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Darby, D.E. and Jofriet, J.C. 1993. Density of silage in horizontal
silos. Can. Agric. Eng. 35:275-280. Rationaldetermination of pres
sureof silage in horizontalsilos requires knowledgeof the densityof
the silage. Silage density was measured in 21 silos on farms in
Alberta in the winter of 1989-90. Depth of silage ranged from 3.0 to
6.5 m. The sampling technique and results are presented. Average
dry-matter density was found to be 232 kg/m for barley silage with
a coefficient of variation of 10.5%; for grass silage the dry-matter
density was 260 kg/m with a coefficient of variation of 13.1%.
There was no significant variation in silage density with depth. These
values are slightly higher than those published in the trade literature
such as the Canadian Farm Buildings Handbook, but somewhat
lower than that found for corn silage in a 6.0 m deep silo in Ontario.
The results of this project and extensive work by Messer and
Hawkins in the United Kingdom and by Zhao and Jofriet in Ontario
have been used to provide recommendations for estimating silage
density. It is suggested that the Zhao and Jofriet recommendation for
silage density be adopted for silo content estimates, while for struc
tural design a 10% higher value should be chosen.

La determination rationnelle de pression de I'ensilage dans les
silos horizontaux demande une mesure de la densite de I'ensilage. La
densite de I'ensilage a ete mesuree dans 21 silos sur des fermes en
Alberta durant l'hiver de 1989-90. La profondeur de I'ensilage a
varie entre 3.0 et 6.5 m. Les techniques d'echantillonnage et les
resultats sont presentes. On a trouve que la densite moyenne de
matiere sechee etait 232 kg/m3 pour I'ensilage d'orge avec un coef
ficient de variation de 10.5%; pour I'ensilage de graminees, la
densite moyenne de matiere sechee etait 260 kg/m avec un coeffi
cient de variation de 13.1%. II n'y avait pas de variation significative
dans la densite de I'ensilage avec les profondeurs d'ensilage. Ces
valeurs sont un peu plus hautes que celles qui ont ete publiees dans
des livres tels La Ferme Canadienne: Manuel de Construction, mais
quelque peu moins elevees que celles d'ensilage de mais dans un silo
de 6.0 m de profondeur en Ontario. Les resultats de ce projet et les
travaux approfondis de Messer et Hawkins au Royaume-Uni et de
Zhao et Jofriet en Ontario ont ete utilises pour fournir les recomman-
dations de dessiri pour la densite de I'ensilage. II est conseille que les
recommandations de Zhao et Jofriet pour la densite de I'ensilage
soient adoptees- pour les estimations de contenu des silos; pour les
plans structuraux, un valeur augmentee de 10% devrait etre retenue.

INTRODUCTION

Horizontal silos have proven to be effective and economical
silage storage structures in Canada. Early silos were rela
tively low, generally having side walls less than 3.0 m high.
The past 15 years have witnessed construction of ever larger
structures. Large concrete horizontal silos with 6-m high side
walls were introduced by the Midwest Plan Service (1970) in
the 1970's; since then, many of these structures have been
built in Alberta and Ontario from Canada Plan Service (1988)
designs.

Whereas tower silos offer some advantages for mechani
zation of feeding, they are considerably more expensive to

build and can be subject to deterioration and maintenance
problems. Large scale concrete horizontal silos are particu
larly cost effective for large silage quantities of 5000 to
10,000 tonnes, or more.

It is necessary to be able to predict the mass density of
silage in a horizontal silo for two reasons. Firstly, this infor
mation is required in order to build a silo of the correct size
for storage of the required amount of feed, or to know how
much silage can be packed into an existing silo. The second
reason is to help determine the structural loading on a silo.
Messer and Hawkins (1977a) and Jofriet and Zhao (1990)
determined that the pressure exerted by silage on silo walls is
proportional to the mass density and depth of silage. Thus, a
rational structural design procedure should include silage
density in the wall load determination.

The objective of this paper is to report the silage densities
measured in 21 horizontal silos on farms in Alberta in the

winter of 1989-90 and to combine the results with those by
Zhao and Jofriet (1990) and Messer and Hawkins (1977a,
1977b, 1977c) into a design recommendation.

