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Savoie, P., Roberge, M. and Tremblay, D. 1996. Quantification of
mechanical forage conditioning by compressibility. Can. Agric.
Eng. 38:157-165. Greater mechanical conditioning of forage is
known to increase the drying rate, the digestibility of fibre, and the
susceptibility to losses. To quantify the degree of conditioning of
different mechanical devices, a study was carried out to measure the
compressibility of forage subjected to pressures in the range of 3 to
45 kPa. Timothy and alfalfa were treated at eight different degrees of
mechanical conditioning over a 4-week period to consider the effect
of maturity. The more intensively forage was conditioned, the more
easily it compressed. The wet density varied between 61 and 903
kg/m3

, increasing almost linearly with the degree of mechanical
conditioning. An intermediate pressure of 6.5 kPa in a 200 mm
diameter cylinder provided the highest and most regular slope to
distinguish conditioning treatments. The method is rapid, can be used
in situ, and provides an index or ratio of densities when compared to
a non-conditioned control. A standard procedure is proposed so
researchers from various areas can report the relative conditioning
degree with some consistency. Keywords: forage, alfalfa, mowing,
conditioning, maceration, density, drying

Le surconditionnement des fourrages augmente Ie taux de
sechage, la digestibilite de la fibre ainsi que les pertes au champ. Afin
de quantifier Ie niveau de conditionnement de divers traitements
mecaniques, une etude a ete conduite pour mesurer la compressibilitc
des fourrages sous des pressions variant de 3 a45 kPa. La tlcole et la
luzerne etaient soumises a huit niveaux de conditionnement dif
ferents, sur une periode de quatre semaines, afin d'inclure l'effet de
la maturite des plantes. Plus Ie conditionnement des fourrages ctait
severe, plus ceux-ci etaient facilement compresses. La masse volu
mique fratche des fourrages a varie de 61 a903 kg/m3 selon une
relation presque lineaire avec Ie niveau de conditionnement. La pente
la plus elevee et la plus reguliere pour distinguer les niveaux de
conditionnement a ete obtenue avec une pression de 6,5 kPa et un
cylindre de 200 mm de diametre. La methode est rapide, peut etre
utilisee au champ et fournit un index de conditionnement ou un
rapport de masse volumique pour comparer les fourrages soumis a
differents niveaux de conditionnement. Une methode normalisee est
proposee. Son utilisation par differents chercheurs fournirait une
comparaison relative plus juste des fourrages traitcs ades niveaux de
conditionnement varies.

INTRODUCTION

Mechanical conditioning of forage has traditionally been
considered a qualitative treatment; forage was either condi
tioned or not. However, different mechanisms for
conditioning can affect the drying rate, the fennentation char
acteristics, and the digestibility of forage to various degrees.

Field drying of alfalfa was found to increase by 34% when
forage was conditioned with a flail conditioner compared to

an unconditioned or lightly brushed crop (Rotz and Sprott
1984). These same authors found that rubber roll condition
ing increased the drying rate by 21 to 25%. In light grass
yields, Klinner (1975) found that a high friction brush condi
tioner increased the drying rate by 40 to 60%. However, in
heavy grass yields, McGechan (1990) suggested that the
drying rate increase due to brush conditioning was only 20%.
Very severe conditioning, known as maceration or mat mak
ing, has increas~d the drying rate by as much as 500% under
laboratory conditions (Sundberg and Lundvall 1991) and by
100% under typical field conditions (Savoie et at. 1993).

Macerated alfalfa conserved as chopped silage reached a
final pH twice as quickly as nonnaIIy conditioned alfalfa
(Muck et at. 1989). Bischoff et at. (1989) also observed a
faster decline of pH for macerated grass stored as silage.
Channley et at. (1993) measured 40 times more colony fonn
ing units of lactic acid bacteria on macerated forage than on
conventionally conditioned forage after 24 h of wilting. Lactic
acid bacteria multiplied faster since access to soluble sugars
was easier on the bruised surface of macerated forage com
pared to the less altered surface of conventional forage.

In vitro digestibility of alfalfa stems was increased by as
much as 39% after maceration (Sirohi et at. 1988). Koegel et
at. (1992) estimated that maceration increased the overall
energy value of forage by I I% for dairy cows. Petit et al.
( 1994) suggested that maceration increased microbial activ
ity in the rumen and increased forage digestibility.

