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ABSTRACT
RELAXATION CHARACTERISTICS OF ALFALFA STEMS
by Glenn E. Hall

The theory of viscoelastic relaxation as applied to eight percent
moisture content alfalfa stems is presented. The variations of the
cross-sectional areas along the stems were determined and analyzed. An
end view of stem sections taken throughout one millimeter intervals was
photographed and scanned with a Flying-Spot Particle Analyser to deter-
mine the area. Various methods for designating the cross-sectional area
were used and compared.

Each stem section was submitted to a relaxation test with the stress
spplied in a longitudinal direction. The data obtained are represented
by the equation

lcbge stress = A + B loge time,

vhere A isthe ordinate intercept and B is the slope of the curve. The
slopes of the relaxation curves and the cross-sectional area measurements
were analyzed by the spectral density method to determine the dimensional
and relaxation characteristics along the alfalfa stems.

The slope of the relaxation curve for the stem sections was very
highly correlated with its neighboring sections up to a distance of
100 nm, which was the maximum distance included in the analysis, This
indicates that the stem section selected for a relaxation test is not

i1



critical. The area analysis showed that it is necessary to determine the
area at or within 0.75 millimeters of the point of loading if satisfactory
results are to be expected since there is considerable area fluctuation
along the alfalfa stem.
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I. INTRODUCTION

The more information there is concerning the properties of a
product the more rational becomes the design procedure for new machines
and processes to utilize the product. An economical approach for new
nac‘hinu'y.deeign in the agricultural area would be to determine the
requirements of the product before desigxing the machine, Prior know-
ledge of a product's properties would save considerable t:l.pe and expense
in machine development research, Product properties will assist in
machine design, but will not eliminate all empirical epproaches since
we cannot completely describe every situation, _

Prior to conducting extensive tests copcerning the physical proper-
ties of forages we should have information concerning product variations
within a single unit as well as between similar products.

The aim of this investigation was to determine the variation of the
cross-sectional area and relaxation charascteristics of alfalfa stems as
a function of position along the stem. This information will be useful
to researchers investigating the properties of alfalfa by :ln;iicating
fluctuations which are normally present and indicating the care which
must be exercised if reliable results are to be obtained,

A, Historical Background
~Alfalfa is an herbaceous perennial legume that may live 15 to 20
years or more unless destroyed by insects or disease. The most commonly
cultivated species is Medicego sativa, which includes the purple-flowered

Vernal alfalfa variety.
-1-



The name alfalfa, which comes from the Arasbic language, means best
fodder. It is generally called lucerne in Europe and is believed to |
have originated in southwestern Asia. Alfalfa was first cultivated in
Iran, then Arabia and the Mediterranean countries, and finally carried
to the New World, The first recorded attempt to raise alfalfa in the
United States was in Georgia in 1736. Its introduction into California
from Chile in about 1850 started a rapid expansion in alfalfa acreage.

The alfalfa plant varies from two to three feet in height and has
20 or more erect stems that continue to grow from the crown branch as
the older stems are harvested. Many short branches may grow from each
stem and the oblong leaves, arranged alternately on the stem, are
pinnately trifoliate. The root system consists of an almoat straight
taproot--sometimes growing to a depth of 25 to 3) feet--from which side
branches extend short distances. The fruit of alfalfa is a spirally
twisted pod containing the small seeds. Further information concerning
alfalfa cultivation can be found in Martin and Leonard (19L9) and

Hayward (1938).

B. Experiments

There are two types of rheological experiment for obtaining visco-
elastic properties; transient and dymamic. Included in the transient
tests sre relaxsation, creep, and constent strain rate experiments, The
dynamic tests include steady-state sinucoical and non-sinusoidal, and
impact experiments,

The alfalfs stem sections used in this investigation behaved as
viscoelastic material, rather than viscoplastic, because the dimensional

characteristics of the stem sections were the same before and after the



stress loading cycle, If plastic deformation did occur it was not
possible to observe the dimensional changes after stress removal with

the use of the microscope.

C. Alfeslfa Stem Photomicrograsohs

A photomicrograph, at 77X magnificstion, of a quarter cross-section
of an alfalfa stem is shown in Figure 1. The various parts of the stem
are labeled on the photomicrogreph,

As the stem metures an interfasciculer cambium developos, end a
cambical cylinder develops which produces a continuous zone of lignified
xylem. Some of the smaller parenchymatous (thin-walled) cells on the
inner face of the bundles may become lignified., The stem is also rein-
forced by a layer of collenchyma (thick-walled cells); the four corners
of the stem are reinforced with several layers of collenchyma. The
parenchymatous cells of the pith msy disintegrate or become ruptured so
that the mature stem becomes hollow. This is in evidence in the large
open srea of the pith shown in Figure 1.

Figure 2 1is a photomicrogrsrh of alfalfa stem epidermis at 350X
magnification. The long dimension of the epidermal cells, (a), is
parallel to the longitudinal direction »f the stem. A stoms is shown
at (b).

Figure 3 is a ohotomicrograph of e longitudinal section of alfalfa
stem, at 437X magnification, showing the spirsl tracheal tube, (a), and
pitted tracheid, (b).

Additional details on the structure of alfaslfa are given by Wilson

and Loomis (1962), Wilson (1913), and Hayward (1938).
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The cellular structure of the alfalfa stem consists of cross-linked
and linear polymers which affect both the physical and chemical proper-
ties. From th?.a it would be expected that alfalfa stun_a wogld behave in
a manner similar to other viscoelastic polymers, and that mathematical
techniquea _eup_loy_ed to define the behavior of other polymers could be
applied to alfalfa stems.



