.085 0.0555 1.013 0 .0559 
1.089 0.0558 1.017 0.0562 
1.093 0.0561 1.022 0.0565 
1 098 0.0564 1.028 0.0568 
1.103 0.0567 1.033 0.0572 
1 108 0.0571 1.038 0.0575 
1.113 0.0574 1.043 0.0578 
1 117 0.0577 1.049 0.0581 
1 123 0.0580 1.054 0.0585 
1 128 0.0583 1.058 0.0588 
1 132 0.0587 1.063 0.0591 
1.136 0.0590 1.068 0.0594 
1 141 0.0593 1.073 0.0597 
1.146 0.0596 1.078 0.0601 
1 151 0.0599 1.082 0 .0604 
1 155 0.0603 1.088 0.0607 
1 159 0.0606 1.093 0.0610 
1.164 0.0609 1.098 0.061 4 
1 168 0.0612 1.102 0 .0617 
1.172 0.0615 1.107 0.0620 
1.176 0.06 19 1.112 0.0623 
1.181 0.0622 1.117 0.0627 
1.185 0.0625 1.122 0.0630 
1.189 0.0628 1.126 0 .0633 
1.192 0.0632 1.131 0.0636 
1.196 0.0635 1.135 0 .0639 
1.200 0.0638 1 139 0 .0643 
1.204 0.0641 1.142 0.0646 
1 207 0.0644 1.147 0.0649 
1.210 0.0648 1.151 0 .0652 
1.214 0.0651 1.155 0 .0656 
1 217 0.0654 1.158 0.0659 
1 219 0.0657 1.163 0.0662 
1.222 0.0660 1 167 0.0665 
1.225 0.0664 1.170 0.0668 
1 227 0 .0667 1 173 0 .0672 
1.229 00670 1.178 00675 
1 232 00673 1 181 0.0678 
1 234 0.0676 1.184 0.0681 
1 236 0.0680 1 187 0.0685 
1.238 0 .0683 1 190 0.0688 
1 241 0.0686 1.194 00691 
1 242 0 0689 1.196 0.0694 
1.244 0.0692 1.199 0.0698 
1.245 0.0696 1.201 0.0701 
1.246 0.0699 1.203 0.0704 
1.248 0 .0702 1.205 0 .0707 
1 248 0 .0705 1.206 0.0710 
1 248 00708 1.207 0 .0714 
1 247 0.0712 1.207 0.0717 
1 246 0 0715 1.206 0.0720 
1.245 0.0718 1.204 0.0723 
1 243 0.0721 1.199 0 .0727 
1 24 1 0.0724 1.192 0.0730 
1 240 0.0728 1.184 0 .0733 
1.237 0.0731 1.174 0.0736 
1 232 0.0734 1.161 0.0740 
1.226 0.0737 1.144 0 .0743 
1.219 0.0741 1.119 0.0746 
1.210 0.0744 I End 11f R1.;:,.ul1., 
1.200 0.0747 
1 186 0.0750 
1.170 0.0753 
1 148 0.0757 
1.118 0.0760 
1.076 0.0763 
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Creep Tests on Paper Pulp Material 

Sample I 
Thidni.:., ., = 

Ari.:a = 

l .\l.ld = 
s . II \!~:-.= 

Time 

II 

5 
111 

15 

"' 611 
1211 

1560 
11MMI 

311.") 
.111-15 
111511 
1() .. Ul 

10-45 

Sam1>ic 2 : 

I hid.ill·,~= 
,\1\,: :1= 

l.11;1d = 
'-;(I\'\,::::: 

Time 
(I 

5 
111 

15 
.J5 

75 
105 
I 15 

165 
n5 
21'5 
1.;5 

-l05 

-465 
525 
5X5 
6-l5 

7115 
720 
71(1 

7411 

745 
7.11 1 

1.647mm 
.11.9.1 ,q.mrn 

5--1.5 N 
I f55 N/ .) .. ~1-llllll 

Displacement X OJII 

15 
21 
1() 

