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ABSTRACT

CONSIDERATION OF PLANT MATERIAL

AS AN INTERACTING CONTINUUM

By

Gerald Henry Brusewitz

Plant tissue was considered as an interacting mixture

of solid and fluid in postulating factors contributing to

its overall strength. Strength contributed by the solid

portion is due to mechanical strength of the cell wall,

structural strength of the cells as a framework, and

connecting strength of the middle lamella. The fluid in

plant material adds to the gross strength from the stand—

point of being temporarily trapped or contained in parti-

cular regions. In addition, mechanical strength is

determined by the interaction of these elements.

Consideration of the anatomy of plant materials as

such led to a mathematical modeling of their mechanical

properties based on the theory of interacting media. The

three-dimensional continuum theory is presented for the

case of a single solid and a single fluid. Methods of

determining material properties as required in evaluating

constants in the constitutive equations are also presented.

 



Gerald Henry Brusewitz

Experiments were conducted with sections from the potato

tuber in an attempt to determine its compressibility and

liquid permeability. Limits of the previously used bulk

compression apparatus were discovered and prevented a

comparison of Jacketed and unjacketed compressibility.

Experiments to measure the ease with which liquid water

flows through potato tissue were inconclusive in determin-

ing the material's permeability. Uniaxial compression

tests under different boundary conditions confirmed the

interacting nature of the potato.

The use of the theory of interacting media in

modeling the mechanical properties of biological materials

is only suggested herein. Further research is needed to

verify the theory and develop experimental techniques.
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I. INTRODUCTION

1.1 The Need

The mechanical behavior of biological materials

predicted by the most sophisticated methods available

deviates significantly from that found experimentally.

Classical theory of elasticity does not account for

anomalies due to time, temperature, and moiSture content.

The time factor can be included by use of the theory of

linear viscoelasticity which is a mere extension of

elasticity. Although experimental evidence (Mohsenin,

1968) indicates nonlinear viscoelastic behavior for many

biological products, the lack of well supported theory

(Clark et al., 1968) requires simplification and use of

linear viscoelasticity. Thermal effects have been in-

cluded to a limited extent in the elastic theory (Parkus,

1968). A theory (Schapery, 196“) has also been proposed

to include both time and temperature effects.

Prediction of stress—strain behavior for metals

by existing theory is more accurate than for biological

materials. The recognized difference in microstructure

between the two is a conceivable and logical source of

the accuracy discrepancy. In addition to this general

 



difference, the structural make-up of biological materials

 is widely variable. It seems obvious that a thorough

knowledge of the material microstructure is basic in

developing theory to more precisely describe the behavior

of biological materials subjected to mechanical loads.

Materials of a biological origin are unique in that

mechanical behavior is dependent on moisture content. This

factor has been considered by Hammerle (1968) and Hammerle

and Mohsenin (1969) in a study of the cracking of a corn

 

kernel subjected to both temperature and moisture gradients.

They determined the time—temperature shift factor for corn

horny endosperm and also proposed an anaIOgous time—

moisture shift factor. However, the theory most widely

employed by engineers dealing with biological materials

is that of linear viscoelasticity at constant temperature

12d moisture content.

1.2 Objectives
 

The overall goal of this study was to develop a

method to more accurately predict the mechanical behavior

of biological materials, particularly those of a plant

origin. Various approaches were conceivable as a study

could have been directed toward structure alone, or solely

at various methods of mathematically modeling the response

typically found experimentally, or some combination of

these two. The objectives of this study were: (1) To

develop a better understanding of the structure of plant



 



material as needed for modeling gross mechanical behavior

and (2) To apply apprOpriate mathematical theory in order

to more accurately predict the mechanical behavior of

plant tissue.

The first objective was realized by a study of the

botanical literature and gleaning that portion yielding

clues of how to model plant material. The resulting prod-

uct was to indicate the nature or type of theory which

 

could be used to best describe this material. Thus the

second objective was highly dependent on the earlier

results. If the required theory existed, the second por-

tion of the study would be easy. If the required theory

could not be found it would be necessary to develop or at

least attempt to develop a new model.



II. DEFINITION OF PROBLEM

2.1 Plant Anatomy
 

The following is a review of the anatomy of plant

material pertinent to a better understanding of gross

mechanical properties. Practically an unlimited source

of references on plant material is available but one can

most profitably begin with standard textbooks such as

Esau (1960) or Huhland (1955). Herein, the various con-

stituents of plant material will be considered along with

such characteristics as their chemistry, quantity, varia-

bility, distribution, and interaction with each other.

In general, biological material contains all three

states of matter, i.e. solid, liquid, and gas. The solid

state possesses sufficient rigidity so as to define a

certain shape. In plant tissue this is represented mainly

by the cell wall and somewhat less by certain elements of

the protoplast“ such as starch grains, sugar crystals,

protein chains, plastids, and waste product grains. This

cell wall may be very thin and highly deformable as in

young growing cells or it may be relatively thick and only

slightly deformable as in the dead tracheid cells of wood.

*See Glossary (p. 76) for definition of botanical terms

such as this.

 



It is this cell wall that provides the majority, but not

all, of the strength to the complete tissue. It is the

conclusion of most cell wall researchers that the mechanical

properties of the cell wall represent the mechanical pro—

perties of the entire tissue. Experiments reported by

Frey—Wyssling (1952) showed individual ramie fiber cells

and cotton hairs to be weaker than fiber strands. The

question thus arises as to what factors contribute to

tissue strength other than cell wall properties.

2.2 Strength of Plant Tissue
 

Researchers, principally biologists, have measured

cell wall strength by measuring tissue strength and yet,

the problem of determining the strength of an individual

cell is much more involved. Under certain conditions such

as a very thick cell wall and a strong middle lamella the

cell wall strength may clearly dictate the tissue strength.

However, there are other cases where tissue strength is

not equivalent to cell wall strength. Consider the

parenchyma cells of common fruit which are thin—walled and

nearly spherical. The stress—strain behavior of such

material (Figure 2.1) would seem to be best described by

the theory of thin shells. This approach has been taken

by Akyurt (1969) in modeling the cell as a fluid—filled,

eight-sided, thin-walled shell.

The response of long narrow cells of cellulose

fiber to mechanical loading depends on the direction of
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Figure 2.l.--Response of Various Shape Plant Cells to

Mechanical Forces. The dotted lines indicate the

resulting deformation.

 



load application. A force applied parallel to the length

of the cell (Figure 2.1) would best be considered a stability

problem while a transverse loading would be considered a

bending load. The stability of the cell shape has been

recognized by Frey-Wyssling (1952) as he noted that cell

shape may be more important than the cell wall strength in

determining gross mechanical strength.

Overall mechanical strength of plant tissue is also

 

dependent on the connection strength or the bond between

cells. A weak middle lamella could result in tissue fail—

ure by rupture between cells as noted by Rasmussen (1966)

in a study of tobacco leaves. Weak leaves displayed

failure by separation between cells whereas strong leaves

failed by tearing through the cell wall. The difference

was traced to the amount of pectin in the middle lamella

which changed its strength. A strong middle lamella leads

to tissue failure by breaking of the cell wall. This was

noted by Huff (1967) in studying tensile properties of

potatoes.

In general, the total mechanical strength of plant

tissue contributed by the solid portion is due to mechani-

cal strength of the cell wall itself, structural strength

of the cells as a framework, and connection strength of

the bonds between cells.