IT, VISCCELASTIC REIAXATION THECRY

Consider two neighboring points of a stress-free continuous medium

and denote their separation by the infinitesimsl vector

8 = ib + jo,  kb,.
When the medium is subjected to & stress, the two points will be dis-
placed from their initisl vositions by r and r + 4r, with point 1 dis-
placed by r and point 2 displaced by r + Ac. Since § and A : approach

zero together, we expand Ar to obtain, component-wise,

(ac), = (dry/3x)6, + (3rg/3y)8, + (3ry/32)5,; (1)
(ac)y = (3r,/3x)6, + (3r, /3y)s, + (dr [3z)6,; (2)
AE): = (ar;/ax)éx + (arz/ay')by + (31’,/?3)6,, (3)

or, in vector form,
Ar = 8§ - V:. ()
Following the approach of Fitts (1962), separate V: into its symmetric
and antisymmetric parts,

Ve =€+ (v:)a, (5)
where (vr), is sntisymmetric, znd the symmetric part ¢ represents the
strain on the medium. The sntisymmetric part may be written

(Vr)a = -3vxr)x u, (6)

where U i=s the unit dyndic (second->rder tensor) defined as

ha

=11 + jj + kk (7)

Since

c(vxr)=o (8)

1
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for sny vector, the dyadic (VE)a is divergenceless and represents
pure rotation of the medium. Hence, it does not contribute to the strain
and will hereafter be omitted. Next assume that the medium is visco-
elastic, with stress and strain both functions of time. The stress and
strain are related by the equation
g(t) =4 : g(t) (9)

vhere 2 is a fourth-order tensor which transforms ¢ under the indicated
operation into a new (stress) dyadic, g.

If the Y6 component of the ¢ strain tensor experiences a unit step

change at time t=0, then

Cyvs = 0 for t<O,

¢ys = 1 for t>0. (10)
The response of the of stress component to the unit step change in the
Y$ strain component is denoted by Kas,ys(t)' end this response, under the
relaxation test of viscoelasticity, is » time function which is zero for
t<0. Owing to the symmetry of g, & change in €vs 18 sccompanied by an
equal change in €5y AIf KaB,YG is defined #s one-helf the sum of the
responses €y and €59 then Kas,ya is symmetric in vy and 6§, Also, it
must be symmetric in o and B since Kae,Yé gives the of stress component,
which is known to be symmetric. As a consequence of these symmetries for
c and ¢ tensors.

Ka,v6 (t) = Kga,ys(t) = Kog gy(t) = Kgo gy(t). (11)

These quantities are the components of a fourth-order tensor ﬁ(t), as in
Eq. (9), which in general would have 81 components in three-dimensional
space but, due to the symmetries expressed in Eq. (11), has instead only

36 independent components.



Assuming the unit-strain response to be invariant under translation
of the time origin, g(t-s) may be regarded as the response to a unit step
in g occuring at time s. When the temperature and other quantities which
might affect the form of g(t) are constant or change slowly as compared
with stresa-strain changes in the medium, then this assumption will be
valid. Upon assuming that the stresses may be compounded in a linear
manner, the change do,g(t) in the of component of the stress tensor g(t)

due to unit steps de,. &t time = in the Y§ component of the strain g(s)

Y6
may be written as

dogg(t) = %‘Z‘ Kop, vs (b-2)de,, (3). (12)

To find the stress on the medium at time t integrate Eq. (12) to obtain

t

t
O f dogg(t) = Jf‘ Y'Y Kap,vs(t-8)deyy(s)  (13)
-0 -0 Y§

In the dyadic notation, Eq. (13) msy be expressed as
R
gt) = J K(t-s) : dg(s). (1k)
-0
If the strain g undergoes a finite step at time s=O and then has only
continuous changes, Eq. (1) becomes
t
o) = K(t) : £(0) + | K(t-s) : éladas,  (15)
+0

where ;(0) is the finite change in strein st time s=0 and the lower limit
of integration, +0, indicates thet the finite change in ¢ at s=0 is

excepted from the integration. The comoonents of ¢ are defined by

;éa(s) s deaa(s)/as. (16)
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Recalling that ¢ is the symmetrical part Vr, Eq.(16) :an be written

éap(s) = + d/ds(drg /ax, +3ro/oxp)
- Y0/oxaerg/foc) + B/oxg) (i /19) |
= 2(dug/dxq + Jugfixg) , (17)

where n, is the o component of u, the center-of-mass velocity., Hence,

é is the symmetrical part of vu.



ITT. REIAXATION TIME SPECTRUM

This section embodies an extension of the relsxition stress response
theory as discugsed in Section II. As a firet step pertinent theory as
outlined by Ferry (190l1) is reviewed.