PREVIOUS RESEARCH

Experimental investigations ofpressures on walls of horizon
tal silos can be traced back to the early 1950's. During this
period, experiments were conducted with grass silage in
wooden as well as concrete silos. These early investigations
were limited to small silos with walls less than 2.5 m high
(Esmay and Brooker 1955; Esmay et al. 1956; Young 1957;
Hendrix and McCalmont 1958; Zoerb et al. 1959). The re
sults of these early investigations were summarized by
Easton (1969).

Messer and Hawkins (1977a, 1977b, 1977c) carried out a
comprehensive testing program on model silos and on farms
over a period of about five years. The silos were relatively
small and the silage was consolidated with, by Canadian
standards, light compaction vehicles. In some silos the silage
was allowed to consolidate under its own weight; in the
model silos every 600 mm layer of silage was compacted by
a person walking on top of the material (Messer and Hawkins
1977a, 1977b).

Their work with foot-packed model silos (Messer and
Hawkins 1977a, 1977b) suggested that bulk density, p, was
related to moisture content, Md (dry basis), with p = 1.67 Md
+92.19 kg/m3 for grass silage, and p= 1.38 Md + 139 kg/m3
for corn silage. Messer and Hawkins (1977c) also measured
densities in farm silos over a period of five years. Tractors
used to consolidate the silage had masses of 2.6, 3.4 and 5.4
t; during one year, a 7-t crawler tractor was used in one of the
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silos. Thesilage was grass in all cases; the moisture contents
(wet basis) ranged from 55 to 79%. They found that:

"the mean bulk density of the tractor compacted silages
(568 + 127 kg/m3) was 46% higher than that of the self
compacted (388 ± 174 kg/m3). When the contents were
tractor compacted bulkdensity was independent of mois
ture content and of depth in the silo. There was
considerable variation in density of samples between silos
and between locations in a silo".

All three reports (Messer and Hawkins 1977a, 1977b,
1977c) suggest dry-densities of about 150 kg/m and 180
kg/m3 for grass and corn silage, respectively.

Large concrete horizontal silos were introduced in the
USA and Canada in the 1970's. After initial apparent suc
cess, several cases of structural failure, were reported by
Jofriet et al. (1989) and research was undertaken by Zhao and
Jofriet (1990) to measure silage pressure and other parame
ters. Corn silage was tested in a test silo with 5.1-m high
concrete walls in 1987 and 1988. In 1987 the mean moisture
content at time of loading was 71% (wet basis); this had
reduced to 67% (w.b.) at time of unloading. In 1988 the mean
moisture content was 66% (w.b.) at time of loading and
unloading.

Besides obtaining extensive data on pressure of silage in a
high silo, Jofriet and Zhao (1990) took samples from the
unloading face at 0.5, 1.0, 2.0, 3.0 and 4.0 m from the floor
at three different locations in 1987, and at four locations in
1988. The 1987 measured densities are shown in Table I,
while those from 1988 are shown in Table II. Each value

shown in the tables is the mean of three replications.
The density results for the 1987 test period showed that the

average bulk density of the silage was slightly higher at the
top and the bottom than at mid-height. An analysis of vari-

Table I. Corn silage densities (kg/m3) in 1987
(Zhao and Jofriet 1990)

Date

Nov. 23

Dec. 7

Dec. 27

0.5

923.1

927.1

980.2

943.5

Height (m) from floor

1.0

844.0

878.9

931.2

884.7

2.0

833.8

749.2

881.8

821.6

3.0

884.7

722.6

948.3

851.9

4.0

873.5

754.4

932.1

859.0

ance, however, showed no significant variation of silage
density with depth. This indicates that a fairly uniform com
paction was reached at the time offilling. The overall mean
bulk density for the 1987 silage was 871 kg/m with a stand
ard deviation (SD) of74.9 kg/m3.