2.3 Mechanical Strength of Cell Walls

An examination of the anatomy of thick cell walls

has revealed their non—isotropic nature. In a study of

tracheid cell walls, Mark (1967) considered the cell wall

as a composite body with an anisotropic framework sur-

rounded by an isotropic matrix. The amorphous matrix,

primarily lignin, is elastic at low moisture contents.

As water is supplied, the matrix swells and loses its

strength such that at high moisture contents the matrix

becomes plastic. This is the portion of the cell wall

whose mechanical properties vary significantly with

moisture content. This contributes, in part at least, to

the explanation of how and why the moisture content of a

biological material affects the mechanical properties of

the tissue. The cellulose framework on the other hand is

not available to water. This framework consists of a

large number of microfibrils with a definite orientation

called the "fibril angle" and is best described by a helix.

The fibril angle depends on the particular layer in the

cell wall, the location in the cell, cell width, and wall

thickness. The mechanical strength of tissue containing

cells with secondary walls is largely dependent on the

strength of the microfibrils. The importance of the

fibril angle is thus indicated for an anisotropic frame—

work.

Proposed models of the structure of wool generally

have agreed with that given for wood. After making a

- ._ ~na‘a:--' ._ '...

 



critique of existing models, Menefee (1968) prOposed the

extended matrix or honeycomb model. The suggested model

is likened to reinforced concrete where the microfibrils

play the part of the high compression strength cement and

the matrix is similar to the high tensile strength rein-

forcing cables. These roles played by the microfibrils and

the matrix are opposite to what was intuitively expected.

According to this model the mechanical strength of the

 

tissue may be dependent on the microfibril strength or the

matrix strength depending on the type of load application.

The effect of cell wall thickness on tissue strength

has been implied in studies of fruit firmness. Pressure

tests with a 3/16 inch plunger on peach fruit conducted

by Blake et_al, (1931) indicated a direct correlation

between flesh firmness and thickness of the cell walls.

The cell wall thickness of apple flesh was found by

Tetley (1931) to change only slightly from June to Septem—

ber. In a more thorough study of the apply fruit Tukey

and Young (19“2) described the development of the various

tissues and the changes that occur such as increased cell

wall thickness. The cell wall increased in thickness at

different times and in different amounts depending on the

tissue. Certain fruit display definite stages of growth

during which the changes in cell wall thickness have been

measured. Tukey and Young (1939) found the cell walls

of the sour cherry to increase in thickness only during

the first half of fruit development. Thus the geometric
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characteristic of cell wall thickness is a recognized

factor contributing to the strength of fruit.

2.“ Structural Strength
 

In order to ascertain the structural strength of

biological material, further understanding is needed of

those anatomical aspects such as cell shape, size, orienta-

tion, wall thickness and variations in each of these. A

single unique cell shape does not exist. The most common

shape found by Lewis (19“6) is the fourteen-sided cubo-

octahedron. Other common shapes were noted to have ten

or six faces. Sinnott and Bloch (19“1) in investigating

the relative position of cell walls, noted two distinct

types of relative wall position. They observed that

either three adjacent walls met at one point (offset

arrangement) or four walls met at one point (aligned

arrangement) as shown in Figures 2.2 and 2.3. It is evident

that a physical arrangement like the latter would be more

susceptible to failure when mechanical loads are applied.

This is analOgous to the bricks in a wall where the joints

are offset for strength purposes. The strength of tissue

having cell walls aligned is more dependent on the bond

between cells. It was also noted that cells with many

sides, approaching the shape of a sphere, had larger

intercellular air spaces if the wall positioning was aligned

rather than offset.

Plant breeders have investigated various cell prop—

erties in attempting to develop new varieties less prone

 



 

 

 

 



Figure 2.2.—-Offset Cell Wall Joints.
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Figure 2.3.——Aligned Cell Wall Joints.
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to failures such as bruising and rotting. They have found

a positive correlation between cell size and the suscept—

ibility to internal failure. This was found for apples by

Jackson (1967), Letham (1961), and Martin et a1. (1965).

The development in size of an organ such as a fruit is

often paralleled by similar changes in cell size.

Houghtaling (1935) measured the size of tomato fruit and

their cells and fitted the data to the formula y = bxk.

The data fit well as a plot of the logarithms of these

two variables was nearly linear. A high correlation between

 

apple fruit diameter and disorder breakdown was found by

Martin (195“). Genetic characteristics of improved apple

fruit were suggested by Martin and Lewis (1952) as

"attempts to raise the mean fruit size without impairing

keeping quality are most likely to succeed if cell number

per fruit is increased and cell size is kept small."

These studies found various correlations but not cause-

effect relations and thus the actual contribution of cell

wall thickness to tissue strength is not known. Neverthe—

less it appears quite evident that injury of apples as

well as other fruit well along in their development is

a structural type of failure.

First attempts at modeling the plant cell assume

constant geometric properties for cell shape, cell size,

and cell wall thickness. Finding these properties con—

stant in any given tissue is rare. Variations in cell

Shape have already been discussed. Cells vary in size
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by orders of magnitude depending on such variables as type

of tissue, variety, specie and period of growth. The

same argument follows for cell wall thickness. This

variability is undoubtedly one of the major obstacles to

realistic modeling of mechanical strength at the cellular

level.

2.5 Fluid Strength
 

The fluid in biological material adds to the overall

strength of the tissue from the standpoint that it is

trapped or held within, either temporarily or permanently.

This fluid is primarily water containing minute proto—

plasmic solid particles which alter the viscosity. Certain

seeds high in oil content display a completely different

type of fluid. Chemically bound fluid acts to alter the

solid phase and such physical properties as volume, density,

and mechanical strength. When this nearly incompressible

fluid is totally surrounded by solid parts of the cell it

behaves much like an elastic membrane containing a fluid.

A model incorporating these ideas has been used by Falk

et a1. (1958) and Nilsson et a1. (1958) to show the depend—

ence of tissue strength on both turgor pressure and cell

wall strength.

A thorough knowledge and understanding of the state

of fluid in biological materials is a prerequisite to

ascertain the fluid's contribution to mechanical strength.

Water is the most abundant fluid in plant tissue and often
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provides more of the weight than the solid material. The

proportion of water contained within this solid—liquid-gas

mixture known as tissue is commonly denoted as the moisture

content. Conceptually the moisture content of a material

is that part represented by water. In experimentally quan—

tifying this concept, moisture content can best be defined

in terms of the method of determination (Van Arsdel and

Copley, 1963). The amount of moisture which can be removed

from a product is dependent on the applied force. Stark

(1932) calls free water that portion of the moisture which

can be removed by mechanical pressure or freezing and bound

water as that additional moisture removed by oven drying.

After a study of water content of foods, Kuprianoff (1958)

concluded that total moisture content should be determined

by an internationally accepted method and that any adjec—

i/e used before water content should indicate the method

of determination. For instance, the term "unfreezable

water" should be used rather than "bound water". This

dependency of the moisture content on the method of deter—

mination or more specifically the amount of applied force,

is not readily handled in modeling. This refinement must

remain unattended until other more important factors have

been included in the model.

After avoiding a precise definition of moisture con—

tent, consider now the location of water in biological

tissue. This is well delineated and discussed in texts by

Slayter (1967) and Ruhland (1955). Suffice it to say here
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that water is distributed throughout the protoplasm, cell

wall, and vacuoles, in order of increasing amounts. The

holding forces are mainly osmotic and imbibitional forces.

Osmotic forces are established due to concentration differ-

ences. Imbibition is the absorption of water over external

surfaces and around the inside surface of capillaries

resulting in swelling of the material. Pressures of a given

magnitude will remove water from capillaries of a given

size and larger. This will be considered in further detail

later during discussion of pore volume and pore size

distribution.