Quantifying the degree of conditioning is important to
design an optimal system. Excess conditioning will margin
ally increase the drying rate and digestibility while causing
excess loss of fine particles and requiring considerable power
and a large and costly machine. Among potential techniques
used to characterize forage conditioning, physical methods
include thin layer drying (Savoie and Beauregard 1991 a),
effluent flow from forage under pressure (Savoie and
Beauregard 1991 b), bulk density after compression (Shin
ners et at. 1988), and water sorption of forage (Shinners et al.
1987). Biological and chemical methods include colorimetry
of soluble and suspended forage particles in water (Dubois et
at. 1956), diffusion of K+ ions in a water solution (Locus et
al. 1994), electrical conductivity of forage leachate (Kraus et
at. 1995), bacterial growth (Channley et at. 1993), in vitro
digestibility (Sirohi et at. 1988), and in vivo feeding trials
(Koegel et at. 1992).

Important criteria in selecting or developing a method to
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quantify the degree of conditioning are simplicity, reliability,
and quickness. The ideal method should be applicable in situ.
Such a method could be used to adjust roll tension and speed
to fit a specific farmer's needs as to the degree of mechanical
conditioning. Current techniques used to characterize forage
conditioning do not meet the criteria of simplicity and quick
ness; some methods require days or even months. The two
quickest methods are effluent flow and bulk density measure
ments after compression. However, effluent flow of freshly
cut forage depends not only on the degree of conditioning but
also on the maturity of the crop. Savoie and Beauregard
(l991b) found that large amounts of effluent could be ex
tracted from young, immature crops while more mature crops
released only small amounts of effluent. The technique of
measuring bulk density after compression was therefore con
sidered the most desirable candidate to attempt to quantify
forage conditioning simply and quickly.

forage is expected to have a bulk density considerably less
than 400 kg/m3

• A simple method to measure bulk density of
fresh forage would consist of filling a cylinder with the crop
and applying some vertical pressure.

Figure 1 shows hypothetical curves of bulk density of
forage as a function of the degree of conditioning and the
pressure that could be applied. If very high compression is
applied, it may be difficult to differentiate the intensity of
forage conditioning. Indeed all forages would be expected to
have a density close to maximum. On the other hand, very
low pressure or no pressure at all is expected to result in low
bulk densities and therefore little differentiation between
levels of conditioning. Some intermediate pressure, as sug
gested by the steepest slope in Fig. 1, may provide the best
differentiation between various conditioning treatments.

1200

OBJECTIVE

The objective of this paper was to assess a method of quanti
fying the degree of mechanical conditioning of forages. The
method consisted of compressing freshly mowed and condi
tioned crops and measuring bulk density. The method was
evaluated for two different forage crops at various stages of
maturity and for different degrees of mechanical conditioning.

THEORETICAL CONSIDERATIONS

When forage is mowed, it is typically fluffy and well aerated.
If the crop is mechanically conditioned by crushing or mac
eration, it tends to crumple and become denser. When forage
is stored in a silo, it becomes even denser under its own
weight or because of mechanical pressure. The maximum
theoretical density occurs when all the air is evacuated. By
mass balance, the maximum bulk density is found to be a
function of moisture and intrinsic density of forage dry matter
and water:

where:
Pjinax = maximum bulk density of wet forage (kg/m3

),

pd =intrinsic density of forage dry matter (kg/m3
),

pw =intrinsic density of water (kg/m3
), and

Md =moisture content on a dry basis (kg water!kg dry
matter).

The intrinsic density of forage dry matter is approximately
1500 kg/m3 (Pitt 1983). The intrinsic density of water is 1000
kg/m3• Initial moisture content of forage at the time of mow
ing ranges from about 60% (wet basis) in very mature grass
to 84% in young vegetative grass or legume crops (Savoie et
at. 1984). This is equivalent to a dry basis moisture range of
1.5 to 5.25 kg!kg. From Eq. 1, the range of maximum bulk
density of freshly cut forage is estimated to be 1056 to 1154
kg/m3

•

ASAE (1993) provides general information on bulk den
sity of chopped forage in vertical silos (Data 0252.1). Bulk
density ranges from 400 to 1050 kg/m3 depending on the
depth in the silo. Loose, unchopped, and uncompressed fresh
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METHODOLOGY
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Experimental design

Forage was mowed on five dates (June 4, 6, 13, 20, and 27,
1994) as first cutting. Two species, alfalfa and timothy, were
subjected to eight conditioning treatments ranked in increas
ing order of severity:

1. Non-conditioned, control;
2. Conditioned with rubber rolls;
3. Macerated once, low roll pressure;

200[~_----------L;;~Low pressure

Fig. 1. Hypothetical curves of forage bulk density as a
function of the degree of mechanical
conditioning and the level of pressure applied
in a cylinder.