The density of the 1988 settled silage was again fairly
uniformover the depth.The averagevalue of all sampleswas
822 kg/m3, 5.7% lower than that in the 1987 test period; the
SD was only 50.9 kg/m3. Based on the initial moisture con
tent, the average dry-matter density in 1988 was 280 kg/m
and that in 1987 was 290 kg/m3. The difference in dry- matter
density was only about 3.5%. The results from an ANOVA
analysis of the 1988 density datashowed thatthevariation of
the silagedensitywith height,or depth,was not significant.

The silage in the research by Zhao and Jofriet (1990) was
compactedby a very large, 20-tonne bulldozer. Nevertheless,
the density values were about 40% greater than some publish
ed values ofabout 600 kg/m3 at70% moisture content (wet
basis) (Canada Plan Service 1988). Jofriet and Zhao (1990)
suggestedthat density did relate to the mass of the compact
ing equipment and culminated four years of research and data
analysisby proposing prediction equations for silage density.
They suggested the average dry-density of silage can be
estimated by:

pD= 200 + 4mv (1)

where:

pD = dry-matter density (kg/m ), and
mv = mass of compacting vehicle (t).

The Canadian Farm Buildings Handbook (Agriculture
Canada 1988) suggests a range for dry-matter density of
silage in bunker silos of 154-193 kg/m ; the Canada Plan
Service (1988) uses 220 kg/m dry-matter density for esti
mating capacity of horizontal silos.

For design purposes it is necessary to estimate loads con
servatively. It is therefore fortunate that the research of Zhao
and Jofriet (1990) was done with silage of relatively high
moisture content, compacted in a deep silo with heavy equip
ment. As well, the compaction was carried out by a bulldozer
which was used to load the silo by pushing the material up a
ramp. Thus, the silage was compacted in thin layers using the
best of compaction techniques normally specified for road
and dam construction. As a result, near maximum density and
pressure conditions were probably obtained.

The silage density measurements obtained from Zhao and
Jofriet (1990), though reliable and in the desired
maximum range, were nevertheless restricted to
one silo and to one type of silage over two sea
sons. The British study (Messer and Hawkins
1977a, 1977b, 1977c) included corn silage and
grass but was in many cases not compacted and
where compaction was done, relatively light
equipment was used. To obtain a broad Canadian
perspective on silage density in typical farm silos,
a project was undertaken to measure density in a
relatively large number of farm silos in Alberta
during the winter of 1990. Silos with both barley
and grass/legume silage were sampled.

Table II. Corn silage densities (kg/m3) in 1988 (Zhao and Jofriet 1990)

Date

Oct. 25

Nov. 8

Nov. 29

Dec. 20

mean

276

0.5

818.7

918.6

820.7

898.9

864.2

1.0

810.5

847.4

876.3

872.5

851.7

Height (m) from floor

2.0

767.7

861.7

889.5

813.2

837.3

3.0

769.6

786.7

819.9

835.4

802.9

4.0

748.5

694.8

822.7

823.0

772.3

5.0

812.1

751.1

839.3

837.2

809.9
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EXPERIMENTAL WORK

Silage samples were collected from 21 farm silos; halfof the
silos were located near Lethbridge in southern Alberta, and
half in the Red Deer-Lacombe district of central Alberta.
Silos were selected toprovide arange ofdensity and moisture
content data for both barley and grass/legume silage. Silage
depth ranged from 3 m to over 6 m. Tables III and IV
summarize the sampling data and details of the silos used in
this investigation; Table III contains the details related to
barley silage; grass/legume silage tests arepresented inTable
IV. Density samples were taken at two locations in all but
three low silos (Bl1,B12 and G8), approximately 1m from
the top of the silage and about 1 m from the bottom. It was
not possible with the equipment available to reach higher
than about 4 m from the silo floor; this affected the location
of the upper samples in silos B3 and BIO. In addition to the
high and low sampling described above, five samples were

Table III: Barley silage densities 1989-1990

takenat aboutone-metre height intervals in silo B5.TableIII
includes the results of the high and low sampling in silo B5.
The resultsof the additional samplingin silo B5 over the full
height are presented in Table V.