Osmotic forces are the main holding forces of water

in the vacuoles and imbibitional forces hold the water in

the cell wall and protoplasm. Because water is held by

these forces, its free energy is reduced and led Ling

(1968) to the conclusion that water in the cell is in a

different physical state than water in an open container.

This is the basis of the association—induction hypothesis

describing the physical state of water in biological

systems as protein and water exhibiting a cooperative

phenomenon.

At equilibrium these forces hold water at the various

locations in different amounts according to the free energy

of the water at that particular location. An imbalance

such as a change in water content surrounding the tissue

causes the homeostasis phenomenon to occur and a tendency

to return to the original balance. This phenomenon is
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similar to a physical control system with feedback tending

to correct for any disturbances.

2.6 Gas Strength
 

The gaseous portion of the solid-liquid—gas mixture

of the model for plant material may contribute mechanical

strength to the system in a direct sense but is considered

here only indirectly in that it furthers knowledge of the

solid portion. Any characteristics of the gaseous phase

yield knowledge about the solid since this is the space

within the mixture not occupied by solid or fluid. These

voids may or may not be connected with the surrounding

atmosphere. For example, a portion of the flesh of apple

has connected voids whereas the entire apple with its

nearly impervious surrounding skin has no voids connected

with the atmosphere. A material having voids which are

connected with the atmosphere is referred to as a porous

material. However, a precise definition of a porous

material requires knowledge of the media which can be

passed through, whether it be gas or liquid.

Marvin (1939) in compressing lead shot found that

the resulting particle shape was like that found in plant

cells. This would indicate that the size and shape of

intercellular spaces is dependent on the pressure between

cells. If this is true, a knowledge of the characteristics

of the intercellular spaces would be helpful in a study of

internal stresses.

 



 

1?

2.7 Fluid Flow through Porous Media

The flow of liquids through porous media has been

widely s,udied in the area of soil mechanics. For a com—

prehehsivv review of flow through porous media describing

the various themrclical models and liSting the important

references see Topsidegger (1066). Basic in the analysis

of flow of Lidiidr thrfugh porous solics is Darcy’s Law

relating volumw "f fluid f ls io “ross~3ectiona1 area Of

the smile, r fwytfia' drcr, saw ni'rai e across the medium.n.)

 

This macros~~piw iyyrnvch is pron ted by a lack of know-

ledge of tho anmp§*x pore makc~up it also makes mathee

matic formulations and descriptions :asier.

4

Pure; qr: referred to as 1hose vuids in the solid

which are connected with thw ~xternal surroundings. The

definition is wwlj arr“fld upon etcept the indefiniteness

”no;:~r’«*”. Fox-id r the case of liquid flow

through a polio A: 1 c‘rta3n applied pressure a certain

number of porwx lellw-zr21hl allow flow of liquid while

at :1 higflver p1~;:surw:1norn‘ pt» ‘s erl w .flow. ’Thisa<iepenuieneg'

of pore volume on thn applied pressure leads to a non~

linearity in Darcy‘s Law. Porosity or pore volume is the

air portion of the total volume of an air~solid mixture.

Porosity and internal surface area are also important face

tors in the study of heat and mass transfer during drying

of hygroscopic materials. The measurement of these proper~

ties is described by Gregg and Sing (1967). Knowledge

gained in these allied areas will be useful in modeling
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the mechanical response of the plant cell by considering

it as a solid—liquid—gas mixture.

2.8 Interaction of Material Elements
 

Biological tissue has thus far been considered as

an independent mixture of solid, liquid, and gas. The

interdependency or interaction between these components is

now of concern. In living tissue the liquid contents of a

cell exert a hydrostatic pressure on the cell wall called

the turgor pressure. Turgor pressure results from the

differential osmotic concentration within the cell relative

to outside. At equilibrium this turgor pressure is

counteracted hy the equal and opposite wall pressure. In

growing cell; thc turgor pressure is slightly larger than

the wall pressure to allow an increase in cell volume.

A correlation between cell growth rate and mechanical

prOperties of the cell will has prompted cell wall scientists

such as Cleland (1967), Green (1968), Haughton et a1. (1968),

and Lockhart (l967) to investigate cell wall properties with

the hOpe that this knowledge will contribute to their

understanding of growth processes.

A study by Walk at al. (1958) of the parenchyma cells

of potatoes indicated a direct linear relation between

Young's modulus of the tissue and turgor of the cells. The

relationship was first measured experimentally and later

explained by a theoretical model. This increase in tissue

strength due to increased turgor is an indication of the
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important role played by the fluid in providing strength to

the tissue. A mathematical relation for turgor pressure as

a function of cell dimensions and wall strength was

developed by Haines (1950). Turgor pressure was linearly

related to elasticity of the cell wall and nonlinearly with

the cell size.

Slices of potato tuber were mounted by Somers (1966)

as cantilever beams for determination of the modulus of

elasticity. The results were affected by some unmeasured

property thought to be the turgor pressure which led him

to say that "it appears from the above observations that

the apparent value of E is the resultant of the interaction

between the elastic cell walls and the turgor pressure of

the cell contents." Turgor pressure of living tissue varies

during the day and has been measured by changes in organ

size. Barrs (1968) reviewed studies of diurnal changes in

leaf thickness, fruit size, and tree trunk diameter. Mea—

surements of size were used as indicators of the water

status of the tissue.

The causes and effects of bruising of fruit have

been widely studied for many years but an understanding

of the phenomemon itself is limited. Greenham (1966)

investigated the physiological aspects of bruising in

apple fruit. He used electrical resistance measurements

to show that bruising consists of an immediate cell break—

down and a delayed injury caused by the toxic effects of

the liberated sap. This denotes a fluid-solid interaction

of both a physical and chemical nature.
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An indication of interaction between solid and liquid

is illustrated in the results of a study of apple skin by

Huelin and Gallop (1951). It was found that the natural

presence of oils reduces the flow of liquids and gases

through the tissue by reducing the pore volume. Differences

in viscosity of these elements would be eXpected to cause

variations in the pressure—pore volume relationship which

illustrates an interaction between the various components

of the solid—liquid—gaseous mixture.

This interaction between elements has been recognized

as a possible source of error in experimental measurements

but as yet has not been isolated or identified. The fact

that different investigators present widely varying esti—

mates of any given mechanical property throws doubt on the

reported value and illustrates the need for an understanding

of the property a particular test actually measures.



III. PROBLEM SOLVING APPROACHES

The current knowledge of the microstructure of

biological tissue such as outlined here implies a stress—

strain relationship based upon an interacting mixture of

solid, liquid, and possibly gaseous phase. Previous

approaches to developing constitutive relations have been

from either a macro— or microscopic viewpoint. Micro-

structure theory attempts to explain gross behavior of a

complex material based upon the known behavior of its

individual elements. For a biological material it is

logical to consider as elements the individual cells. The

immediate limitation of this approach is the magnitude of

different elements comprising even the simplest biological

organ.

Reiner (1960) identifies structural analysis as the

use of phenomenological data to postulate the microstruc-

ture. This is a reason for the popularity of mechanical

models used in analyzing viscoelastic response of materials.

The macroscopic approach visualizes the phenomenolo-

gical behavior as being more important than the microstruc—

ture. It does use a knowledge of microstructure in de-

fining and idealizing the gross behavior. This so called

macroanalytical approach (Lazan, 1962) could even be

considered a combination of macro— and microscopic approaches.

21
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Historically, the macroscopic formulation has been far more

successful in predicting stress—strain behavior. For these

reasons the macroscopic approach was used in devising

mathematical theory to model the mechanical behavior of

plant material.