Shinners et at. (1988) published data on consolidation
characteristics of chopped forage, previously macerated, or
not macerated. After they applied a relatively high pressure
of 103 kPa for 15 min, they measured average wet densities
of 745 or 660 kg/m3

, respectively. The difference was statis
tically significant. However, after these authors applied the
same pressure for a period between 64 and 167 h, the differ
ence was not significant (889 and 861 kg/m3, respectively).
The level of pressure and the elapsed time after which bulk
density is measured are important variables in assessing dif
ferences between conditioning treatments. For the purpose of
the present study, relatively short time periods (0.5 to 3 min)
and relatively small pressures (3 to 45 kPa) were used to
compress mowed and conditioned (but unchopped) forage.

(1)
(1 +Md) PdPw

Pw+MdPd
P/max
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4. Maceratcd once, intcrmediate roll pressure:

5. Maceratcd once. high roll pressure:

6. Maceratcd twice. high roll pressure:

7. Maceratcd three times, high roll pressurc:

8. Macerated four limes. high roll pressure.

Non-conditioned forage (control) was mowed with a con-
ventional cuttcrbar. Forage conditioned with rubber rolls was
obtained from a commercial mower-conditioner (Ncw Holland
41 I). Macerated foragcs wcre prepared in the laboratory with
a 2-roll macerator describcd bclow. Low, intermediate, and
high pressures corresponded to spring force applied against
the upper roll of O. 5920. and II 840 N/m. respectively.
'Maccrated once' meant onc p;'lssagc through the 2-roll mac
erator. Olher treatments were applied by repeating two. three.
or four passages through the macerator. Forages were mowcd
at 0700 hand storcd under a plastic cover until treated
according to a random sequence. The eight trcatments were
applied between 0900 hand 1600 h the same day: bulk
densities werc lllcasurcd imlllcdiatcly after treatment.

Forage was placed in cither one or two compression cylin
ders (Fig. 2). Six masses wcre applicd sequentially every 30 s
on top of each cylinder (0. 10. 20. 30, 40. and 80 kg):
compressed volumc was mcasured and actual forage density
(kg/m3) was calculated. Compression of each treatmcnt was
replicated.

The experimental design therefore includcd the following
factors: five dates of mowing. two species, eight mechanical
trcatlllcnis, two cylinders. six pressures. <lnd two replicates.
A total of 1920 measures of density were planned with 320
forage samples (compressed under six sequentially increas
ing masses).

746
mm

120 s
90 s
60 s
30 s

of 147 or 198 mm and a thickncss or 24 mm. having masses of
378 or 727 g, was dcposited on top of the forage in the small or
large cylinder, respectively. A piston rocl, consisting of a bolt
screwed into the center of the upper face of the piston, was used
10 place the pistoll in the cylinder and to remove it.

Initial hcight was measured (1 mm) after 30 s of consoli·
dation due to the forage's own weight and the weight or the
plastic piston. Height was the distance bctween the top of the
cylinder and the top of the piston. The volume occupied by
the forage was the total cylinder volume minus the open
space above the piston and the volume occupied by the
piston. Bulk density of the forage was the mass of the forage
divided by the volume occupied by thc forage.

A solid steel cylinder of 125 mm diameter was cut into
four small sections of 10 kg each and a fifth longer section of
40 kg (Fig. 2). Each mass included upper hinges for lifting
with a inverted T-shaped rod. Every 30 s. a 10 kg mass was
placed on top of the piston and the height was measured after
30 s of consolidation. The final 40 kg mass was added and
final height was mcasured about 3 min after the piston had
been deposited on the forage.

The same masses were used on the small 150 111m diameter
cylinder and the large 200 I11Ill diameter cylinder. Maximum
pressures resulting from 80 kg of steel masses. including the
piston mass. were 44.6 and 25.2 kPa for the small and large
cylinders, respectively. The initial 10 kg mass corresponded
to prcssures of 5.8 and 3.3 kPa, respectively.

Macerating apparatus

Treatments 3 to 8 described above were obtained in the
laboratory with a 2-roll macerating rig (Fig. 3). Macerating
rolls were made of 600 mm long hollow steel pipes. 150 mm in
diameter and grooved longitudinally on the outer surface (pitch
of 2 mm and depth of I 111 Ill). The upper rolltumcd at 1672 rpm
while the lower roll Willed at 2635 rpm. Free space between the
rolls was 1 111m statically and could increase dynamically as a
function or forage throughput and roll pressure.

Pressure was adjusted with two M200-600 springs located
at the ends of the upper roll. Total forces or 0,3560, and 7120
N against the upper roll corresponded to the low. intermedi
ate, and high pressures. respectively. Fresh forage was feci
from a conveyor belt at an area density of 3.2 kg fresh

'::::::::.:::'::::::':::::::::::::.

Fig.3. Schematic view of the laboratory feeding conveyor
and the macerating rolls used to condition
forage intensively (corresponding to treatments
3 to 8).