Any experimentally observed stress relaxation curve which decreases
monotonically can, in principle, be fitteq with sny desired degree of
accuracy to a serics of exponential terms of sufficient number, each with
its own relaxation time, If the number of terms or elements in the defin-
ing model is increased without limit, the result is a continuous spectrum
in which each infinitesimal contribution to riglty Fdr is associated with
relaxation times lying between T and T+dT. According to Ferry (1961) a
logarithmic time scale is more convenient and the continuous relaxation
spectrum is defined as Ed1nT with relaxation times whose logarithms lie

between Int and 1lnt + dlnt. For the continuous spectrums we have

K(t) = kg + f B /"4 (1n ), (18)

-
which may be taken as the mathematical definition of H without the need
of mechanical models langusge. The constant K, is added to #llow for a
discrete contribution with T=®, The velue of K, is zero for uncrose-
linked volymers, The function H ie multinlied by the intensity functicn
e t/T which goes from zero T=0 to 1 &s T approsches infinity, This is

aporoximated by & step function gring from zero to one at v=t. Therefore

K(t) =K, + er(]nT), (19)

L5
1n t

-11-
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and

H(T) = - dK(t)/d(1n t)|t (20)
.T

or

H(r=t) = -dK(t)/d(1n t) (21)

In terms of stress, o(t) = ¢K(t), where ¢ is constant strain during

the relaxstion experiment. Substituting into Eq. (1) we obtain
H(r=t) = -(1/e¢)do(t)/d(1n t). (22)
According to Ferry and Williams (1952), if H(t) is of the form H(r )=ln~"

with
o(t) = ¢ j‘ He‘t/"d(ln'r);

then

o(t) = J‘ k‘r"e‘t/Td(ln T) = k‘f 7"e't/'rd-r/7

-0
g =3
- kcj"r""le"t/qu ]
0

Letting x = t/r and dt = -tdx/x®, then

o(t) = ke j (t/x)*= e (tdx/5® )
0
= ket™™® Wl 2 dx
I

o(t) = kel'(m)t™", m>0, (23)
where ! (m) is the grmma function,
Ins«rting Fo. (23) into Ee, (22) ylelds
H(t=t) = H(r) = kI'(m + 1)r"",

in error by » factor of I'(m +1). But the =econd svnroximstion mey be
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written
H(ret) = -[1/T(m + 1)] (1/¢) [do(t)/d(1n t)]. (24)
letting
M(m) = [1/T(m +1)] (25)
and
K (t) = (1/6)o(t), (26)
and noting that
dk, (t)/d(1n t) = Ky (t) d[1n K, (£)]/d(1n t) (27)
so that
H(t) = {-M(m)K, (¢ ) dln Ky (t)/d(1n £)J}, . (28)

Based on these procedures by Ferry (1961) and Ferry and Williams
(1952), it 1s hypothesized that the relationship existing between stress

and time for the alfalfa stem sections can be expressed as
Ino(t) =mlnt -m1ln to + 1n cq, (29)

which can be changed to the form

1In [o(t)/oy] = -m In (t/tg) (30)
and
-m = 1n [o(t)/oy]/In (t/tg). (31)
From Eq. (29),
o(t)/eg = (/ty)", (32)
letting ke « oty |
o(t) - ket™ (33)

and

H(t=t) = -(1/¢)do(t)/d(1n t)

= [-(1/e)ketat™ /dt] pug = dmt (3L)
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o(t) = ¢ JPH;’t/Td(ln T) = ¢ j kmr™! e"t‘/"d(ln T)

= kem ‘ T 1e"'t’/"'d'r = kemt™® JP ¥~ e Xdx
o} [o]
= kem['(m)t™® = kel'(m + 1)t™" (35)

and, after attaching the factor [ 1/T(m + 1)] to H(T) for a second approxi-

mation,
H(t=t) = {1/T(m + 1)] (1/e) do(t)/d(1n t). (36)
Ir % = to = 1, Eq. (29) reduces to
_ o(t) = ¢* (37)
which is actually of the form
o(x,t) = ¢" (%) (38)

since the stress and slope are functions of position snd time, and posi-

tion, respectively.



IV, STRESS RESPONSE IN A RANDMM VISCCELASTIC MEDIUM

The stress response is now considered &s &n homogeneous random func-

tion of position in a viscoelastic medium whose microstructure consists
of grains, cells, or fibers of random sizes, lengths, diameters, or
strength properties, Such structures could be generated, e.g., by growth
processes of various kinds, biological materials being typical. It is
implied that the physical parsmeter fluctuations can be described by
distributions or correlations in the statistical sense. The random furce
tion describirg the fluctuating stress response may be linearly separated
into a ﬁniform mean component and fluctuating component. Interest will
center on the fluctuating component.

Assume that ruw data are available from a series of viscoelastic
experiments with a particular random medium., Further, suppose that these
data have ' een investigated, removing trends and periodicities of interest,
apd it is now desired to study the residusl aperiodic fluctustions. A
j1articular point to be investigated here is whether the random data are
statistically homogeneous throughout the medium. This could be done in
a preliminary way by observing whether statistical parameters or distribu-
tions persistently chenge in magnitude or form in various regions of the
medium,

It seems appropriate to sketch this theory by starting with simple

alterations of Eqs., (1L) and (15), viz.,

t
g(x,t) - f K(z, t-s) ¢ 5(-)ds, (39)

-15-
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or

t
alx,t) = K(x,t) : (0) + J' K(x, t-s) : &(s)ds  (LO)
+0

where now spatial dependence of the stress response prevails. The eighth-

order correlation tensor is written

no

(1, %) = (E(xa, t)K(xa, t)). (L1)

The fluctuations in viscoelastic vroverties, mainly relexation
characteristics, sre important rendom fluctustions of position. These
varistions are partially described by s distribution function H K(x,t)].
The distribution function could, ideslly, be ectimeted on the basis of
experimental data. Knowling the distribution function, moments could be
calculated,