 



IV. THEORETICAL DEVELOPMENT

“.1 Theory of Mixtures
 

The theory of mixtures deals with a medium consisting

of any number of constituents each being a medium with

unique properties. The simplest case is that of a single

constituent. Conversely, the theory of mixtures can be

thought of as a generalization of the classical theory of

continuous media. The mixing or combining of the constitu-

ents produces a change in each of the components. The

mixture is not obtained by merely superimposing its consti—

tuents. Each constituent not only contributes to the

properties of the mixture but also affects that same

troperty in the other constituents.

Utilizing a thermodynamic approach, Green and

Naghdi (1967) have formulated a theory of mixtures. Two

assumptions basic to the theory are:

A. Each point in space may be occupied

simultaneously by several different

particles.

B. Distinct quantities such as displacement

and velocity can be assigned to each

constituent at each point in space.

23
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Physically, it is impossible for more than one substance

to occupy the same point in space. Mathematically, these

assumptions are equally as valid as that of material con-

tinuity. The constitutive equations for a binary mixture

of Newtonian fluid plus elastic solid and fluid plus

viscoelastic solid have recently been derived by Tabaddor

(1968) using this theory.

“.2 Binary Mixture
 

A reduced case of the theory for a mixture of any

number of components is Biot’s (1991, 1955) theory of flow

of fluids through a porous, deformable solid. Paria (1966)

has reviewed the work on this subject by Biot, Jana, Paria,

and others. The mixture in this case consists of a single

solid and a single fluid. The solid is deformable and the

liquid can be viscous or nonviscous, compressible or incom-

pressible. The solid is the framework with the fluid fill-

ing the pores. The volume of the pores which are inter-

connected so as to eventually lead to the atmosphere is

denoted by V. If the bulk volume of the solid-fluid

mixture is given by VO then the porosity P is defined as

P = V/VO. Void spaces not available to the fluid are

considered part of the solid.

u.3 Stress and Equilibrium
 

Consider a small cube of the solid-fluid mixture

with orientation parallel to a set of three mutually



25

perpendicular coordinate axes (x, y, z). The stress tensor

for the solid-fluid mixture is

 

r— --1

0 +0 0 0

xx xy xz

O 0 +0 0

yx yy yz
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Due to symmetry (i.e. o = ) there are six inde—
13 031

pendent stress components. The meaning of the subscript in

the stress tensor 01J is as follows. The first subscript

indicates the coordinate direction normal to the element of

area on which that particular stress acts. The second sub—

script denotes the coordinate direction of that particular

stress component. The components 0 o and o are the
xx, yy 22
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normal stress components while the others are the shear com—

ponents. The stress components 0 represent that part of

1.1

the total stress applied to the solid portion only. A

stress component, OXX for instance, does not act over the

entire area AyAz but rather is reduced by the porosity to

act over an area (l-P)AyAz. Note that although porosity is

the volume portion due to voids, it also represents a

ratio of areas. The normal tension force acting on the

fluid portion of a cube's face is given by 0 and is the

same in all directions. This stress is related to the hydro-

static pressure p of the fluid in the pores by

o = — P p (1)

At this point the assumption is made that the fluid's shear

stress caused by viscosity is negligible relative to the

fluid pressure.

Newton's second law is now utilized as in elasticity

in a balance of linear momentum to yield the following

equations of equilibrium

8 80 80
fi<OXX+O) + W Ky + '3";- XZ + pm FX 0 (2a)

Egoyx + 3%(Oyy+0) + Sgoyz + pm Fy = 0 (2b)

5%pzx + 5%gzy + 3%(Ozz+0) + p FZ = 0 (20)

where pm is the mass density of the bulk material and F1 is

the body force per unit mass. This set of three equations
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can be rewritten using tensor notation as the following

single equation

where the comma denotes differentiation and 613 is Kronecker's

delta taking on the value of one when i=3 and zero when

ifJ. Inertia terms which would appear on the right hand

side of equation (2) or (3) have been neglected since this

is a quasi—static formulation. Dynamic theory has been

developed (Paria, 1966) beginning a step earlier with the

equation of motion.

“.9 Definition of Strain-Displacement
 

The strain tensor for the material can be derived

from the displacement components. The displacement compo—

nents for the solid are ux, uy, uZ and for the fluid are

vx, vy, vz. The strain components are defined as

e =1(u +11)
id 5 1,J 3,1 (4)

for the solid and

611 = % (Vi,j + Vj,i>
(5)

for the liquid.

The cubical dilatation for the solid is defined in

terms of displacement by

e = V1 U1 (6)
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or in terms of strain components by

e = eXX + eyy + ezz (7)

Similarly for the fluid dilatation

5 = V1 V1 (8)

or

e = e + e + e (9)

The definition of strain in equations (4) and (5) is based

on small strain components. If the displacements ui and vi

are small and also their derivatives, the products of the

partial derivatives in the nonlinear terms may be neglected

leaving only the linear terms and thereby simplifying the

strain-displacement relation.

U.5 Constitutive Relation
 

The stress and strain tensors have been defined

sufficiently that a relation between them can now be formu-

lated. This can be accomplished most succinctly by viewing

the solid-fluid mixture as a new, single medium with seven

stress components and seven strain components. This concept

provides mathematic development allied with that of the

classical continuum mechanics.

An elastic medium, held at constant temperature, is

assumed to exhibit the one-to-one relation between the
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stress components and the strain components of

°iJ fij (913) (10)

An additional assumption requires that this function pass

through the origin or that the unstrained condition

correspond to the unstressed. Expansion of the functions

fij in a power series in eiJ and omitting all terms higher

than first order results in the linear relation

Oij = CiJkl ekl (11)

The constants Cijkl are assumed to be independent of position

which means physically that the material is assumed to be

elastically homogeneous. Equation (11) is the well known

generalized Hooke's Law. The eighty-one constants Cijkl can

be reduced to twenty—one independent constants upon consider-

-tion of symmetry.

Three—dimensional Hooke's Law for the solid-fluid

mixture is given in matrix notation as

      

_. ._ ._ ~T ,_ .—

Oxx C11 C12 C13 Ciu 015 C16 C17 exx

Oyy C22 C23 C2u C25 C26 C27 eyy

Oxx C33 C34 C35 C36 C37 ezz

°yz Cuu Cus Gus Cu7 eyz

°zx C55 CS6 CS7 ~ezx

oxy C66 C67 exy

“—0 ,5 _~ CTZJ he (12)
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This stress-strain relation is assumed to be reversible in

that there is identical response in either the positive or

negative directions. This constitutive equation involving

twenty—eight material constants serves as a base from

which simplifications can be made for special cases. The

two common cases of transverse and complete isotropy will

be considered later.

9.6 Flow Relation
 

The equations presented so far would be sufficient

to analyze a medium in equilibrium, In order to study

transient behavior the equations of fluid flow are needed.

The behavior of the flow of fluid is considered to follow

that of generalized Darcy's Law which is

1 _ 3

0’1 + pr *1 ‘ CiJ §€(VJ ‘ ”3) (13)

where of is the fluid mass per unit volume of bulk material

and F1 is the body force on the fluid. By symmetry the co—

efficient matrix CiJ consists of six independent constants.

The physical interpretation of these constants will be

delayed to that time when special cases are outlined. Note

that when all the ui's vanish, equation (13) reverts to the

standard form of Darcy's Law for fluid flow through an

undeformed medium. If necessary, equation (13) can be

rewritten in terms of fluid pressure p instead of stress 0

by utilizing equation (1).
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9.7 Field Equations
 

Solution of any problem is now feasible as we have a

sufficient number of equations relative to the number of

unknowns. The field equations are summarized here for the

quasi-static loading of an anisotropic, interacting medium.