1 m I s..3.2 kg WM/m'/' mlSO mm
40kg

Fig. 2. Schematic view of the two cylinders and the
masses used to compress freshly mowcd and
condilioned forage and to eSlimatc bulk density.

Compression cylinders

Two PVC cylinders with inside diameters of 150 or 200 mm
and a height of 746 mm were used to contain freshly mowed
and conditioned forage (Fig. 2). Forage was deposited manu
ally in the cylindcr wi!hout exerting an external force. The
quantity of forage deposited was weighed precisely (I g)
prior to its placement. Thc mass required to fill the cylinder
was about 1500 g for the small cylinder and 3000 e. for the
large cylinder. but this varied according to concliti;ning in
tensity, species and maturily. A plastic pislon wilh a diameter
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Fig. 4. Forage bulk densities estimated after compression
with masses of 0 to 80 kg averaged over two
cylinder sizes, two replications, and five mowing
dates.
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crop/m2 and a forward speed of 1.0 m/s. This corresponded
to a specific throughput of 11.5 t fresh crop/h per meter of
macerating roll length.

Drying experiment

Besides the compressibility procedure, natural drying rate of
forage is another way to quantify differences between
mechanical treatments of varying intensity. More severely
conditioned forage is expected to dry faster. Two environ
ments were used to measure the drying rates of four
(treatments 1, 3, 5, and 7) out of the eight mechanical treat
ments described previously in the experimental design.
Alfalfa and timothy mowed at the five dates (4, 6, 13,20, and
27 June 1994) were placed either in a rapid drying environ
ment (0.60 mm of pan water evaporation per hour) with
artificial heat lights and ventilation identical to the parallel
wind tunnel described by Savoie and Beauregard (l99Ia) or
in a slow drying environment (0.08 mm evaporation per
hour) without light or forced air which was the laboratory
ambient conditions. A quantity of 500 g fresh forage was
placed in a screen tray (0.35 m wide by 0.45 m long with 0.08 m
sides), thereby simulating a windrow in the field. There were
eight trays (two species by four treatments) in each environ
ment or 16 trays prepared each mowing date. The mowing
dates represented five replications.

Samples representing forage from each tray were taken at
the beginning of the drying experiment and placed in an oven
at 105°C for 24 h to obtain the initial moisture content
(ASAE 1993). The eight trays in the wind tunnel were rotated
every 30 min during a 4-h period so that each tray occupied
the eight positions in the tunnel to compensate for slight
variations in light intensity and wind profile. Trays were
weighed after 4 h of drying to estimate evaporated water and
moisture content. The drying coefficients were calculated
according to:

Densities measured in the compression cylinders

A total of 320 forage samples (5 dates x 2 species x 8
treatments x 2 cylinders x 2 replications) were planned to be
compressed during the experiment. Six samples were not
completed during date 4 (June 20) because of insufficient
fresh material brought from the field to the laboratory. Results
in Table I are based on the 314 samples actually compressed
and averaged over the five dates. Bulk density increased with
treatment numbers which were assigned to increasingly se
vere conditioning. Figure 4 illustrates densities of alfalfa and
timothy averaged over both cylinders.

Bulk densities of alfalfa ranged between 84 and 225 kg/m3

in the small cylinder and 68 to 262 kg/m3 in the large cylinder

M =Mo exp (-kt)

where:
M

Mo

t

k

(2)

=moisture content (dry basis) at end of drying
interval (kg H20/kg dry matter),

= moisture content at beginning of drying interval
(kg/kg),

=time interval (h), and
= drying coefficient (h-1).

RESULTS AND DISCUSSION

when no mass was applied to the piston. When alfalfa was
compressed by an 80 kg mass, densities ranged from 372 to
903 kg/m3 in the small cylinder and 294 to 821 kg/m3 in the
large cylinder.

Since conditioning intensity increased from treatment 1 to
treatment 8, density was expected to increase although not
necessarily at equal increments. The percentage increase
between each treatment is also reported in Table I. A nega
tive percentage increase indicates that the procedure is not
reliable or that there is not much difference between two
subsequent conditioning treatments. In Table I, a few nega
tive percentage values are observed, especially without any
pressure on the piston (0 kg). This means that the weight of the
forage and the piston are insufficient to provide valid density
values to distinguish different conditioning treatments. In the
case oftimothy in the small cylinder, several different pressures
(corresponding to masses of 10, 20, 40, and 80 kg) did not
distinguish non-conditioned crop (treatment number I) from
rubber-roll conditioning (treatment number 2). Visual observa
tion indicated that timothy was less sensitive to mechanical
conditioning than alfalfa. This was also confirmed by the aver
age percentage change per treatment increment which ranged
from 15.9 to 22.8% in alfalfa and from 4.7 to 12.2% in timothy
for the same mechanical treatments.
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Table I: Fresh forage density (kg/m3) and incremental change (%) between eight increasingly intense conditioning
treatments as a function of mass applied on the piston (0-80 kg). Values are averages over five mowing
dates and two replications per date.

