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Tang, J. and Jofriet, J.C. 1991. Hydraulic conductivity of whole
plant corn silage. Can. Agric. Eng. 33:161-167.The hydrauliccon
ductivityof silage is one of the silage properties needed to allow a real
time simulation of juice flow and hydrostatic pressure in a body of
consolidatingsilage.This paper presents a test procedure for determin
ing both the vertical and horizontal hydraulic conductivities of silage
at a variety of densities. Corn silage of moisture contents of 72.6 and
64.0% (w.b.) were tested at five void ratios ranging from 6.87 to 3.76.
Each test had two replicates. The test results were used to construct a
prediction model for the vertical hydraulic conductivity, kv =
0.29[e/(l+e)]71,4 m/s. The horizontal conductivity may bepredicted by
kh = 7.7 h. It was found that the values from this research agreed well
with Lau's (1983) earlier work, but were considerably larger than
those found by Lefebvre et al. (1984) for peat.

La conductivite hydraulique de l'ensilage est Tune des proprietes
necessaires pour effectuer une simulation en temps reel de
l'ecoulement du sue et de la pression hydrostatique dans un ensilage
en consolidation. Cette communication presente une procedure d'essai
visant a determiner les conductivites hydrauliques verticale et
hoiizontale de l'ensilage a des densites differentes. L'ensilage du mais
a des taux d'humidite de 72,6 et 64 % (rapport de matiere humide) a
etc teste a cinq indices de vides variant de 6,87 a 3,76. Chaque essai
etait reproduit deux fois. Les resultats de l'essai ont servi a elaborer un
modele de previsions de conductivite hydraulique verticale,
kyr=Q,29[e/(l+e)] * m/s. La conductivite horizontale peut etre prevue
par I'equation kh = 7,7 kv. II s'est avere que les valeurs de cette
recherche correspondaient aux resultats des travaux de Lau (1983).
Ces valeurs etaient de loin superieures a celles decouvertes par
Lefebvre et al. en 1984 pour la tourbe.

INTRODUCTION

When silages with a moisture content greater than 65% are
stored in a tower silo, part of the silage will become saturated
and hydraulic pressures will occur in addition to the silage
fibre pressures.The height of the saturated zone for a particu
lar silage is a function of the rate of filling, the rate of
consolidationof the silage and the rate ofdrainageof the silage
juice. A simulation procedure has been proposed by Tang and
Jofriet (1989) to predict the depth to saturationand the magni
tude of hydraulic and fibre pressures.

Real time simulation of juice flow in tower silos requires a
knowledge of the hydraulic conductivity1 or permeability1 of
consolidated silage. After saturation, silage continues to con
solidate under pressure. The void ratio decreases due to
consolidation and the permeability decreases rapidly with de

The termshydraulicconductivity and coefficientof permeabilityare
usedinterchangebly in thispaper andhave the samemeaning.
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creasingvoid ratio. Thus, the conductivity varies from the top
to the bottom of the saturated zone.

Little information is available in the literature on the quan
titative relationship between hydraulic conductivity and the
properties of silage that affect it. Therefore, experimental
work was carried out to obtain values for silage hydraulic
conductivity. The objectives of this paper are:

1. to report on the measuring of the coefficients of vertical
and horizontal permeabilities of whole plant corn silage at a
range of void ratios;

2. to^present a predictive model for these conductivities in
terms of the porosity of the silage.

BACKGROUND

Most flow theories were developed on the assumption that
porous media are composed of spherical particles or of parti
cles of other regular shapes. These theories are not directly
applicable to materials encountered in engineering practice. It
is therefore necessary to evaluate flow by laboratory or field
tests. The two most popular laboratory methods used to deter
mine hydraulic conductivity are constant head and falling head
tests (Craig 1978).

It has been shown from experiments that for a given mate
rial a relationship exists between permeability and void ratio.
For most soils the logarithm of permeability varies approxi
mately linearly with void ratio (McCarthy 1982). This linear
relationship was also observed by Berry and Poskitt (1972),
and Berry and Vicker (1975) in their experiments with peat.