The equilibrium equations are

(013 + Céij)’3 + pm F1 = O (19)

Strain-diSplacement equations for the solid are

_ l

913 ' E (”1.3 + ”J,1) (15)

and similarly for the fluid are

_l(

513 ‘ § V1.3 + V3.1) (16)

The constitutive equations are

Foxgd C11 C12 C13 019 C15 C16 C17 ‘exx

Oyy C22 C23 C29 C25 C26 C27 eyy

02z C33 C39 C35 C36 C37 822

Oyz ‘2 C99 C95 C96 C97 eyz

Ozx C55 C56 C57 ezx

Oxy C66 C67 exy

_? .1 __ 011, J_f *h (17)      
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Finally, Darcy's flow equations are

+ .. .1

0’1 or F1 ‘ 013 3t(vJ ' ”J) (18)

This set of twenty—five equations involve the following

twenty-five unknowns; l fluid stress, 6 solid stresses,

6 fluid strains, 6 solid strains, 3 fluid displacements,

and 3 solid displacements. Hence it is possible, at least

theoretically, to completely solve the system once the

boundary and/or initial conditions are specified. These

equations may be combined in numerous ways depending on

which variables are eliminated.

9.8 Simplifications
 

The solution of a set of twenty-five linear partial

differential equations such as given here may be quite

difficult. Simplifications provide for a reduction in the

number of equations and thus increased ease of problem

solution.

Transverse isotropy is material symmetry about one

particular axis. If the z axis is arbitrarily selected,

constitutive equation (17) with its twenty—eight constants

is reduced to a new set with only eight material constants.

= + + + +Oxx 2Nexx A (exx eyy) FeZZ M 5 (19a)

2Ne + A (e +e ) + Fe + M e

yy XX yyOyy 22 (19b)
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022 = Bezz + F (exx+eyy) + Q s (190)

Oyz = L eyZ (19d)

ozX = L eZX (19e)

Oxy = N exy (19f)

o = M (exx+eyy) + Q ezz + R e (198)

The flow equation (18) with its six constants CM is

likewise reduced to a system involving only the two constants

C or C (Since Cxx = ny) and sz. Thus

xx yy

30 _ . .

EY+pf Fx _ Cxx (vx - ux) (203)

3°+p p = c (o — a )
5; f y xx y y (20b)

30 F

Fz+pf z _ sz (Oz _ lhz) (200)

where the dot denotes differentiation with respect to time.

The comma used earlier signified differentiation with respect

to position. The number of equations for the transverse

isotropic case is no less than that for the anisotropic but

the number of material constants has been reduced from 39 to

10 and thus simplifies solving the problem.

A material is isotropic with regard to a particular

property if at a point that property is the same in all
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directions. Under this assumption, the stress-strain

equation (17) is reduced to the following

Oij = 2 NeiJ + Ae + Q a for 1 = J (21a)

0 = Qe + R e (210)

Note that when Q and R are identically zero what remains

is the standard three—dimensional Hooke's Law.

The flow equation (18) is reduced to contain the

single constant C

a

0’1 + or F1 ’ C ‘a‘E'Wl ‘ ”1) (22)

Equations (21) and (22) contain the five material constants

N, A, Q, R, and C. These two sets of equations along with

equations (19), (15), and (16) mathematically describe the

quasi-static mechanical behavior of an isotropic fluid-

solid mixture.

Simplification is further possible when it is valid

to assume incompressibility. A condition of incompress-

ibility can be applied to the entire mixture or any of the

components. Only a binary mixture consisting of one solid

and one fluid is considered here.

Incompressibility of the entire mixture means that

the volume of the fluid squeezed out during a compressive

loading is identically equal to the reduction in volume of
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the solid. In terms of the quantities already identified,

this is

e(l-P)+P€=0 (23)

and must hold for all values of fluid stress a. This con—

dition when combined with the constitutive equations such

as equation (21) reduces the number of material constants

by two. This is the case commonly used during consolidation

of a saturated soil.

 

The physical situation of a rigid solid and a fluid '

which only partially fills the void space would allow the

incompressibility condition to be applied to the solids only.

In the case where the fluid completely fills the voids and

is many times stronger than the solid component the incom-

pressibility condition may be imposed on the fluid

component.

9.9 Extensions
 

The theory presented here has considered some of the

simplest cases of interacting media because of the introduc-

tory nature of this study. Should this theory show merit

for further application to biological materials some of the

following additional considerations and refinements would

be appropriate.

As indicated at the onset the theory of mixtures is

applicable to any number of components, each having widely

varying properties. The solid, for instance, could be con-

sidered as behaving viscoelastically where the various
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material constants are functions of time. Biot (1956)

first used this approach while studying the settlement of

a loaded column. Paria (1958) derived the resulting defor—

mation of a porous viscoelastic circular cylinder when a

load was applied to the solid portion only. Freudenthal

and Spillers (1962) derived solutions for the infinite

layer and the half space of poro-viscoelastic media.

Strains thus far have been assumed to be small and

linearly related to stress. Biot and Willis (1957) applied

the linear theory to systems with incremental stresses near

a prestressed condition and found it directly usable when

the stresses were defined in terms of the prestressed area

rather than the final area.

A dynamic formulation as indicated earlier can be

developed using a generalized equation (3) to include

inertia terms. When this is done, it is found that there

are additional terms due to the solid and fluid elements

plus a third term due to the fluid—solid interaction. This

differs from the case when generalizing from quasi—static

to the dynamic for a single medium where the acceleration

term can be directly inserted into the constitutive equa-

tions. Paria (1966) reviewed numerous articles where the

dynamic theory was used in problems of wave propagation.

 



INTERPRETATION AND DETERMINATION

OF MATERIAL PROPERTIES

5.1 Interpretation of Equations
 

The theory of mixtures can be used in solving actual

problems only after the coefficients have been experiment-

ally measured. Various forms of the equations have been

expressed by Biot and Willis (1957) although only one is

presented herein in an effort to suggest how the material

properties could be measured.

The first case to be described is an isotropic

binary mixture of solid and fluid. The constitutive equa-

tion (21) is the starting point for introducing different

variables which aid in grasping the physical significance

of the equations and particularly the coefficients. Let

TiJ be defined as the total stress acting on a surface so

that

Txx = 0xx + 0 (29a)

Tyy Oyy (29b)
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content 6 is

P (e — a)

New coefficients are defined as

>
2 I

t
o II

Q

N

R/P2

~ A - Q2/R

(Q/R + 1)?

(29c)

(29d)

(29e)

(29f)

(25)

(26)

(27)

(28)

(29)

Substituting equations (29-29) into equation (21) results in

TXX

T

yy

ZZ

yz

ZX

+

up

up

up

yz

ZX

2n

2ue

2H8

eXX

yy

ZZ

+

le

Ae

(308)

(30b)

(300)

(30d)

(30a)
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Txy = “ exy (30f)

E = (1/8) p + a e (308)

The first six of these equations show that a strain imposed

on the solid produces either a stress in the solid, the

fluid, or both. The last equation shows that there can be

a net change in fluid content as a result of sclid strain,

fluid pressure, or both. No change in fluid content under

a straining of the solid yields a proportional change in

 

fluid pressure.

5.2 Determination of Isotropic

Material Properties

 

 

The coefficients a, B, A, and u are characteristics

of the particular medium under study. The coefficients A

and u are analogous to the Lame constants of elasticity

provided they are measured during negligible fluid pressure.