Crop and Fresh forage density (kg/m3
) Incremental change (%)

treatment
Mass on the piston Mass on the piston

Okg 10 kg 20 kg 30 kg 40 kg 80 kg Okg 10 kg 20 kg 30 kg 40 kg 80 kg

Alfalfa - Small cylinder
1 83.7 112.7 159.9 208.6 254.5 371.8
2 92.1 133.2 184.6 235.2 274.8 402.3 10.0 18.3 15.4 12.8 8.0 8.2

3 134.7 213.1 296.1 354.9 424.8 553.0 46.3 59.9 60.4 50.9 54.6 37.5
4 153.0 263.1 357.8 430.7 496.6 654.7 13.5 23.5 20.8 21.3 16.9 18.4

5 151.4 285.0 390.9 469.2 531.5 690.4 -1.0 8.3 9.3 8.9 7.0 5.5
6 174.6 370.0 493.7 580.0 643.4 785.8 15.4 29.8 26.3 23.6 21.1 13.8

7 206.5 436.7 558.3 651.5 735.6 902.9 18.2 18.0 13.1 12.3 14.3 14.9
8 225.4 429.3 562.1 662.3 737.4 895.3 9.2 -1.7 0.7 1.7 0.3 -0.8

Average 15.9 22.3 20.9 18.8 17.4 13.9

Alfalfa - Large cylinder
I 68.2 111.5 146.0 169.3 195.5 294.0
2 89.5 128.4 176.9 212.0 239.3 338.4 31.3 15.2 21.2 25.3 22.4 15.1
3 133.6 226.8 288.0 339.2 382.1 504.8 49.2 76.6 62.7 60.0 59.6 49.2
4 153.4 269.0 349.3 410.5 459.4 582.9 14.9 18.6 21.3 21.0 20.2 15.5
5 161.4 280.9 372.5 430.1 473.3 596.4 5.2 4.4 6.6 4.8 3.0 2.3
6 192.2 335.1 428.6 492.7 552.9 674.2 19.0 19.3 15.1 14.6 16.8 13.0
7 231.9 398.5 496.1 576.0 632.5 769.6 20.7 18.9 15.8 16.9 14.4 14.1
8 261.5 424.8 537.6 613.9 675.8 821.2 12.7 6.6 8.4 6.6 6.9 6.7

Average 21.9 22.8 21.6 21.3 20.5 16.6

Timothy - Small cylinder
I 68.8 109.3 151.6 189.0 227.9 333.9
2 72.8 106.9 148.2 190.6 222.5 333.0 5.7 -2.2 -2.2 0.9 -2.4 -0.3
3 71.5 130.0 190.7 242.2 289.2 400.5 -1.8 21.7 28.6 27.1 30.0 20.3
4 93.2 145.1 205.8 261.9 309.4 436.3 30.4 11.6 7.9 8.1 7.0 8.9
5 83.8 152.6 217.4 276.9 325.3 437.1 -10.1 5.2 5.6 5.7 5.1 0.2
6 93.6 166.3 248.4 313.8 369.7 493.4 11.6 9.0 14.3 13.3 13.6 12.9
7 101.3 188.9 269.8 336.9 391.0 522.0 8.2 13.6 8.6 7.4 5.8 5.8
8 89.6 220.2 307.4 378.6 433.2 566.0 -11.5 16.5 13.9 12.4 10.8 8.4

Average 4.7 10.8 11.0 10.7 10.0 8.0

Timothy - Large cylinder
I 61.0 91.4 132.4 156.2 176.8 240.5
2 67.0 95.6 136.0 163.3 186.2 267.3 9.9 4.6 2.7 4.6 5.3 11.2
3 78.6 121.7 161.5 179.6 222.1 298.8 17.3 27.3 18.8 10.0 19.3 11.8
4 68.0 132.6 187.8 225.7 257.1 340.1 -13.5 9.0 16.3 25.7 15.7 13.8
5 86.0 147.2 199.3 233.0 271.5 359.9 26.5 11.0 6.1 3.3 5.6 5.8
6 91.9 158.5 211.4 268.6 304.3 397.6 6.8 7.6 6.1 15.3 12.1 10.5
7 88.6 193.0 260.0 309.5 347.8 448.0 -3.6 21.8 23.0 15.2 14.3 12.7
8 91.6 201.1 268.8 322.0 364.4 468.6 3.4 4.2 3.4 4.0 4.8 4.6

Average 6.7 12.2 10.9 11.1 11.0 10.0

Reliability of the procedure next, Le. a positive percentage change. A micro-irregularity

Criteria to select a good pressure were: I) a relatively high was therefore defined as an unexpected decrease of density

percentage change for each treatment increment; 2) a'regu- greater than 1.0 kg/m3 when the subsequent conditioning

larity' in percentage change from one intensity level to the treatment was in principle more severe and should have

CANADIAN AGRICULTURAL ENGINEERING Vol. 38, No.3. July/August/September 1996 161



Table II: Micro-irregularities(l) on individual density observations.
Numbers are based on a maximum of70 sequential increments.