The mass and physical description of the compacting trac
torwere also noted. Most of thetractors used were large farm
tractors of8 -12 tonnes; insilos B3 and G8 thefarm operator
used large articulated 16-tonne industrial loaders.

Silage samples for determining density and moisture con
tent were taken with a core sampler having a saw-toothed
cutting face. This sampler was modified from the original
designby Zhao et al. (1988) to permit quick detachment for
ease of removal of the silage core sample. The sampler was
operated by a 1.0 kW electric drill powered from a portable
generator.

The sampling tube cut a horizontal core 74.3 mm in diame
ter and about 200 mm long. After the core was removed, the

depth of the sample was measured to the
nearest millimetre with a blunt-end depth
rod and sliding depth gauge. The samples
were immediately placed in sealed plastic
bags and weighed at the laboratory. The
mass of the samples varied from 350 to
650 g. Density was determined from the
mass and core volume of each sample.
The moisture content and dry-matter den
sity were determined for each sample by
standard oven-drying and weighing tech
niques.

Care was taken at each sampling loca
tion to cut into the face of the silage to
expose firm, undisturbed silage with a flat
vertical surface to facilitate the depth
measurement. Three samples were taken
at each location to provide three replicates
for each test.

Each set of three samples was taken at
one convenient location in each silo; thus,
while each set is representative of the
sampling location, the samples were not
necessarily representative of the whole
silo.

RESULTS

Tables III and IV show the bulk and dry-
matter densities, their respective SD's,
and moisture content of all samples taken
from the 21 test silos. The location of the

sample in the silo measured from the si
lage top surface and the overall height of
the silage at that location are also indi
cated. The dry-matter density is included
to allow comparison of densities of mate
rials with different moisture contents
without the direct effect of the mass of the
moisture on the bulk density.

The summary of the results for all silos
is presented in Table VI. Figure 1 illus
trates these same results in bar graph

Silo

no.

Silage
height

(m)

Depth

(m)

Dry
matter

(%)

Bulk density Dry-matter density

mean SD

(kg/m3)
mean SD

(kg/m3)

Bl 3.5 1.2

2.3

32.7

28.5

606

701

39.2

58.6

199

201

21.4

25.0

B2 5.5 1.8

4.3

28.1

30.1

833

807

76.2

66.7

234

242

18.7

24.0

B3 5.8 1.5

4.6

41.8

31.3

550

697

11.0

16.3

229

218

2.9

3.4

B4 5.0 1.5

4.0

29.6

29.2

749

786

11.0

51.8

222

230

19.7

21.4

B5 6.5 1.0

6.0

39.5

39.3

728

825

26.4

40.2

242

276

16.9

18.3

B6 4.6 1.0

3.6

40.4

40.1

480

646

19.6

67.5

194

260

7.6

38.6

B7 4.0 1.0

3.0

41.1

41.4

557

560

42.1

30.8

229

231

12.8

8.5

B8 3.8 1.0

3.0

33.9

32.4

743

730

50.9

12.8

251

236

7.1

3.6

B9 3.2 1.0

2.5

33.7

32.9

699

739

18.5

14.0

242

243

7.4

7.5

BIO 6.0 2.0

5.0

32.8

29.4

698

696

57.1

14.0

228

205

14.7

1.6

Bll 2.5 1.5 30.6 902 36.3 276 14.5

B12 2.5 1.8 33.7 570 37.5 192 20.3
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Table IV: Grass silage densities 1989-1990

Silo Silage Depth Dry Bulk density
no. height matter

mean SD

(m) (m) (%) (kgW-)

Gl 3.5 1.0 56.6 530 26.4

2.5 54.3 617 21.3

G2

G3

G4

G5

G6

G7

G8

G9

3.7 1.0 47.6 545 24.3

2.7 48.9 475 26.8

2.8 1.0 38.6 623 47.9

2.0 47.1 623 6.4

3.8 1.2 38.7 724 29.1

3.0 42.4 653 8.4

3.8 1.0 45.1 510 32.2

3.0 47.2 516 37.6

4.2 1.2 44.1 577 34.6

3.7 34.2 786 48.8

3.3 1.0 56.2 459 56.6

2.6 51.0 530 16.6

3.2 2.5 43.6 555 44.2

3.0 1.0 57.0 502 61.5

2.4 39.9 441 49.6

Wet bulk density

Barley - upper
Barley - lower

EHa Grass - upper
ES3 Grass - lower

95% Limits

Dry-matter density

Fig. 1. Bulk density and dry-matter density of barley
and grass silage in bunker silos

form. The 95% confidence limits, obtained by adding two
times the standard deviation to the mean, are also shown in
Fig. 1.