11 
15 

.18 
-II 
<,I 

XI 

8.1 

H6 

H9 
93 
IIMI 

l.3.15mm 

::!.6.7 '-'.j.111 111 

5.J.5 N 
2 IWI N/\,(.1 mm 

Displacement X 0.0 1 

IH 
2J 

12 
w 
.j(, 

511 
5.1 
6 1 

62 
(ll 

(>-I 

65 
6(1 

67 

6X 

69 
711 

7.1 
77 

H.1 
;,(9 

96 
1114 

( )riginal Length= 66.X7rrnr 

Ti.;mp = 25.J C 
RH = -11.2 

"' · m~lllrc C unt~I ll = 5.7.1 

Strain 

11.IMl21-l 

11.IMl.1I-1 
0.1Mn89 
II.IM l-16-l 

!UM 152.1 

0.00568 

0,IMJ61J 

IUMJlJl2 

11.111211 

11.1112-1 1 
11.111286 

11.111.1.11 
11.IIIW I 
11.111-195 

Ori~inal ll:ng1h = 6-t2Jmir 
Temp= 2l.5C 
RI I = .17.27 
'I, uf tvh1i~tu1\: Content= 7)(9 

Strain 

O.tMt2X 

11.IMl.17 
IU)05II 

t).1)1)61 

tl.tK l72 

11.11078 

11.IMIXJ 
11,()()95 

11.IMm 
II.IM~/8 

O.IIIIMI 

11.111111 

11.11111.1 
11.11I11.J 

0.111116 

11.111117 
11.llll~J 
11.11114 
IUll:211 

tUtl29 

0.01.W 
11.11149 
0.111(12 

Sam1>lc 3: 