(I) Micro-irregularities are defined as an unexpected decrease of density greater than
1.0 kg/m3 when the subsequent conditioning treatment was in principle more severe
and should have resulted in an increase in density.

Crop-Cylinder

Alfalfa-Small
Alfalfa-Large
Timothy-Small
Timothy-Large

Number of micro-irregularities

Mass on the piston

okg 10 kg 20 kg 30 kg 40 kg 80 kg

18 12 12 10 10 13
9 9 7 10 9 9

30 16 15 15 15 20
26 17 14 12 15 12

number 5) did not provide a large increase
in conditioning severity and this was re
flected by little change, and sometimes a
decrease, of density. Even a large number
of replications would be unable to show a
density difference if the conditioning treat
ment difference is small.

The large cylinder resulted in fewer mi
cro-irregularities than the small one,
notably in alfalfa. A problem with the small
cylinder was the narrow clearance between
the masses and the cylinder wall (average
12 mm). Slight tilting of the piston could
caused friction of the masses against the
wall. This problem practically never occurred
in the large cylinder because of the wider
clearance (average 37 mm) between the
masses and the wall.

Table III: Micro-irregularities on an average of two observations.
Numbers are based on a maximum of 3S sequential increments.

PI conditioMd Intercept+ Slope x Treatment number
PI Mlt-ConditiolUd

(3)

(4)

Model for density ratios

4
6
6
3

80 kg

4
3
4
6

Linear regressions were obtained between
forage density ratios (p of the actual treat
ment 2 to 8 over p of treatment number I,
the non-conditioned crop) and treatment
numbers. Ratios were expected to be
greater than 1 and increasing with increas
ing treatment number. Table IV shows the
slopes obtained for each crop and each
block (date of mowing) averaged over two
replications and two cylinders. The average
slopes were 0.361 for alfalfa and 0.154 for
timothy. According to the model, the theo-
retical intercept would be I minus the slope,
i.e, 0.639 and 0.846, respectively. There

fore, the ratio would be 1.00 for treatment number 1 and
increase to an averaged maximum of 3.53 for alfalfa and 2.08
for timothy for treatment number 8. The model would be:

If the density ratio was similar for a given mechanical
treatment, independent of maturity or date, then the equation
could be inverted to estimate a conditioning index (Ie>:

I 1 (PI conditioMd 1 )c=-- ntercept
Slope PI Mlt-ConditioMd

The conditioning index would be expected to vary from 1
(non-conditioned forage) to high values depending on the
type of conditioning and the actual data base that served to
estimate the slope and the intercept.

Slopes tended to be smaller for early dates (blocks 1 and
2) compared to later dates (blocks 3, 4, and 5) in Table IV.
The same density ratio would correspond to higher condi
tioning intensity in an immature alfalfa crop than in a mature
crop. For example, a density ratio of 2.0 in young alfalfa with
a slope of about 0.2 and a theoretical intercept of 0.8 would
correspond to Ie of 6.0, whereas the same ratio in a more

40 kg

Number of micro-irregularitiesCrop-Cylinder

Mass on the piston

Okg 10 kg 20 kg 30 kg

Alfalfa-Small 6 6 6 2
Alfalfa-Large 4 4 2 3
Timothy-Small 13 7 5 3
Timothy-Large 12 3 6 5

resulted in an increase of density. All micro-irregularities
were counted for individual observations (314 samples at
seven treatment intervals) and grouped per pressure, cylin
der, and species in Table II.

Numbers in Table II are based on a maximum of 70
sequential increments, Le. 5 dates x 2 replications x 7 inter
vals or increments. At 0 kg, there is a large number of
micro-irregularities. There are fewer micro-irregularities in
alfalfa than in timothy, confinning that alfalfa is more sensi
tive to increasingly severe mechanical conditioning than
timothy. The highest mass (80 kg) resulted in more micro
irregularities than some intennediate masses (20 or 30 kg),
suggesting the validity of the hypothetical curves of Fig. 1.
An intennediate pressure might provide a better differentia
tion of various conditioning treatments than a very high
pressure.