The following observations can be made from these data.
Dry-matter density for barley silage ranged from 192 to 276
kg/m ; the mean dry-matter density of 232 kg/m for all
barley silage samples was significantly representative with a
standard error of means of 5.2 kg/m . Dry-matter density for

278

grass/legume silage ranged from 175 to
335 kg/m3, averaging 261 ke/m with a

Dry-matter density standard error of 8.3 kg/m", indicating
that it too was significantly repre-

Mean SD sentative.

(kg/m^)

268

255

271

240

286

175

9.7

1.0

The most significant variable affecting
silage bulk density was moisture content.

300 18.7 Although there was considerable vari-
335 8.8 ation in the in situ bulk densities, grass

silage with equal moisture content was
259 n.i only slightly denser than barley silage.
232 7.0 Both the experimental sampling, and

farmers' observations, indicated that

240 12 l grass silage seemed "to pack better than
293 405 barley silage dueto thefiner plant fibre".

The variations of silage bulk and dry-
280 2 0 matter densities with depth were assessed
277 j2 8 by comparing upper and lower data for all

silos (Table VI), as well as the results of
228 16 i the one-metre interval sampling in silo B5
244 18 0 (Table V).Thedataforall silos(Table VI)

were compared by classifying samples
jca t q taken at 1mdepth as "upper" samples and

those below 2.0 m as "lower". The mean
y i

dry-matter density of the upper barley si
lage samples was 226 kg/m and for the
lower samples 240 kg/m indicating some
increase with depth. However, for grass
silage the density values were 262 and
258 kg/m , respectively; the trend here
was reversed.

Tables III and IV show that only two-
13 2 thirds of the silos indicated a slight

increase in dry-matter density with depth.
In total, there was no significant variation of dry matter
density with depth in either the barley or grass samples. This
study confirms that in horizontal silos in which the silage is
compacted with vehicles, silage dry-matter density is not a
function of depth.

The several referenced studies on silage density in hori
zontal silos show that farm operators have difficulty attaining
a uniformly well-compacted mass of plant material. Poorly
compacted silage will allow the penetration of air into the
silage mass more than it should for optimum preservation of
feed quality. One can only speculate on the reasons for poor
compaction; perhaps there is a poor appreciation of how
rapidly heavy wheel loads spread with silage depth. Also,
information on and appreciation of the relationship between
degree of compaction and silage losses is not widely avail
able everywhere in Canada.

DESIGN CONSIDERATIONS

Density of compacted silage is the main parameter for calcu
lating design pressure on horizontal silo walls. It is clear from
the results of the present study, and those by Messer and
Hawkins (1977a, 1977b, 1977c) and Zhao and Jofriet (1991,
1992) that it is extremely difficult to write a prediction equa
tion for the silage density of tractor-compacted silage in a
bunker silo. The reason for this difficulty is that many factors
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Table V: Barley silage densities in silo B5

Silo Silage Depth Dry Bulk density Dry-matter density
no. height

mean SD mean SD
(m) (m) (%) (kg/m3) (kg/m3)

B5.1 6.5 1.0 39.5 728 26.4 242 7.4
B5.2 6.5 2.2 42.2 782 25.6 285 8.4
B5.3 6.5 3.6 38.5 878 23.9 285 3.7
B5.4 6.5 4.8 40.2 864 15.8 281 4.6
B5.5 6.5 6.0 39.3 825 40.2 276 18.3

affect silage density. Moisture content, length and type of
cut, and to a significant extent, the compaction equipment
used and the manner in which the material is compacted by
the operator influence the degree of compaction. Compaction
with silage deposited and compacted in small layers by sev
eral passes of the vehicle has a far greater effect on the
dry-matter density than either the moisture content, or the
mass of the vehicle used for compaction.