It must be negligible in the sense that the fluid stress

is relatively small compared to the solid stress. Thus the

tests commonly used to measure elastic properties can be

readily adopted except possibly the bulk compression

experiment.

The coefficient a could be measured during a Jacketed

compressibility test. In the Jacketed compressibility test

the specimen is surrounded by a very thin, flexible, imper—

meable Jacket before the hydrostatic load is applied. The

pressure in the specimen is isolated from the loading
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pressure by providing a fluid pathway between the inside

of the Jacket and the environment beyond the load. Then

equation (30g) reduces to

5 = 0 e (31)

and

a = é/e (32)

By measuring the amount of fluid flowing to or from the

 

specimen and the volumetric strain in the solid the coeffi-

cient a can be computed. If 5 indicates the change in pore

volume then a is the ratio of pore volume to volumetric

strain. In equations (30a), (30b), or (300), a can be

thought of as that part of the fluid pressure capable of

producing a strain comparable to the total stress.

The coefficient 8 could be determined in various ways

of which two will be described. The result of solving equa—

tion (30g) for B is

B = l/(E/p - ae/p) (33)

A conventional bulk compressibility test could be used here

with measurements being made of fluid pressure, volumetric

solid strain, and quantity of fluid flow. It would be

necessary to use a compressing fluid identical to the fluid

in the specimen. The assumption is made that the fluid

pressure within the specimen and the pressure of the com-

pressing fluid are identical. These three measurements
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along with the previously calculated a allow 8 to be

computed.

An alternate way of determining B would utilize a

Jacketed compressibility test with the specimen totally

enclosed with no fluid outlets. In this case there would

be no change in the fluid content and

8 = — p/ae (3“)

The fluid pressure within the specimen and the volumetric

solid strain would be measured for various applied loads

 

and along with the previously calculated a be used to

compute B.

The flow equation (22) for an isotropic material in

the absence of body forces contains the single coefficient

C which is

C = “r/k (35)

where uf is the viscosity of the fluid and k is the per-

meability of the material. Measuring permeability is ana—

lagous to the common test for determining the Darcy coeffi—

cient except now the solid displacements must be taken into

account.

5.3 Non-isotropic Properties
 

The measurement of the properties of materials which

are not isotropic follows the same format as for isotropic

only there is an increase in the number of properties. The
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need for more tests requires added laboratory effort and

increases the likelihood of error.

The constitutive equation (12) for an anisotropic

solid-fluid mixture can be altered by substituting the last

equation into the first six and obtaining a set of six

equations which resemble those for an anisotropic elastic

material. The coefficients will be identical when the fluid

stress is zero. This is probably the best approach to

arranging the equations to facilitate conceiving experimental

techniques. Additional methods of measuring the coefficients

in the constitutive equations for isotropic, transverse

isotropic, and complete anisotropic case are described by

Biot and Willis (1957).

5.9 Other Formulations
 

The formulation of the equations presented here is

but one of many possible approaches. Experience and success

in the laboratory will bear out the usefulness of any par—

ticular formulation. Equation (30g) could be solved for

the fluid pressure p in terms of the volumetric solid

strain and change in fluid content. Substituting this re—

sult into equations (30a), (30b), and (30c) yields equations

for the total stress in terms of the solid stress, fluid

stress, and change in fluid content. In establishing

laboratory tests it may be easier and a better assumption

to require the change in fluid content to be zero rather

than for the fluid pressure in the specimen to be zero.

 



u3

The equations obtained here do not involve the poro-

sity P. The usefulness of formulations which involve the

porosity is dependent on the knowledge of this material

property. The porosity or pore volume is a prOperty which

has been measured for many materials and thus would not

limit one to a set of equations excluding the porosity

factor.

 



VI. EXPERIMENTATION

The main purpose of the laboratory tests incorporated

in this study was to indicate the validity of considering

plant materials as interacting media. Because standard

procedures and provsn apparatus for the determination of

the material properties of an interacting media do not yet

exist the success obtained in the laboratory is at this

time dependent largely on the successful operation of the

equipment used. The approach taken was to attempt to use

directly or with slight modification experimental equipment

commonly used in measuring elastic properties. The decision

with regard to the specific specimen was somewhat arbitrary

as it was limited to the potato tuber. The potato was

selected for its relative homogeneity and isotropy and

because it has been the subject of numerous mechanical pro—

perties investigations which could serve as a basis of

comparison. The void space of the specimen could be neg—

lected since the potato has been reported by Davis (1962)

to range in air volume from 1.0 — 1.7 per cent at the time

of harvest and to be 9 — 30 per cent less than this after

storage. Numerous other properties of the potato can be

found in the text by Talburt and Smith (1967).
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6.1 Preparation of Potato Specimen
iiv 

The potatoes used in this study were of the Ona

variety. They were planted June 1, 1968 in sandy loam

soil on a private farm at McBride, Michigan. Moisture dur—

ing the growing season was slightly below normal. The

fertilizer added per acre was 900 pounds of 8 — 32 — 16,

800 pounds of 22.5 — 0 — 30, and three pounds of borax.

The potatoes were manually dug on October 25, transported

by truck to the Michigan State University campus in East

 

Lansing, and placed in storage all within five hours.

During the first ten days the storage conditions were

60 : l°F and 90 — 95 per cent relative humidity. After

the initial ten—day period the temperature was lowered to

90°F for the remainder of the storage time. These were

the conditions considered to be optimum for maintaining

We potatoes until they were tested the following May.

Huff (1967) found, during the first four months of storage,

a change in potato strength which depended on the location

within the potato. Potatoes were removed from storage as

needed and placed in the Open atmosphere of the laboratory

at least twelve hours prior to testing. Room conditions

during the tests fluctuated from 76 to 86°F for temperature

and 30 to 50 per cent for relative humitity.

6.2 Uniaxial Compression

One of the simplest elastic tests is the uniaxial

tension or compression experiment. This test is

applicable to interacting media when the fluid pressure
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remains identically zero. The uniaxial compression test

was used for this purpose and to show the effects of impos-

ing different boundary conditions. Conditions could be

altered by allowing or preventing fluid flow across the

boundary. An elastic material would act the same under

these two conditions while the interacting media would act

differently. Figures 6.1 and 6.2 schematically illustrate

the two conditions described and which were experimentally

used.

The specimens were taken from potatoes which were

nearly spherical in shape and about two inches in diameter.

A large ordinary kitchen knife and a simple but specially

made holder were used to make the two parallel cuts. The

holder was made from 2.75 inch square tubing within which

a flat plate stop was clamped one inch from the end of the

tuhihg. To form a specimen the first cut was made with the

potato lying on a table. The potato was then placed into

the holder with the first out against the stop, held in

place with one hand, and the second cut made by moving the

knife down along the end of the tubing.

Compression tests on the specimens were performed

on an Instron model TM universal testing machine as shown

in Figure 6.3. The procedure used for repeated loadings

of a specimen was to alternate between the nonporous and

porous flat places. The nonporous plates were those

standard accessories provided for the testing machine. The

IDOrous loading was obtained by placing thin porous slabs
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Figure 6.l.——Nonp3rous Flat Figure 6.2.--Porous Flat

Plate Loading. Plate Loading.

 
F’igure 6.3.—-1nstron Uniaxial Compression Test with Porous

Flat Plate Loading. (Photo 69—83)
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between the specimen and the machine's plates. The slabs

used were fritted glass 0.125 inch thick and 2.25 inches

in diameter with a medium porosity. The deformation of the

porous slabs during a fifty pound force application was

found to be 0.0005 inch which was considered negligible

compared to the sample deformations.