Bulk densities were measured twice for each compression
cylinder, date, species, and treatment. The average of two
replications had in principle a better chance of showing a
positive percentage change than single values. Table III
shows numbers of micro-irregularities with the average of
two observations based on a maximum of 35 sequential
increments (5 dates x 7 intervals averaged over two replica
tions). In the case of alfalfa in the large cylinder, the number
of micro-irregularities was limited to 2 or 3 out of 35 incre
ments. Some treatment intervals (notably from number 4 to
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Table IV: Slopes of density ratios as a function of treatment number (from 2 to 8) for two replications (14 observations
per regression) for different mass (0 to 80 kg) applied on the piston

Crop Block and Slope of density ratios
average

Mass on the piston

okg 10 kg 20 kg 30 kg 40 kg 80 kg

Alfalfa I 0.260 0.233 0.210 0.187 0.166 0.140
2 0.422 0.440 0.362 0.318 0.283 0.199
3 0.287 0.639 0.467 0.422 0.375 0.246
4 0.346 0.483 0.396 0.375 0.357 0.266
5 0.299 0.608 0.593 0.595 0.513 0.320

Average 0.323 0.481 0.406 0.380 0.339 0.234

Timothy I 0.028 0.096 0.086 0.082 0.087 0.079
2 0.118 0.118 0.079 0.073 0.074 0.060
3 0.062 0.204 0.206 0.193 0.179 0.125
4 0.082 0.214 0.268 0.300 0.297 0.278
5 0.041 0.243 0.271 0.273 0.227 0.184

Average 0.066 0.175 0.182 0.184 0.173 0.145

mature alfalfa crop with slope of 0.4 and intercept of 0.6
would correspond to Ie of 3.5. Absolute densities or density
ratios, therefore, cannot be used to compare conditioning
intensity of crops at different maturity stages. However,
within a given day, the density ratio, based on an uncondi
tioned crop sample, should provide a relatively good
positioning of the conditioning intensity.

From Table IV, the highest slope averaged over the five
dates was obtained with a mass of 10 kg for alfalfa and 30 kg
for timothy. The 20 kg mass provided the second highest
slope for both crops. A high slope is important, as mentioned
in the theoretical discussion and in Fig. I, because it provides
greater differentiation between conditioning treatments. The
choice of a 20 kg mass is a valid compromise for both alfalfa
and timothy. Applied to the large cylinder of 200 mm inside
diameter and accounting for the piston mass (0.727 kg), the
20 kg mass represents a pressure of 6.5 kPa.

Drying coefficients

Forage samples had drying coefficients ranging between 0.02
and 0.78 h- (Table V). Treatments 3, 5, and 7 (all macerated
at increasing intensity) dried considerably more rapidly than
treatment I (unconditioned control) in the wind tunnel for
both alfalfa and timothy. Average values over the five dates
also indicated that treatment 7 dried faster than treatment 5
which in turn dried faster than treatment 3. However, values
for individual blocks (mowing dates) were not as consistent
as the average. Therefore, individual observations of drying
coefficients are unable to distinguish increasing mechanical
conditioning intensity except for large differences such as
between treatment I and treatments 3, 5, and 7 grouped
together.

The drying coefficients in the ambient, low-drying envi-

ronment were considerably lower than coefficients in the
wind tunnel. The drying coefficients did not correlate at all
with the degree of conditioning. So, drying coefficients are
not always in a linear positive relationship with conditioning
intensity, particularly in a low-drying environment which
simulates overcast, non-sunny conditions.

Density ratio is a measure of the relative degree of mechani
cal conditioning. However, absolute values vary with crop
maturity for the same conditioning. Also, thr~ensity ratio is
not always linearly related to drying ratc' Of drying coeffi
cients because of an interaction with the drying environment.
The density ratio will probably not always be linearly and
positively related with forage digestibility. The procedure is
nonetheless valuable in characterizing forage physical state,
especially when compared to forage treated on the same day
with different mechanical devices.

A proposed procedure to quantify forage conditioning is
described in detail in Appendix A. The procedure could be
used by other researchers to compare mechanical condition
ing treatments, thereby providing a relative index of the
degree of conditioning used at different sites with different
machines. The procedure is not definitive but is expected to
evolve into a more refined procedure with greater universal
value after additional data are collected and analyzed.

CONCLUSIONS

I. The compressibility of freshly mowed and conditioned
forage was correlated with the intensity of mechanical
conditioning.