(E(x,t)g(X,t) sevecs g(I’t»order n

- [ IR e K0 ALK (x5, t)]. (12)

order n

Work by Beran (1965), using a similar approach for heterogeneous materials,
was discovered after this portion of the theoretical background had been
developed, Ideally, information would be available on the distribution

of all components of g(x,t) which would yield the form of HX(x,t)]. But
in phyeical problems it will be necescery to be content with considerably
less. A complete description of the system could be given if the idesl
situation existed, Instead esonroximate descrintione sre availeble on
limited information, It may be more vrofitable to make less detsiled
descriptions of more systems. The stetisticsl-mathematical model based

on less detall may be the most useful one aveilable from the infinite

number of models available.



-17-

Wiener (1956) has discussed modeling of physical systems on the
basis of imprecise, but extensive information. An important point which
he discusses is that highly precise measurements in some cases are not
the best technique, The more extensive, less precise measurements may
yield more real information and understanding of the actual system.
Blackmen and Tukey (1958) also discuss the trouble that may be encountered
by the investigator who attempts to apply overprecise measurements to
problems in physical research.

Now, letting A revresent a particuler time t, Eq. (38) becomes

a(x,1) = ar (&) (L3)
and, for different locations on the stem, »; end x;

. (x
o(xy,A) = A 1) (Lk)

and

o(ran) = 2 s) )

It is also assumed that at least wide sense statistical homogeneity pre-
vails. The autocorrelation of stress fluctuations, according to Papoulis

(1965) 1s defined by the formula

Ba(m Mol = Roglm,zn) = st 0262

2@ ez

- B (16)
where £ denotes the expectation and R is correlation of data. If
X =x +4A and xg = x, then
E(g(x + 8,A32/%,1)) = Rog(8,1) = Ry(8,0)
I’x +A) + a(x
b E(/.- —( )> (h?)
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From Eq. (L3),

m'x) = In o(x,A)/1n \. (L8)

Hence, the autocorrelation of slope is

E‘E(xl )'_E(xa)) = R, x.,xa,l) = Rn(A’)‘)

= (1/(1n AP )E(1n g(x,A)1n g(xg,\))
= (1/(1n A)?)E(In g(x + 8,M)1n g(x,A)). (L9)

Letting ¢ = o(x;,A) 8nd & = o(xg,\),

Re(8,0) = | | glni,Malaa e, [alni,0)ara 1), 1dey o,
i (50)
vhere f 18 the probability density function, Similarly,
R-(A’)\) = JnJr m(xlyk)ﬂ(x‘a;x)f .;m(x;,)\),g(xa,)\),)\]dmldnb
- J‘ @/(in W )in [o(x ,1)]1nL 0(xa,1)]
x £350[a(>,\)aixz,\,\]doy dog (51)
= [1/(1n X)BJB(In a(x + 8,\)1n g(x,\)). (52)

Dividing Eq. (52) by R, (0,)),

‘ n-4
R, (8,)\) x},'_:l 1In g(x,A\)In g x + A,)\)

fOI' A = 1,? K] AVJ.
n-4

R (0A) 2 (o)
(53)
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which corresponds to the equation used to determine the autocorrelation
in the spectral analysis routine, which will be discussed later.
Since the spectral density fT(w), of a process x(t) is the Fourier

transform of the autocorrelation,
© -1
fr(w) = [ e TRO)AN, (5k)
-0

and since R(-A) = R(A),fp(w) is & real function. Using the Fourier inver-

sion formula

R(A) = (1/2m) j‘c £ (0)e M dw, (55)

which yields, with A = O,

R(0) = (1/2m) [ fy(w)dw = ECx(t)x(t)) = BCx(£)]%) = 0
(56)
therefore fT(w) is non-negative. I1f x(t) is real, then R(A) is real and

even, and fn(w) is slso even and Eq. (Sh) and (55) can be written

fT’_m) --J‘ ?(A) cos wh d\ (57)

and

®
R(A) = (1/2m) [ fp(w) cos wh dw (58)
-0
In this investigation the interest is mainly in the first and second

moments,

Klx,t) = [ Kx,t) aHK(x )], (59)

and
(K(x, t)K(Zat)) = [ K(x,t)K(xa,t) dHK(x1,2,)],
(60)
Eq. (59) being written in the generel form of & correlation,
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It would be expected that & spectrel tensor could be found which is

a Fourier transform of the correlation tensor,

Bot) = 1/8 [Rlx - %, t)e'ax.  (61)



V. EXPERIMENTAL INVESTIGATION

Greenhouse-grown, Vernal alfalfa was used in this investigation.
Two stems were used for the cross-sectionsl area anslysis and one of
these two stems was used for the relaxation studies. Table 1 lists the
internodal distances for the two stems, with stem 2 used for the relaxa-
tion studies.
Table 1. Internodsl dictances of two alfalfa stems

used for srea and relaxation characteristic
fluctuations.

Distance sbove ground level, cm

Location Stem 1 Stem 2
First node 12.1 8.1
Second node 2h.2 16.7
Third nnde 36.9 26.2
Fourth node L7 7 39.8
Fifth node 56.3 50.9
Sixth node 62.3 61.1
Seventh node 67.4 67.h
Eighth node 71.8 70.2
Top 78.1 76.6

01
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?he portion of the stem from one and one-hslf inches above ground to
about the fifth node was used for sectioning and subsequent studies.
Other nodes existed between number eight and the too, but were not
recorded. .