Fibrous peat is similar to silage in terms of physical and
biological characteristics. Both materials are derived from
plant leaves and stems which makes it highly stratified. There
fore, the vertical and horizontal conductivities of both
materials are likely quite different in magnitude. The vertical
and horizontal conductivities of undisturbed fibrous peat were
measured by Lefebvre et al. (1984). The conductivities were
found to decrease rapidly with decreasing void ratio. The
relationships between the logarithm of conductivity and void
ratio were nonlinear. Lefebvre et al.'s experimental results
indicated that the ratio of horizontal to vertical conductivity
was as much as 15:1.

Limited effort has been made to measure the coefficient of
hydraulic conductivity of silage material. Lau (1983) did a few
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vertical (perpendicular to the fibre orientation) conductivity
tests on consolidated alfalfa silage. The moisture content of the
samples was 66% on a wet basis (w.b.), and the silage was
consolidated to void ratio levels of 3.8 and 4.0. The measured
vertical conductivity was in the order of 10"7 m/s. The varia
tionof the verticalconductivity obtainedunderheadsranging
from 0.6 m to 1.2 m water was within 10% of the mean. This
suggests that Darcy's law was valid for the condition in which
the tests were performed.

Custer et al. (1986) investigated the hydraulic conductivity
of chopped sorghum with a constant head conductivity appa
ratus. The results indicated that Darcy's law holds for the
rangeof hydraulic heads (1 to 2 m) and void ratios (4.5 to 11.4)
used in the tests. They proposed a prediction equation for the
coefficient of vertical conductivity in terms of thebulkdensity

k=Ae-a*>

where:

Afi = positive material constants, and
P6 = bulk density of material.

(1)

A —CYLINDRICAL CELL B —CONSTANT HEAD

C UNIVERSAL REIHLE MACHINE

Fig. 1. Permeability test setup.
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EXPERIMENTAL METHOD

Apparatus

Constanthead conductivity tests were performed to determine
the vertical and horizontal hydraulic conductivities of whole
plant corn silage under various degrees of consolidation. Fig
ure 1 shows an overview of the experimental arrangement. It
consists of three major components: a cylindrical cell to hold
a silage sample, a Universal Riehle testing machine and a
system to supply water at a constant head to the silage sample.

The cylindrical cell was designed and built to allow both
verticaland horizontal flow through silage samples. Figure 2
shows a close-up of the cylinder. Ten 8 mm diameter holes
weredrilledin the 119mmdiameterby 310 mmheightacrylic
cylinderwallalong each of two opposite meridian lines.Poly
ethylene tubes (4.7 mm ID) linked the holes to two acrylic
manifolds, one on each side of the cylinder. They were used
for the horizontal conductivity tests. Valves in these twenty
tubes and at both ends of the manifolds controlled the horizon
tal flow. The bottom plate of the cylinder and the piston at the
top of the sample were made of aluminum. They were each
attached with twelve 4.7 mm ID PVC tubes to provide pas
sages for a uniform water supply and drainage in the vertical
conductivity tests. One valve was installed in each of the
supply and drainage tubes.

An adjustable overhead tank supplied water at constant
head to the sample. Tap water entered the tank through a

• 4M
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Fig. 2. Close-up of the cylindrical cell containing the
sample of silage.
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garden hose connected to the bottom of the tank. A constant
water head level was maintained in the tank by supplying
water at a flow rate in excess of the requirement. The excess
water was led to a floor drain. A manometer was used to
measure the constant water head in the tank. Water was con
veyedfrom the head tank through a 10 mm ID PVC tube into
one of the manifolds which split the flow into small tubes
attached to the cylinder. A valve was installed in the hose to
control the water supply.

Figure 3 shows a schematic diagram of the arrangement.
Letter H indicates the flow in the horizontal conductivity tests,
while letter V shows the vertical flow through a sample. The
cross section A-A shows the arrangement of the 12 holes in the
piston and in the bottom plate of the cylinder designed to
distribute the vertical flow uniformly in horizontal planes.

Material Tested

Wholeplantcorn silagewas harvestedon October 10,1986 at the
Elora Experimental Station of the Ontario Ministry of Agricul
ture and Food. The theoretical cut length setting of the forage
harvester was 9.4 mm (3/8 in). The corn silage collected from
theharvester wasstoredat approximately 4°C in airtight plas
tic bags. The fresh-cut silage had a moisture content of 72.6%
(w.b.). About half of the silage was air-dried at room temperature
for about 4 hours to obtain samples of 64% moisture content.