Preliminary testing revealed that successive loading

curves displayed less deformation at the same force and

that this effect increased with the magnitude of the

applied force. For this reason a maximum force of fifty

pounds was selected during which the resulting strain

ranged from 2 to 5 per cent. A low loading rate of 0.1

inch per minute was used to provide time for any fluid

pressure which might arise to be dissipated.

The testing machine recorded force-deformation curves

of the nature shown in Figure 6.9. An initial length of

1.0 inch was always used so that the deformation reported

could be easily converted to strain. The cross—sectional

area of a specimen varied along the length and prevented

calculation of actual stress. This required reporting of

the values in terms of forces and deformations. An area

suitable for stress computation might be the area at the

loading plates. Using this area in computing a modulus

of elasticity produced values in the 300 to 500 psi range.

These values are lower than those given by Finney and

Hall (1967), Huff (1967), and Timbers et al. (1966) pro-

bably because of the longer time in storage.
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The slope of the force-deformation curve is the

important characteristic as a linear slope is proportional

to the modulus of elasticity. The more nonlinear portion

of the force—deformation curve at the beginning is thought

to be caused by nonalignment of the mating edges.

The resulting differential deformations between 10

and 50 pounds of force for ten samples are listed in

Table A6.1. Permanent deformation prevents exact compari—

son of the data and requires viewing the trend during

successive loadings. The results show the porous plate

loading to have larger deformation under the same force.

This reduced strength is expected for an interacting media

because the fluid pressure is not allowed to build up and

contribute to the overall strength.

The distribution of pore pressure for a similar

.ype loading has been derived by Jana (1969/5). The

pressure was numerically evaluated for different values of

time for the case of a porous, undeformable die loading

of a fluid saturated interacting half space. The graphic

results show the expected high pore pressure in the

neighborhood of the loaded surface.

This data for the potato subjected to uniaxial

compression under different boundary conditions supports

its consideration as an interacting medium. The loss of

fluid from the sample during a single loading results in

a new and different material with new and different prOper-

ties. This may explain the cause of large permanent deform-

ations in high moisture materials.
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6.3 Bulk Compressibility
 

Apparatus for measurement of bulk compression was

modified with the hope that it could be used in jacketed

and unjacketed compressibility experiments. The apparatus

shown in Figure 6.5 was the same one used by Finney (1963)

for potatoes and similar in principle to that used by

Morrow (1965) for apples. For a test the specimen was

placed in the opened chamber, the chamber was closed,

liquid was added until the level reached near the top of

the clear glass graduated column, fill valve was closed,

 

air pressure was applied, and the drop in the liquid level

was observed.

The chamber had a wall thickness of 0.25 inch and

inside dimensions of six inches long by four inches in

diameter. The glass column of twenty—two inch length was

~“ecision bored with an inside diameter of 5.00 t 0.01 mm.

A scale graduated in hundredths of an inch was taped to

the back side of the tubing such that the water level could

be read with the aid of a hand lens by viewing through the

glass. Volume changes could be measured with a sensitivity

of 1 0.00030 in3. The pressure was measured by a system

consisting of a Kistler Model 701A quartz pressure trans~

ducer, Kistler Model 503Ml5 charge amplifier, and voltmeter.

The charge amplifier was precalibrated such that its output

could be read directly with full scale readings of either

1, 2, 5, 10, 20, 50, or 100 psi. The voltmeter was ad—

justed so the calibrated amplifier output produced a full
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scale, 100 division reading. Calibration of the system was

checked with a dead weight tester and found over the 0 - 100

psi range to be linear and reading one per cent high.

The fluid used for this test was distilled water that

had been boiled to remove the air. Care was taken during

the filling of the chamber to prevent splashing of the water

and thus introducing air.

It was found that a drop in the water level could be

detected during a pressure increase of one psi even though

 

the chamber contained only water. For this reason a series

of calibration tests was required in order to obtain the

volume change of the system alone. In measuring this volume

change the variability of the calibration curve revealed

the accuracy limitation of the system. Repeatability of the

calibration curve was found by Finney (1963) to be within

I0 per cent and by Morrow (1965) to be less than 5 per

cent. A variation of the calibration curve of 10 per cent

may be acceptable when the total volume change due to system

and specimen is large. However, the jacketed and unjacketed

compressibility tests require the detection of a difference

between two large numbers. Preliminary tests for pressures

up to 50 psi indicated that the difference in compressibility

between jacketed and unjacketed tests was masked by the

variability of the system itself and the Specimen. Conduct-

ing a very large number of tests and using statistical pro-

cedures may have uncovered the facts. The logical approach

to reduce the overall variability was to reduce that of the
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system alone. The best solution would have been to eliminate

the volume change of the apparatus and if this was not

possible the next best solution would have been to reduce

the variability in volume change to a negligible amount.

The volume change of the apparatus was due to expan—

sion of the cylinder and compression of the fluid. Cylinder

expansion could be reduced to nil if properly designed but

a particular design should display highly repeatable press-

ure—expansion characteristics. An inconsistency in the com—

pression of the fluid was found to be the problem source.

In the 0 — 50 psi range the compressibility of water was

found to vary as much as 50 per cent with the larger varia-

tions at lower pressures. In the 75 — 500 psi range the

compressibility of water was found to be linear with a

variation less than 2 per cent. Dorsey (1990) has compiled

~1a on the properties of water but none was found to verify

the findings herein. Various filling techniques were tried

in an attempt to reduce the variability to less than 2 per

cent. The only technique showing some success involved a

three day time lapse between the final filling of the

chamber and pressure—volume measurements. This technique

is not acceptable for use with a biological material whose

properties may change during this time period. Hydraulic

oil was tried as a possible fluid with the results being

no more successful than for the water.

A factor of somewhat less importance is the volume

of the fluid. A smaller volume of fluid compressed less



but its per cent variability was higher because the amount

of variation remained nearly constant.

Another factor may become important when the volume

of the sample is not negligible relative to the volume of

the chamber. A precise calibration curve should be

obtained using a fluid volume identical to that when the

Specimen is in place. The system calibration was determined

by Finney (1963) and Morrow (1965) with the chamber completely

filled with fluid. The error involved is dependent on the

sample to fluid volume ratio and on the fluid compressibil-

ity in the relevant pressure range.

These results indicate the variability limitation

of the bulk compressibility apparatus using fluids such as

water and oil to determine the jacketed and unjacketed com—

pressibility of materials with properties like that of the

:ato. This apparatus could however be used for materials

of higher strength where hydrostatic pressures less than

50 psi are only of minor importance.

6.9 Permeability
 

A permeability apparatus was constructed in order to

measure the ease with which a fluid such as water would flow

through potato tuber tissue. Fluid pressure was applied to

a thin section of tuber which was mechanically supported by

a highly porous plate and the resulting flow rate was

measured. The bulk compressibility apparatus after slight

modification was used as a source of controlled fluid
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pressure. The specimen holder consisted of two parts between

which the sample was held.

The first specimen holder design was built to accomo-

date a thin flat potato section as shown in Figure 6.6. The

fluid pressure was applied over a circular area 0.50 inch in

diameter. The porous support for the Specimen was plaster

of Paris formed in place. A very wet mix was used in form—

ing the porous region to produce large voids and high

permeability. This design could readily accomodate various

specimen thicknesses. Preliminary testing with sections

0.25—0.50 inch thick cut from the center of potato tubers

with a common kitchen knife displayed no throughflow for

pressures up to 80 psi. Attempts with specimens ranging in

thickness from 0.03—0.06 inch revealed a problem concerned

with the preload applied to the specimen when it was first

giaced in the holder. If the two parts of the holder were

not bolted together tightly leakage around the specimen

occurred. In order to prevent leakage, the bolts had to be

tightened to a degree which crushed the tissue. Flow through

the tissue during any of these tests was immeasurable.