Ten other alfalfe stems, three through 12, were harvgsted the same
day as stems 1 and 2 and used for erea determination comparisons, The
internodal distances for the ten stems sre shown in Table 2. Other nodes
existed between number and nine snd the ton but were not recorded.

Table 2. Internodal distances of alfalfa stems used for area
determination comparisons

Distance above ground level, cm

Stem Designation

Location 3 N 5 6 7 8 9 10 11 12

First node 8.9 8,9 L5 3.8 5.7 L5 3.2 2.5 5.1 2.5
Second node 17.8 17.7 12,7 12.7 15.3 15.3 10.8 11.L 1L4.1 13.9

ny

Third node 28.1 28.4 25.4 22.2 2B.L 25.)y 24.8 21.1 27.2 2L.7
Fourth node 38.2 35.6 3Lh.2 30.5 38.1 35.6 34.7 31.2 39.2 36.2

9 Lh.3 L5.7 hb.l L1.7 L7.1 L7.2
Sixth node 52.1 18.9 8.2 LiL.3 50.8 S53.L L6.6 50.h 52.2 Sh.6
Seventh node 58.L 5L.1 54.6 L7.1 Sh.5 59.7 53.3 57.7 55.2 61.1
Eighth node  65.L 59.2 59.6 53.2 58.8 67.3 ST.L 6L.8 59.7 66.3
Ninth node 70.6 63.5 63.6 57.8 63.6 72.L 62.2 72.2 6L.1 73.7

Top 78.7 76.9 77.5 78.5 78.7 81.L 77.L 76.4L 78.8 B82.1

Fifth node h5.7 1.3 hC.9 306,
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The 12 stems were dried by exposing them to ambient conditions for
one week and then placed in a darkened cabinet until needed. The ambient
conditions (75°F d.b. and about 30% RH) were such that the moisture con-
tent of the stems was main tained at eight percent (wet basis) during

storage and subsequent testing.

A, Area Measurement

One of the more difficult problems involved in working with the
physical properties of forages has been determining the area upon which
stresses have been applied. To further complicate matters, alfalfa
stems are usually hollow and taske the sheve of four-sided irregular
polygons.,

Several resesrchers have simplified their approach to the ares
determination problem by assuming that alfalfa stems are round and per-

. forming a measurement which they call a "dismeter," and then base their
subsequent calculations on this "diameter." The valldity of the results
is dependent on the "correctness" of the "diameter" measurement and is
not known., Halyk (1962) used a "shadow box" arrangement which consisted
of & box which had provisions for controlled illumination, and used
photographic paper upon which alfalfa stems were placed for exposure.
The "diameter" of the stem was estimated on the exposed photographic
paper. The resnlts based on this method could vary considerably depeno-
ing upon the stalk orientation. Prince (1965) used a micrometer to
measure the outside "diameter" of alfelfa stems. Both Halyk (1962) and
Prince (1965) neglected the hollow characteristic of alfalfa stems.

Bhan (1959), in conducting research concerning exvosed area drying rates
of alfalfa, assumed an outside and inside "dismeter" and celculated the

exposed areas based on these "diameters."”
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The cross-sectional area measurements for this study were made by
photographing cross-sectional views of short sections of alfalfa stems
on 35 mm film (examples of several sections are shown in Figure ) and
measuring the resultant image areas on the film negatives with a Flying-
Spot Particle Analyzer (FSPA), shown in Figure 5. The FSPA has two main
"gystems: a flying-spot film scanner and a set of logic circuits compris-
ing a special purpose computer. A cathcde-ray tube generates a moving
spot of light which scans across the film field in raster fashion. The
1mage-modulated light beam transmitted by the test film is collected
by a condenser lens and directed to a multiplier phototube., The output
of the phototube goes to the preamplifier, amplitude threshold quantizer,
and on to the computing Qircuits which perform various preselected measure-
ment calculationsf A block diagram of the flying-spot film scanner is
shown in Figure 6a. The FSPA circuits are shown in Figure 6b.

An ares measurement 1s made by measuring the total_length of scans
across the particles. The length is obtained with the aid of a two-
megacycle crystal oscillator, located in the display counter, from which
pulses are routed to the display counter by logic gate circuits. The
intercept pulses, occurring when the scan spot crosses a boundary of
the particles, are used to gate the display counter, to start and stop
it, thereby totalizing the clock-pulse elements for all the intercepts.

High-contrast copy film manufactured by Eastman Kodak, with an ASA
rating of 64 was used for the negatives of cross-sectional areas to be
scanned on the FSPA. The developing recommendations of Kodak were
followed. The light transmission through the processed negatives was
as follows: film background, three percent; and through the solid por-

tion of the stem cross-section, 78 percent. The light transmission was
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measured with the Flying-Spot Perticle Analyzer (FSPA) with the 100
percent transmission base teken as the light transmitted through the
area between frames which had not been exposed to light prior to film
development. The background film density was meintained constant by
using an exposure meter adapted to the microscope to determine the proper
exposure settings on the 35 mm camera for each and every cross-sectional
stem area photographed.

The area data were automatically punched on standard computer input
cards for use in the spectrum analysis of the area data and subsequent
stress calculations for the relaxation experiments.