H and V

Fig. 3 Schematic diagram of the test setup.
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Experimental procedures

Fora given material theconductivity is a function of voidratio
(Craig 1978, p26). Thus void ratio was selected to be the
independent variable in the tests. The silage was consolidated
in five stages such that void ratios of 6.87,5.88,4.90,3.92, and
3.76 resulted. Two moisture contents were used. They were
72.6% and 64.0% (w.b.). A constant head of 1 m was used for
all tests. Each treatment had two replicates. All tests were
performed atroom temperature ofabout 22°C. Acomplete list
of the tests is in Table I.

The following procedure was followed in all experiments:
1. Vaseline was applied liberally to the inner wall of the

cylinder to eliminate boundary effect on the flow. A filter
paper covered the bottom plate. All valves, except the water
supply valve, were opened.

2. A sample of 1.0 kg to 1.5 kg whole plant corn silage was
put into the cylinder and covered with another filter paper.
The sample was progressively compressed until that density
was reached to provide the first (highest) void ratio.

3. The water supply valve was opened to allow water flow
into the manifold leading to the 12 bottom tubes of the cylin
der. Air was gradually forced out through the top and side
tubes as water filled the voids in the sample. The sample was
then left to soak for about 12 hours in static water, with the top
and side valves closed. The first vertical conductivity test
started immediately after the 12-hour soaking period.

4. In the vertical test the top and bottom valves were opened
to let water flow from the bottom of the sample to the top as
indicated by "V" in Fig. 3. The water flowing out of the sample
was collected in a graduated collecting tube and measured
every hour. Steady state condition was assumed to have been
reached when the change in flow rates at the one hour interval
was less than 5%. It usually took 5 to 6 hours for the flow to
reach this state.

5. The horizontal conductivity test for the same void ratio
started about 4 hours after the vertical conductivity test. This
4-hour period, during which the top and the bottom valves
were closed, was allowed to release pressure gradients result
ing from the flow in the vertical test. For the horizontal
conductivity test, the PVC tube which led water from the head
tank to the sample was connected to the bottom end of one of
the side manifolds. The side valves were opened while the top
and bottom ones were closed to permit horizontal flow only as
shown by "H" in Fig. 3. Again the flow rate was measured
every hour. Steady state was assumed the same as in the
vertical test. After completion of both tests the water supply
was cut off and all valves were opened. The sample was then
compressed to the next void ratio level and procedures 3 to 5
were repeated until the end of the test for the smallest void
ratio value.

EXPERIMENTAL RESULTS

The following assumptions were made in calculating the ver
tical and horizontal hydraulic conductivities from the test
results:

1. Darcy's law is valid for the tests.
2. The sample material is homogeneous, thus the void ratio

and coefficients of conductivity are uniform throughout the
sample.

163



Table I. Permeability tests on whole plant corn silage

Test number M e Pb kv kh
(%) (kg/m3) (m/s) (m/s)

6.87 742.0 1.58*10-5 7.01*10"5
5.88 848.8 6.77*10"6 1.61*10"5

CI 72.6 4.90 989.7 1.65*10"6 5.52*10"6
3.92 1186.9 5.60*10"8 1.03*10"7
3.76 1226.8 1.25*10"8 5.71*10"8

6.87 742.0 1.93*10"5 6.10*10"5
5.88 848.8 3.47*10"6 1.46*10-5

C2 72.6 4.90 989.7 2.20*10"6 5.06*10"6
3.92 1186.7 1.87*10"8 1.76*10-7
3.76 1226.8 1.02*10"8 7.62*10"8

6.87 747.0 1.43*10"5 6.00*10"5
C3 72.6 5.88 848.8 4.60*10"6 2.03*10"5

4.90 989.7 3.14*10"7 3.81*10-6

6.87 564.7 1.20*10'5 6.08*105
5.88 646.0 3.63*10"6 1.73*10"5

C4 64.0 4.90 753.3 7.23*10"7 1.44*10"6
3.92 903.3 2.95*10"8 3.45*10-7
3.76 933.7 1.24*10"8 6.63*10"8

6.87 564.7 1.70*10"5 8.59*105
5.88 646.0 1.99*10"6 2.38*10"5

C5 64.0 4.90 753.3 5.24*10-7 3.97*10-6
3.92 903.3 1.76*10"8 1.13*10-7
3.76 933.7 4.50*10"9 2.06*10"8

M = moisture content of the silage(wet basis); e = void ratio;

Pb =bulkdensity of thesilage; kv=vertical permeability; kh=horizontal permeability

3. Theeffectof gravityon horizontal flow is negligible.
4. The material is isotropic in horizontal planes of the sam

ple.