A second specimen shape as shown in Figure 6.7 was

tried. The rationale for this specimen shape was that the

reduced area section would be the true test region and the

remainder of the specimen would help form a seal. This

shape required a number of forming operations with the

apparatus shown in Figure 6.8. The Specimen was taken from

the center of large tubers. Two parallel cuts about 0.75
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inch apart were made with the knife. A 2 inch circular

section was obtained using the apparatus shown at the left

in Figure 6.8. The disk shaped specimen was then placed

in the bottom of the permeability holder and a slice with

the knife was taken to make the Specimen flush with the

holder. A blind hole was then drilled in the center of the

specimen to within 0.125 inch of going completely through

using the equipment shown at the right in Figure 6.8. A

common 0.562 inch drill bit ground flat on the end was used

to form a hole with a square bottom. A guide was placed

atop the specimen and the holder bottom bolted to the holder

top as shown in Figure 6.9. This design prevented leakage

and provided at 75 psi a flow of one drop every few seconds.

Throughflow was measured as the amount exiting the porous

support. It was quantified by measuring the time in seconds

*etween consecutive drops and the weight per drop.

The procedure for applying the pressure followed two

schemes. According to the first scheme, pressure readings

were taken at 0, 20, 90, 60, and 80 psi. After increasing

the pressure to the desired level, the flow data were taken

on the first drop which began to form. A release of the

pressure and subsequent reloading revealed a dependence of

the flow rate on time or rather the previous loading history.

.Aecordingly, a second loading scheme was used in which the

IDressure was brought to a particular level, held constant,

arui the flow rate observed over a time period of 30 to 60

mirdutes. After the flow data on a particular sample had

 



  
Figure 6.8.-—Apparatus for Cutting of Reduced Area Permeabil—

ity Specimen. Press on left was used for initial external

cut. Press on right was used to cut center blind hole.

(Photo 69-77)

 

 

PEIgure 6.9.—-Permeability Apparatus. Included are specimen

bOlder, fluid supply, regulated pressure source, and pressure

PEPadout. (Photo 69—80)
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been obtained the holder was unbolted and the sample thick—

ness was measured. The specimen was visually checked using

the low power stereo microscope for any signs of gross

failure such as cracks or depressions.

An example of the flow data is shown in Figure 6.10

where T1, T2, and T3 indicate loadings successively later

in time and in Figure 6.11 as a time effect at constant

pressure. The data for thirteen samples of the same thick—

ness Show a large variation in magnitude from that illus-

trated in Figure 6.10. Possible causes of this deviation

 

are differences in product moisture content and mechanical

preload between samples and the variation in sample length

over the test cross section. The data of Figures 6.10 and

6.11 indicate the dependency of flow rate on both pressure

and time. The dependency on time is as expected because

of the deformability of the sample. In fact, the Shape of

the curve in Figure 6.11 resembles that of a stress relaxa—

tion curve for the same material. To compute a permeability

coefficient from data like this requires consideration of

the displacements of the solid in addition to the fluid

displacement or flow.

The flow rates encountered herein were less than

those measured by Carling (1956) during the combined appli-

cation of fluid and mechanical pressures. The possibility

(Df flow around rather than through the sample was recognized

it] that study and also herein.
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Two methods of checking for leakage around the

specimen were tried. A fluorescent dye was injected into

the water at the beginning of a test and an attempt was made

to trace its path. During the test the throughflow water

was noted to be similar in color to that of the water at the

beginning. After the test, the sample was dissected and

microscopically viewed at magnifications up to 200x with

fluorescent lighting. No traces of the dye could be found

in the test region of the sample but some traces were found

on the sample surfaces.

A second check was used to test for the presence of

starch in the throughflow. Single drop samples of the

throughflow were collected on microscope slides over a

period of time starting from the first throughflow drop.

These drops were then treated with a drop of starch—iodine

:olution and the resultant color change observed. Only the

first one or two drops indicated any presence of starch in

the throughflow. This source of starch precipitate may

have been due to the initial mechanical compressive load

imposed on the sample during assembly of the holder. These

two tests although of only an indicative nature cast a sha-

dow of doubt on the validity of the throughput data. The

answer to the question of how much of the throughflow actually

passed through the sample remains unknown and thus so does a

quantitative measure of potato permeability.

The conclusion of these experiments is that this

method for determination of permeability of potato tissue



is inadequate. An alternate method which might be considered

is use of an osmometer as first suggested by Denny (1917)

and recently modified by Dumbroff and Webb (1968) for mea-

suring the permeability of plant membranes such as seed

coats. According to the osmometer principle, flow through

the sample is caused by a differential concentration of

solutions.

  



CONCLUSIONS

The following conclusions can be drawn from this

study:

1. A study of plant anatomy indicates the potential for

consideration of the stress-strain behavior of biolo-

gical materials according to the theory of interacting

media. As a first approximation, the potato tuber can

 

be considered as a binary mixture of compressible

solid and incompressible liquid.

2. Experimental tests with the potato showed:

a. significant differences in uniaxial compression

with porous and nonporous flat plates as pre—

dicted by the interacting media theory.

b. lack of precision in calibrating previously used

bulk compression equipment needed to determine

jacketed and unjacketed compressibility.

c. inconclusive results of attempts to measure

permeability by applying fluid water pressure.

3. There is need to develop and perfect experimental

techniques to validate the interacting media theory

on biological materials.
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SUGGESTIONS FOR FURTHER STUDY

The value of the theory will not be known until the

stress-strain behavior can be predicted. At present, the

lack of estimates of the material properties prevents a

prediction study. Further studies should be made in the

following areas:

1. Conclusive data is needed with regard to the quantity

 

of fluid flow through a sample subjected to fluid

pressure. Knowledge of the actual fluid path would

also be valuable information.

2. The bulk compression equipment needs improvement at

pressures less than 50 psi in order to detect differ—

ences in compressibility during jacketed and unjacketed

tests. An instrument or method needs to be devised

whereby the pore pressure in the specimen can be

measured.

3. Materials of both plant and animal origin need to be

tried. Materials should be considered which have

various amounts of fluid and degrees of saturation.

9. Attention should be given to more complex mathematical

models such as a solid-liquid—gas mixture and a liquid—

viscoelastic solid mixture.
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cytoplasm

homeostasis

imbibition

microfibril

middle lamella

osmosis

parenchyma cell

protoplasm

protoplast

tracheid

turgor pressure

vacuole
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-the least differentiated portion of the

protoplasm which encloses all the other

parts.

—a state of equilibrium or a tendency to

return to such state.

-absorption of water over a surface.

—relative1y inert thread—like component

of the cell wall.

-the layer of intercellular material

cementing together walls of adjacent

 

cells.

-the diffusion proceeding between two

solutions at different concentrations.

-a living, thin-walled cell varying

widely in size, form, and wall structure.

—a cytoplasmic unit concerned with

photosynthesis and food storage.

—the living matter of a cell.

-entire contents of the cell excluding

the cell wall.

-elongated, water conducting cell found

in the xylum of vascular plants and

functional as a dead element.

«the pressure exerted by the cell contents

on the cell wall.

-a cavity in the cytoplasm filled with a

watery fluid called the cell sap.
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