The stem sections were prepared by cutting the stem on a high-speed
cut-off saw shown in Figure 7. The air-powered saw, with a one-inch
diameter 70-tooth blade, turned at approximately 65,000 rpm. A set-screw
ad justment permitted cutting a consistent section length of 0.75 mm. The
saw blade cut was 0.25 mm thick resulting in eres megsurements taken st
intervals of one mm. The stem sections were photograohed on 35 mm high-
contraaf cony film immediastely after sectioning and were maintained in
order of cutting throughout the experiment. The orientation of the sec-
tions was maintained to assure that the photographs were taken at one mm
intervals along the stem.

In.an attempt to compare crois-sectional areas of alfalfa stems
obtained by several methods, areas were determined with a micrometer
"diameter" measurement, a microscope "diameter" measurement, and the
FSPA area measurement.

Ten stems similar to the two used for the area spectrum work and
relaxation tests were selected and measured st the midpoint between

nodes with a micrometer to determine the distance between opposite flat
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Figure 7. Cut-off saw used to section 21falfa stems

Figure 8. Device for conducting relaxation
experiments of alfalfa stem sections
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aidea._ A cross-section was then removed at the midpoint between nodes
and measured under the microscope to determine the distance between
opposite flat sides, opposite corners, and wall thickness. The section
was then photographed and scanned on the FSPA to determine its area.

B. Relaxstion Teste

Afer the area measurements were determined, the individusl stem
sections were submitted to relaxation tests. Supplementary tests, which
were conducted to develop the equipment, were run with s standard four-
inch micrometer as the main support member. Further tests indicated the
need for strengthening the main support member and the device shown in
Figure 8 evolved and was used for all relaxation tests,

A relaxation test was conducted by placing the stem section vert-
cally on the bad cell of the relaxation test stand. A plece of brass
shim stock was placed on top of the specimen and firmly held to prevent
twisting of the specimen as the load was applied. The load was applied
to the section menually by turning the micrometer screw down onto the
shim stock and alfalfa stem section until the desired load was spplied
as registered on a recording oscillograph chart via the load cell. A
stress of 3,000 grams per square millimeter (gsmm) was applied to each
gsection, Approximately 6,000 gsmm were required to collapse the section.
The deflection required to achieve a stress of 3,000 gsmm was held con-
stant during the 200-aoconp relaxation test. The 3,000 gsmm stress
level was selected to assure that the complete set of relaxation tests

could be conducted at a common stress.
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Tests conducted by placing the stem section horizontally on the
load cell, with the stem sides collapsed, yielded stress relaxation
curve slopes that were twice those of stems tested vertically. As a
result of this, all subsequent tests were conducted with the stem sec-
tion placed vertically on the load cell since this was the direction
that exhibited the greater, or limiting, strength if the stems were
under compression,

Figure 9 shows two of the relaxation curves obtained.

The load exerted on the alfalfa stem section was monitoied by the
differential transformer load cell which transmitted an electrical sig-
nal to the recorder where the signal was amplified and recorded. A
curve reader coupled to a card punch was used to read points on the
curves and punch the dsta on card for further analysis on an IBM 1620

computer,
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Figure 9. Two stress relaxation curves obtained during
the investigation



VI, RESULTS AND DISCUSSION

A. Comparison of Ares Measurement Methods

The comparison of cross-sectional sres messurements msde by several
methods is given in Table 3. The Flying-Spot Particle Anelyzer (FSPA)
measurement was determined as previously described. The microscope
measurement wes made by measuring the distance &cross ooposit: sides of
the alfalfa stem at their midpoints and measuring the wall thickness of
the stem section. These measurements were made on the stem while it was
in position for photography as utilized in the FSPA method. The micro-
scope measurements were made with a micrometer scale in the microscope
ocular.

Prior to stem sectioning for the FSPA and microscope measurements,
a micrometer was used to measure across opposite sides of the alfalfa
stem at the location of the section to be removed. Distances A and B
were the longer and shorter distances across the stem sides. AxB would
assume that the stem is a rectangle A units long and B units wide;
A%/} and nB®/l; assumes a round stem configuration with a dismeter of
A and B respectively; and n(A+B)?/16 assumes a round stem configurstion
with a dismeter of (A+B)/2. None of the micrometer measurements took
into considerstion the fact the stem was hollow.

The section designation used in Table 3 indicates the stem number,
from three to twelve corresponding to Table 2 internodal distances,
followed by the two numbers which designate the two nodes between which

the section was measured.

-3L-
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Comparison of cross-sectional area measurements

Table 3.

Cross-sectional area, mm°

Micrometer

A° /l

.

AxB

Micro-
scope

FSPA

Section
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(Table No. 3 Continued)
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Table L. Snectrel snalyeis orocrem for T 1620 comoter