2. The bulk density of compressed fresh forage varied
between 61 and 895 kg/m3

. Density increased with
piston pressure and conditioning intensity. It was gen-
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Table .V: Drying coefficients (h- I ) based on a 4-hour wilting period

Crop and drying Mechanical Drying coefficient (h-I)

environment treatment
number Block 1 Block 2 Block 3 Block 4 Block 5 Average

Alfalfa I 0.1314 0.1777 0.1440 0.1338 0.0919 0.1358
Wind tunnel 3 0.4405 0.4350 0.3686 0.3741 0.2692 0.3775

5 0.4792 0.3909 0.4987 0.3305 0.3016 0.4002
7 0.4030 0.3555 0.4762 0.5451 0.3336 0.4227

Alfalfa I 0.0229 0.0408 0.0502 0.0484 0.0321 0.0389
Ambient 3 0.0287 0.0347 0.0430 0.0845 0.0290 0.0440

5 0.0341 0.0335 0.0380 0.0549 0.0314 0.0384
7 0.0310 0.0284 0.0289 0.0353 0.0517 0.0351

Timothy I 0.2366 0.2008 0.2694 0.1871 0.1702 0.2128
Wind tunnel 3 0.4411 0.3647 0.3710 0.2915 0.2753 0.3487

5 0.3359 0.4388 0.5367 0.3149 0.3170 0.3887
7 0.3095 0.4488 0.7772 0.7683 0.4955 0.5599

Timothy 1 0.0567 0.0427 0.0700 0.0706 0.0359 0.0552

Ambient 3 0.0745 0.0679 0.0901 0.0694 0.0511 0.0706
5 0.0627 0.0769 0.0723 0.0698 0.0449 0.0653
7 0.0431 0.0478 0.0542 0.0763 0.0291 0.0501

erally higher for alfalfa than for timothy.

3. An intermediate pressure of 6.5 kPa (a 20 kg mass plus
piston mass in a 200 mm diameter cylinder) resulted in'
a regular and positive correlation between density and
conditioning intensity.

4. A standard procedure to measure bulk density of freshly
mowed forage is proposed. The procedure should be
helpfullo quantify the relative intensity of mechanical
conditi8n~rig. ~nd to explain the effect of conditioning
on drying rate, conservation losses, and forage feed
value.
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APPENDIX A

DETAILED PROCEDURE TO QUANTIFY THE
DEGREE OF MECHANICAL FORAGE

CONDITIONING

The objective of the procedure is to obtain a quantitative
measure, namely the fresh bulk density (kg/m3), to compare
forages that have received different mechanical conditioning

treatments. The method is based on the fact that plants natu
rally consolidate and can be compressed more easily as the
intensity of mechanical bruising is increased. It should be
applied to freshly mowed and conditioned plants in the form
of long, unchopped stems and leaves.

I. The procedure requires a cylinder, preferably 200 mm
inside diameter and 750 mm high.

2. Freshly mowed and conditioned forage is deposited
manually in the cylinder without exerting an external
force. Forage is initially compressed only under its own
weight. The quantity of forage deposited is weighed
precisely (I g) prior to its placement. The mass required
to fill the cylinder will vary according to conditioning
intensity, species, and maturity (in the range of 1000 to
3000 g).

3. A plastic piston of about 200 mm in diameter and 25 mm
in thickness is deposited on top of the forage in the
cylinder. A piston rod, consisting of a bolt screwed in
the center of the upper face of the piston, is used to place
the piston in the cylinder and to remove it.

4. Once the piston is placed horizontally above the forage
in the cylinder, a 10-kg mass is loaded and left to
consolidate for 30 s. A second 10 kg mass is added and
left to consolidate another 30 s. Practical 10 kg masses
can be made of short sections (about 103 mm long) of
125 mm diameter solid steel cylinders with soldered
hinges on top for handling. An inverted T-shaped rod
can be used to lift and deposit the masses.

5. Final height of the piston is measured with a measuring
tape (± I mm) 30 s after the second 10-kg mass is
deposited. Height is the distance between the top of the
cylinder and the top of the piston. The volume occupied
by the forage is the total cylinder volume minus the
open space above the piston and the volume occupied
by the piston.

6. Bulk density is calculated as the mass of the forage
divided by the volume occupied by the forage and
expressed in kg fresh mass/m3•

7. Do at least two replications for each crop, each condition
ing treatment, and each date ofmowing-conditioning. One of
the treatments should be a non-conditioned control. The
bulk density of the control can be expressed as pnon-cond.

8. Report dimensions of the cylinder and the piston, and
the mass of the piston and masses used to consolidate
the forage. Report individual bulk densities (p) and
compare the average density of replications. Indicate
forage species, mowing date, initial moisture, maturity,
and type of conditioning machine.

9. The density ratio (pcondlpnon-cond) can also be calculated
but it should not be compared directly to ratios of other
species or the same species at other dates or maturity
stages.
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