Thi,.:kni.:ss = 
Arca= 

L,Ktd = 

Stress= 

Ti me 

II 

5 
Ill 

15 
45 

7.1 
105 

1.15 
165 
225 
285 
.1 -1 5 
4115 
.J65 

525 

585 
645 
7115 

720 
7.111 
7-111 

N.I 

Sample4 

Thit:kncss = 
Arca= 

Load= 

Strc.,s = 

Time 

II 

5 
Ill 
15 
.111 

45 
()(I 

\JO 
l 211 
1511 
1811 

210 
240 
270 
1(MI 

.1.111 
1W 
.WII 

-no 
450 
4811 
5111 

5-111 
5711 
61Xl 
615 
6.111 

6411 
645 

1.lfimm 
27.2 SlJ . llllll 

54.5 N 
2.1104 N/Slj.lTIITI 

Displarement X 0.0 I 

18 

26 
_1 .j 

411 
4-1 
4H 

5 1 
54 

5.1 
57 
58 

59 
61 
6.1 

65 
68 
71 
75 

79 
86 
94 
IIMI 

I .. H2mm 
27.-1.t~.mm 
5.J.5 N 
1.986 N/sq.mm 

Displacement X O.tH 

25 
.111 

.1.1 
411 

49 

55 
611 
65 
71 1 

75 

78 
XII 

82 
84 

86 
88 
911 
92 
94 

96 

97 

9S 
99 
111.1 

1117 

Ill 
11 6 

121 
127 

Original Lcnglh = 6 I .5m1r 

Temp = 21.I C 
RH= 55.8 1 
'h or Moislurc Conte• ll = 7.6.15 

Strain 

II.IKJ29 
11.IM\42 
11.I MIS.I 

11.IMl65 
11.IMl72 

II.IMl78 
11.IXl8:1 

II.IMl88 
II.IM189 

11.1Mm 
II.IM~J4 
11.1Xl96 
II.IM~J9 

11.111112 
11.11111(, 

II.Ol l i 
11.01 15 

11.0122 
11.11128 
11.111411 

11.1115:1 

11.1116.1 

Original L.:ngth = 6X.2 l mir 

Temp= 15 C 
RH= 65 

"' or Moistun; Cont..:1 ll = 12. ll 

Strain 

II.IMl.1665152 
II.IM\4.198I 82 
11.IMl51.112I2 
11.1Ml586424.1 

11.IM17 I 8.1697 
II.IMl8116.1 .1.1-l 
II.IM18796.164 

11.IM~J529W5 
1).(11(1262425 

0.11111995455 

11.11114.1527.1 

I 1.1111728486 
11.11121121698 
11.1112:11491 

11.11126118122 
11.1112901.1:14 

ll.111:1194546 
11.111:1487758 
II.II 1:1781~)7 I 

11.111407418.1 
11.1114220789 

11.1114.167.195 
ll.ll I45141Kll 
ll.llI511M>l2.1 

11.1115686849 
11.111627.1274 

11.II I 71Xl6.104 

11.11177.19.1.14 
11.11 18618971 
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~amp le~ 

I h11.:i..111.::-.., = 
\l\.'.t = 

I .1 1.td = 
'\tr,·"-= 

rintl' 

II 

' Ill 
1, 
lll 

J< 
(iO 

·~, 
'"'II 
I-ill 

l>-.0 

~ Ill 
,2..11) 

.270 
\1111 

no 
'\(,Cl 

'\l)j) 

J:!O 

'"" 
lMI 

SIU 

"-'O 
-i71) 

{,()I) 

<1 ~II 

(160 

h°:'_" 

(,~5 
(,9(1 

hl):', 

1.1591run 

17. lX'-lf.llllll 
5-t 5 N 

2.tNl5 '\/'lpnm 

l)is 11l:1cl'me11t X ti.ti I 

2J 
JX 5 
12 
17 
J (, 

'"' SJ 

57 
(,I 

1,1 
(,(, 

(t9 

71 
71 

75 
77 
n 
7•J 
)\Cl 

, 1 

~1 
,1 ,, 
X7 
,9 
'Ii 
\J) 

'N 
IO'\ 

111, 

I lh 

On~mal U'n!!lh =- 65.52mn 
T1..·n1r,= 15C 

RI I; 65 
1.I 111 \ fo1,1un.· Cuntl'IH = 11.66 

Strain 

il.()(116(\'\( )I ~ 

II.IW l-l 1J9Xl7 
IIJ Wl-l KK JIN15 
OIKl5/>47111 
11.1Wl7020757 
IWl7711757 

IHMl)Q-ll75>-. 

lltll lXNJlJ6.1J 

11 01)'.)l) i:-,t)IJ 

111111)615\XS 

11111007'\26 

O.OI05 '\ I I '\fl 
IHIIIIX'\6"'\X(1 

OCII I l-ll6'\(i 

11.111 l4-l6XX6 

11.11111,21n 
11.0I 190-l762 

II.I 1121157'87 
011 12210112 

111112'\(1.2'1'\7 

11.01251526 \ 
11.11121,1,1xx, 

0,111297.11:\X 

11.lll 127K1" 
U.t l t l5X'\6W 

IUII lXXKK,'I 
U.01-lJt)(J'\X') 

11.0l511~JX9 
11.11157211191 
11.llli>JXY\ li> 
11.11 I 770J5 I K 
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Cakulation of Densitv of Apple: 

S.No. Mass Volume Volume Density 
( Kg ) (liters ) (m.l) (Kg/ni3) 

I 0.259 0.260 0.000260 994.35 

2 (J.313 0.320 0.000320 977.59 
.\ 0.288 0.295 0.000295 974.58 

-+ 0.237 0.239 0.000239 991.63 
5 0.245 0.261 0.000261 938.70 
6 0.305 0.310 0.000310 983.87 
7 0.310 0.320 0.000320 968.75 
8 0.275 0.281 0.000281 978.65 
9 0.261 0.265 0.()()0265 984.91 
10 (J.277 0.281 0.00028 1 985.77 
11 0.25-+ 0.262 0.()()0262 969.47 
12 0.300 0.3 11 0.000311 964.63 
13 0.258 0.268 0.000268 962.69 
I-+ 0.298 0.30-+ 0.000304 980.26 
15 0.265 0.270 0.000270 981.48 
16 0 269 0.272 0.000272 988.97 
17 (J.312 0.32 1 0.00032 1 971.96 
IX 0.26 7 0.269 0.000269 992.57 
19 0.253 0.257 0.000257 984.44 
20 0.295 0.297 0.000297 993.27 