C Parzen Spectrum
Dimension X(1000),C(101),V(101),5Q(101)
Begin Trace

[o} Parameter Card

-~

Kead 501,1D,N,K
501 Forrat(215,1L)
1SN=0
IF (N-K)99,99,51
51 1r(u-1ooo$1o,1o,99
10 IF(K-101)11,11,99
c READ UP TO 100 ATR CARDS
11 NCe(N+9)/10
DO 2 J=1,NC
Jie1+((J-1)#10)
J2e1+((J-1)*10)
J3=1+((J-1)*10)
Jy=1+((J-1)*10)
Joe14((J-1)#10)
J6=1+((J-1)*10)
J7=1+((J-1)#10)
J8=14((J-1)#10)
J9=1+((J-1)#10)
J10=1+((J-1)*10)
READ 502,JD,ICN X(J1),X(J2),X(J3),X(JL),X(JS),
WX(J6) X(JIT),X(JI8) ,X(J9) ,X(J10)
502 FORMAT(215, 10F7.0
IF(10-JD)98,12,98
12 IF(ICN-1SN)98,98,13
13 ISN=1CN
2 CONTIMJE
c COMPUTE SSQ+SXP
SXX=0.0
DO 4S J=1,N
LS SXXeSXU+(X(J)}#X(J))
DO Lk Je1,K
SXP=0,0
NSeN-J
N6=NG+1
DO 5 I=1,NS
JJeleJ
S SXP=SXP+(X(I1)#X(JJ))
SXX=SXX~ (X (N6 J#X(N6))
C(J)=SXP/SXX
Ll SQ(J)=8XX
c COMPUTE SPECTRAL DENSITY FOR FREQUENCY W
CKeK
DO 8 J=1,K
SCQ=0.0
CJeJ
CJK=CJ/CK
DO 7 I=1,K
Clel
CReCI /CK
1F(CR-0.5)UB,L8,49
LB CR2=CRRCR®6,0
Cl=1,0-CR2+(CR2#CR)
GO TO 71
L9 CC=1,0-CR
CL=2, OWCORCORCC
71 CCOS=COSF (3. m15927~<:1~c.m)
7 SOQ=S0Q=(CL*C (1 WCCOS
V(J)=. 1591‘508*(500/3 uus927)
WeCJ/(2,0%CK)
8 PUNCH 50L,ID,N,J,W,SQ(J),C(J),V(J)
S04 FORMAT(315,F7.L,3E16.8)
GO TO 1
99 PRINT 503 N,K
503 romnr(mmmmsa INCORRECT,215)
PUSE
GO TO 1
98 PRINT 505,J0,ICN
505 FORMAT(GHILENT ERR,21S)
PUSE
GO TO 1
END TRACE
END
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The FSPA and microscope methods for cross-sectional area determina-
tion taeke into account the hol.owness of the alfalfa stem. It is virtually
impossible to accurately measure the stem wall "average" thickness and to
allow for the fluctuations that exist. The tendency is to overestimate the
wall thickness and, accordingly, to overestimate areas as much as two or
three times compared to the areas determined on the FSPA, The microscope
area determination was about 50 percent greater, on the average, than the
FSPA area measurement,

The micrometer measurement, which failed to take into account the
area hollowness, resulted in still greater inaccuracies of cross-sectional
area measurements, The AxB determination, which assumes a solid rectan-
gular cross-section, resulted in ares measurements about 3.5 times larger
than the FSPA measurements. The mA®/l and nB°/l; messurements, which
agsume a solid round cross-section, resulted 1n area2 measurements three
and two and two-thirds times, respectively, larger than the FSPA measure-
ment. As would be expected, the measurement with the assumed "diameter"
as the average of the two measurements, A and B, resulted in an area two
and one-third times the FSPA area messurement,

Inspection of the data reveals that considerable fluctuation occurs
in the relationship between FSPA and the microscope and micrometer methods
of_area determination fram section to section. If the other methods of
measurement were consistent multiples of the FSPA, it would be a simple
matter to correct for inaccurscies, but such is not the casse since fac-
tors as high es six or as low as one occur randomly. The problems

encountered by many resesrchers in trying to obtain consistent results
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when studying forage mechanical properties may be pertially attributable
to the difficulty in determining the cross-sectional area upon which the

load was applied.

B. Method of Analysis

The spectral density and correlation of the cross-sectional area
and relaxation curve slope data were determined by methods outlined in
Blackman and Tukey (1958). Several changes in the methods suggested by
Mennell and Turney (1965) were incorporated into the IBM 1620 computer
program, shown in Table L. The Blackman and Tukey (1958) version uses
aptocovariance to calculate the spectral density rather than the nor-
malized correlation coefficient.

AThe first step in the calculation of spectralrdensity and porrelation
of data is to.form the sample sutocovarience for lag period v, and N

pleces of datas,
N-v

R(v) = (I/N) ) X(t)x(t +v), for v =0,1,w ... M (62)
t=1

and the sample autocorrelation coefficient for lag v

N:V
p(v) = R(VI/R(0) = ) x(t)x(t + v)/ ) 2 (t), for v =0,1,2 ... M

t=1
(63)
Autocovariance and autocorrelation are analogous to the sums of squares
and correlation coefficient, respectively. However, the calculations
are performed on all pairs of data with a difference of v periods. When
R(v), the autocovariance, or p(v), the autocorrelation (1ormalized ver-
sion of R(v)) sre snalyzed, relatively high sbsolute values indicate

higher correlation between the t and t + v terms.
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The contribution of each lag (frequency) is determined by calculat-

ing the spectral density. We determine this by the equation
M

£,(0) = (1/21)0(0) + (1/m) ) A, cos (mkv/Q)p(v) (64)

V=1

where M is the truncation point of the calculations end xv is the Parzen

lag window which is evalusted as follows:
Ay =1 - 6(v/M)?, for vM =< 0.5

= 2(1 - (M), for 0.5s vM< 1.0 (65)

The spectral density is obtained by representing the autocorrelation

as the Fourler transform. By inversion the spectral density is expressed
as a function of the sutocorrelstion. The frequency, w, is equal to K/2Q

where K denotes the computation intervel, K = 1,2, ... Q.