5 .Theflow is steadyat the final observationfor a particular
void ratio.

kv~ HA
where:

L = length of sample (m),

(2)

The diagrams in Figs. 4 and 5 present the experimental
values of horizontal and vertical flowratesof testC2 (Table I)
versus time. They are representative samples of the temporal
variation of the flow rates found for all tests. The horizontal
flowrate (Fig.4) decreasedrapidly in the first 2 or 3 hours,and
then slowly approached a constantvalue.The test wasstopped
when the flow was considered to have reached the steady state.
This took typically five to six hours. Similar results were
obtained for the vertical flow rates (Fig. 5). Here, it took about
10 hours for the flow to become steady.

Coefficient of vertical permeability

The coefficient of vertical conductivity was computed from
Darcy'sLawwhichstatesthat the flow velocityis proportional
to the hydraulic gradient and a constant, kv, the hydraulic
conductivity (m/s). For steady flow the velocity is QIA and the
hydraulic gradient ///L, thus:
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A = cross-sectional area (m ),
*1

Fig. 4. Horizontal flow rate versus time for test C2.
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Q= observed flow rate after steady conditions are reached
(m/s), and

//= hydraulic head (m).

Coefficient of horizontal permeability

The flow in horizontal tests is governed by the Laplace equa
tion (Craig 1978):

a2// a2// n
ax2 ay2

(3)

where X and Y are the Cartesian coordinates in the horizontal
plane(Fig. 6). Point A in Fig. 6 is the location whereconstant
headwaterenteredthe sample,while point B is the drain where
the hydraulic head is zero. Between points A andB thewall of
thecylinderprovides animpermeable boundary fortheflow, thus
the flow domain and stream lines are as shown in Fig. 6.

Finite element method program FEMPAC (Gustafson 1977)
was employed to simulate the flow. Yao (1989) investigated

TlME(h)

Fig. 5. Vertical flow rate versus time for test C2.

A —WATER SUPPLY B —DRAIN

Fig. 6. Horizontal flow field in the cylindrical cell.
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numerous variable density element layouts in a convergence
test. A layout with 256 nodes was selected for the computa
tion. The hydraulic gradients of all 24 elements along the
Y-axis were used to determine the horizontal conductivity.

For steady state flow, the flow rate through the sample can
be approximated by summing the flows through all elements
on the Y-axis:

Q=L X(vjARj) (4)
where:

Q = steady flow rate through sample (m /s),
vj = average velocity of flow at jth element on Y axis

(m/s),
Rj = length of jth element in Ydirection (m),and
L = height of consolidated sample (m).
SubstitutingDarcy's law, vj= ij kh into Eq. 4 and rearrang

ing the resulting equation we get:

kh =
L^iijMj)

(5)

where ij= average gradient of hydraulic headof j element in
the X-direction. The flow rate, Q, in the equation was observed
from the horizontal conductivity tests. The term (ijRj) in Eq. 5
was computed to be 0.22 times the hydraulic head,//, applied
at point A in Fig. 4. Thus, the coefficient of horizontalcon
ductivity, kh, (m/s) can be calculated using the equation:

kh =
0.22 LH

(6)

The values of horizontal and vertical conductivities from all
tests are listed in Table I. Table I also includes the results of
test C3, a partial third replicate of 72.6% moisture content corn
silage. Leakage occurred during the test at the void ratio of
3.92. Therefore test C3 was terminated at the fourth void ratio
level.

DISCUSSION OF RESULTS

Void ratio, e, was used in the tests as the independent variable.
It is defined as the ratio of the volume of voids, Vv, to the
volume of dry matter, Vs. That is:

e = -

Eq. 7 can be rewritten as:

V-Vs
e = -

(7)

(8)

Introducing the mass of dry matter, Ms, into Eq. 8 and rear
ranging:
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Ms Ms

Vs_
Ms

e = -

where:

(9)

MsIV = pa = dry matter density of sample (kg/m ), and
MsIVs = ps =true dry matter density [about 1600 kg/m3

(Wood 1970)].