Average: 978.43 Kglm-' 

l'oisson·s Ratio of Paper Pulp 

Test Sample Displacement in Displacement in 
Strain (Transverse Strain 

Poisson's Ratio 
Dimensions Transverse Direction Longitudinal 

Direction) (A) (Longitudinal 
(A/B) (mm) Direction (mm) Direction) (B) 

65 ,., 11 .57 0.018 1.25 0 .001555748 0.0 19230769 0.08089888 
63 '' I 1.141 0.014 0.875 0.00125662 0.01 3888889 0.09047662 
59''12.8 15 0.017 0.9375 0.00132657 0.015889831 0.0834855 
60 '' 10.57 0.015 I 0.001419111 0.016666667 0.085 14664 
63 '' 12.56 0.012 0.75 0.000955414 0.011904762 0.08025478 

Average: 0.084 
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Cakulation of Density of Paper Pulp: 

S.No. 
Mass Thickness Width Length Vol ume Density 
(gm) (mm) (mm) (mm) (m i) (gm/mm3

) 

I 0.455 1.74 32.20 28.15 0.00 15771 288.50 

2 0 I I 0 1.65 17.83 14.31 0.00042 14 261 .06 

J 0.073 1.70 I 3.1 i 11.99 0.0002674 271. 13 

4 0.242 2.20 28.04 14.78 0.0009 108 265.71 

5 0.130 2.02 16.14 15.72 0.0005125 253 .67 

6 0.089 1.70 15.46 11.86 0.0003120 285.26 

7 0.090 1.70 16.48 11.73 0.0003292 273 .39 

8 0.142 1.73 20.09 15. 19 0.0005271 269.40 

9 0. 120 1.70 18.20 13.39 0.0004 146 289.45 

10 0.090 1.80 16.38 11.26 0.0003328 270.41 

11 0.585 2. 12 35.70 29.23 0.0022 122 264.44 

12 0.4 12 1.75 3 I. I I 26.65 0.00 14509 283.96 

13 0 095 1.89 15.69 12. 16 0.0003606 263.45 

1-1 0 . 122 1.91 14.8 16.33 0.00046 16 264.29 

15 0.082 1.32 12.92 18.21 0.0003 107 263.94 

16 0 .088 1.72 12.59 15.66 0.0003391 259.50 

17 0.44 1 1.73 30.20 3 I. I 5 0 0016248 271.41 

18 0.190 1.63 25.40 17.95 0.0007412 256.35 

19 0.093 I .-15 9.55 24.69 0.0003414 271.55 

20 0.275 2.08 22.96 21. I 3 0.0010107 272.10 

21 0.122 2 0 I 15.1 3 1-1.45 0.0004387 278. 12 
1 1 (U 35 2.29 23.08 24.56 0.0012957 258.55 --
2> 0.088 1.68 15.98 I I.IO 0.0002973 294.33 

2-1 0133 1.40 19.08 19.48 0.0005 192 256.18 

25 0.116 1.50 18.25 15.98 0.0004369 265.48 

26 0.089 1.80 15.27 11.24 0.0003094 287.64 

27 0.385 2.00 27.70 24.23 0.00 13423 286.81 

28 0.377 1.756 29.11 25.65 0.00 13112 287.53 

29 0.085 1.92 15.9 9.89 0.0003019 281.53 

30 0.134 1.71 14.8 18.33 0.0004639 288.86 

Average: 272.80 Kg/m3 
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