C. Area Spectral Density and Correlation

The crogs-sectional area spectrsl density (power spectrum) analysis
involved removing thetrend of decreasing area from bottom to top of the
alfelfa stem, This was done by analyzing the raw data and determining
empirically the equation which best described the trend of srea chenge.
Obviously, if enough terms were used in the trend equstion all fluctue-
tion would be eliminsted and a spectrum enalyris would not needed.

First order eouations seemed to sdequately describe the trend of the
two stems and were used to remove trends from the data.

After the trend was removed the two stems were treated as one con-
tinuous stem for the spectrum analysis. One thousand area determinations

were included in the analysis.
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The spectral density and correlation of the stem area data are shown
in Figure 10, Both the spectral density and correlation curves tend to
describe the area fluctuations and serve as a check on each other. The
correlation data have been normelized end the reading at zero mm would be
unity since the correlation between two measurements at the same loca-
tion would be unity. As the area measurements were made at greater dis-
tances from each other the correlation decreases rapidly. As a result,
if area measurements are not determined at or within 0.75 mm of the
point of load spplication considerable error msy exist between what was
snalyzed and what someone thought was anslyzed.

Another useful function of the spectral density anslysis would be
to determine the validity of proposed growth models of biological sub-
stances., If alfalfa stem growth was hypothesized in a certain way the
cross-sectional area data, which certainly reflects growth, would be a

type of data to analyze to check the velidity of the growth model.

D. Relaxation Spectral Density and Correlation

The data obtained from the relsxstion curves were of the mathematical

form
Ino(t) =mlnt -m1ln to + 1n Toe (66)
Ietting A=-mlntg+1n 0o, &nd B = m, the slove of the curve in Eq.
(66) we get
In o(t) = A + B1n t, (67)
the form of the equation used to describe the relexatison deta of the

alfalfa stem sections, The selection of the equation form was verified by

submitting the relaxs‘ion data o n curve-fitting rovtine on an T 1620
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computer using various equation forms. The R-values, which indicate the
closeness of fit for the actual data points to the selected equation were
very close to unity, an R-value of one indicating, of course, a very close
fit.
Inspection of the data indicated that it was not necessary to remove
a trend from the data prior to analysis. The parameter selected for -
analysis was the coefficient B, the slope of the relaxation curves. A
series of 540 relaxation experiments were conducted. The mean values |
of A and B for the 540 relaxation tests were 8.003L41L and -0.010731, |
respectively, with standard deviations of 0.002724 and 0.003716. i
The spectral density and correlation of the relaxation curve slopes
are shown in Figure 11, Since the correlation data are normalized the
value 18 unity at zero mm. The correlastion coefficient was 0.9 or slightly
higher for the 100 mm lag under considerstion, indicating that the loca-
tion selected to remove a section for testing is not critical, at least
within a 100 mm span. The area to be measured for this test section, as
previously noted, must be selected carefully.
The spectral density curve is essentially flat from about 0.1 cpmm
out to 0.5 cpmm. The peak at 0.025 cpmm indicates that a large non-zero
mean component may be present at zero cpmm and the contribution is so
large that it affects the very low frequencies. In order to further analyze
the very low frequencies we would need considerably more data. Since we are
dealing with a finite structure, we can never get an infinite number of data
points. We can, however, pool the data from more stems to resolve the loﬁer
frequencies. Unfortunately we would probably introduce periodicities at

the end of stems and fail to resolve the problem.
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The portion of the spectral density curve from 0.075 cpmm is shown
with LOX magnification (scale on right side of graph) to emphasize the
fluctuations. Major peaks occur at 0.15 and 0.35 cpmm, but are probably
not due to periodicities in the stem. Once sagsin, more data are needed
to determine the cause of these fluctuations.

Further research in the microstructures is needed to determine more
exactly the physical structure of the alfalfa stem. Cell dimensions and
orientation may give us a better idea as to the causes of certain flactua-

tions of the properties of the alfalfa stem,

)



1.

2.

3.

VII. CONCLUSIONS

The location of the stem section selected to represent the relaxa-
tion characteristics of the alfalfa stem was not critical.

An equation of the form
logystress = A + Blogy time,

where A is the ordinate intercept and B is the slope of the curve,
described the relaxation data of the alfealfs stem.

The cross-sectional area should be messured at, or within 0,75
millimeter of the point where the stress is applied to alfelfa
atems, )

It was necessary to account for alfslfe stem hollowness in deter-
mining applied stresses.

Considerable variation resulted in the measured cross-sectional area
when an alfalfa stem configuration was assumed or when a microscope
micrometer scale was used to measure the cross-sectional stem area.

The Flying-Spot Particle Analyser gave consistent results in cross-

sectional stem area measurement and measured the actual portion of
the stem which contributes to the strength of the stem,

L6
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2.

3.

RECGMMENDATIONS FOR FUTURE STUDY

Pool the data from more stems to resolve the lower frequencies of
the spectral density analysis for cross-sectional areas and relaxa-

tion characteristics.

Investigate the microstructure of the alfelfa stem at various
locations to determine the cause of fluctuations at certain fre-
quencies in the spectral density analysis.

Compare field-grown elfalfa witl greenhouse-grown alfalfa.

-1i8-
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