The void ratio can then be calculated from:

1600- pd
e = —

Pd
(10)

Figures 7 and 8 show plots of the logarithm of vertical and
horizontal conductivities versus void ratio, respectively. At
the same void ratio, the horizontal conductivity is larger than
the vertical conductivity. It is worthwhile noting that both
coefficients follow more or less the same trend. Most perme
ability theories relate the coefficient of permeability to the
porosityof the mediumby power relations (Scheidegger1953,
Koyeny's Theory, Marshall 1958, Green and Corey 1971). If
a power relationship does exist, there should be a linear rela-

VOID RATIO e

Fig. 7. Logarithm of horizontal permeability versus
void ratio for all tests.
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Fig. 9 Horizontal and vertical permeabilities versus
porosity for all tests; prediction equations

15 and 16.

tionship between the logarithm of conductivity and porosity.
Figure 9 shows the logarithm of the conductivity plotted
against porosity, p = e/(l+e). The plots appear to confirm a
linear relationship for both coefficients.

Linear regressions were carried out using the GLM proce
dure in Statistical Analysis System (Barr et al. 1979). The
coefficientof verticalconductivitywas related to voidratio by:

log kv = -0.435 + 72.6 log p
or

72.6kv = 0.367 p

(ID

(12)

The above expressions explain 96% of the total variation
(R = 0.96), and is significant at 0.01% confidence level. The
standard error of the estimated slope in Eq. 15 is 3.2, about
4.4% of the estimate.

For horizontal hydraulic conductivity the following best fit
relationship was obtained:

log kh = 0.246 + 70.1 log/?

or

70.1to = 1.76 p

(13)

(14)

2

The R is 0.97, and the standard error of the estimated slope
in Eq. 13 is 2.67,3.8% of the estimate. The model is significant
at 0.01% level.lt is evident from Eqs. 11 and 13 that the slopes
for the two prediction equations are almost equal. From a
practical engineering point of view it is convenient to have an
equal slope in the two prediction models. With the slope
constrained to a single value, the data were fitted again. As a
result the following models were obtained:

71.4k„= 0.29p

and

kh = 2.23 p71.4

(15)

(16)

TANG and JOFRIET



The expressions explain 97% ofthe total variation (R =0.97),
andaresignificant at the0.01% level. Thestandard errorof the
estimated slope is about 4.3% of the estimate.

ANOVAanalysis shows that the effect of moisture content
on the hydraulic conductivities is not significant at the 5%
level. The insignificance of the effect of moisture content is
alsoevident inFigs.7 and 8. Theratioof horizontal to vertical
conductivity as predicted by Eqs. 15 and 16 is 7.69. The
vertical and horizontal conductivities obtained from all current
tests have beenplotted onsemilog paperinFig.9 together with
the linear relationships of Eqs. 15 and 16.

Equation 15 predicts a hydraulic conductivity of about
2.5x10"8 m/s for Lau's (1983) tests atvoid ratios of3.8 and 4.0.
Thisis in fairlygood agreement with Lau's test resultsof 10"
m/s. Thepresent test results showthat corn silagehasconsid
erably higher hydraulic conductivity than the peat tested by
Lefebvre etal. (1983).

SUMMARY

Ten tests have been carried out to find the hydraulic conduc
tivity of whole plant corn silage, five for the horizontal and
five for the vertical conductivity. Each test was carried out at
five values of void ratio except one where leakage developed
after the third test. Two moisture contents were used, 64.0%
and 72.6% (w.b.).

The test result indicate that the hydraulic conductivity is a
function of the void ratio of the silage. For a void ratio of 6.87
the vertical conductivity ranged from 1.2 to 1.9x10" m/s
whereas at a void ratio of 3.76 the range had reduced to
l.OxlO"8 to 4.5xl0"9m/s. The horizontal conductivity was on
average about eight times the vertical.

There is approximately a linear relationship between the
logarithm of the conductivities and the porosity of the silage.
Also, the linear relationships with porosity for the horizontal
and vertical conductivities have approximately the same slope.
Prediction equations are presented (Eqs. 15 and 16).
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