Despite this difficulty, some broad observations can be
made based on the results that have been presented.

1. Dry-matter density is not a function of depth for tractor-
compacted silage,

2. Dry-matter density varies much less than does bulk
density, the latter being influenced greatly by moisture
content.

3. Compaction equipment mass appears to have some
effect on density; the study by Messer and Hawkins
(1977c) with very light equipment (about 31) showed an
overall mean dry-matter density of about 150 kg/m and
a maximum of 200 kg/m ; the present study with me
dium-mass equipment (about 10 t) had an overall mean
density of 245 kg/m and a maximum value of 335
kg/m ; Zhao and Jofriet (1990) found with heavy equip
ment (211) a mean dry-matter density of 285 kg/m and
a maximum of about 325 kg/m ;

4. There is not sufficient precision in the available data and
too little difference in the density results to make rec
ommendations for estimating silage densities that are
specific to different whole-plant silages.

Table VI: Summary of densities 1989-1990

Silage Sample Dry-matter Bulk density Dry-matter density
type location

mean SD mean SD

(%) (kg/m3) (kg/iri3)

B upper 33.8 679 116.0 226 23.7

B lower 33.3 729 84.8 240 22.7

B all 33.6 699 107.3 232 24.4

G upper 47.4 559 76.2 262 39.2

G lower 44.7 592 113.4 258 17.2

G al 46.6 569 90.1 261 34.3

Considering all available data, it is rec
ommended that Jofriet and Zhao's (1990)
suggested expression (Eq. 1) be used for
estimating silo capacity. Since the aver
age mass of the compaction equipment in
this study was about 10 t, the mean silage
dry-matter density would be estimated to
be 240 kg/m for silo capacity estimates.
For the corn silage in the silo used by
Zhao and Jofriet (1991), the compaction
equipment had a mass of 21 t and the
estimated dry-matter density was 284
kg/m3.

In estimating dry-matter density for a
structural design loading a somewhat more conservative
value is needed to account for the variability from silo to silo,
and from year to year. As well, consideration will have to
given to the life of the structure and the maximum vehicle
mass and moisture content that may be used during that
period of time. MacGregor (1976) notes that the office live
loads and live load reduction factors for floor members (Na
tional Research Council 1975) agree closely with the 95th
percentile loads from normal frequency distributions. Allen
(1975) has made assumptions in determining limit states
design factors that lifetime (30 years) maximum office live
load is about 0.7 of the loads specified in the code with a
coefficient of variation of 30%.

In deciding what is an appropriate value of density for deter
mining structural design loads for horizontal silo walls the
variability of density from silo to silo is important. It is assumed
that deviations from the mean density within a silo have little
effect on maximum values of bending moments and shear
forces. Considering a single mean dry-matter density for each
test silo, the SD for those containing barley silage was 24.1
kg/m , for grass silage 25.3 kg/m , about 10% of the means
in both cases. If it is further assumed that the frequency distri
bution of the mean dry-matter densities in the 21 silos of this
study is an appropriate normal probability distribution of densi
ties in horizontal silos, then the mean increased by one SD
(about 10%) would provide a probability ofexceedance of 16%,
the mean increased by two SD's (about 20%) would yield an
exceedance of 5%. In light of the foregoing, the authors feel that
the dry-matter density estimated by Eq. 1 increased by 10% is
adequate for the determination of silage design loads on the
walls of horizontal silos.

Finally, it is desirable to distribute to
farm operators information on good com
paction practices, i.e. deposit material in
small layers (0.5 m maximum) and pass
over each part of the exposed area at least
once.

SUMMARY AND CONCLUSIONS

Silage density was measured in 21 silos
on farms in Alberta during the winter of
1989-90. Depth of silage ranged from 3.0
to 6.5 m. The sampling technique and re
sults are presented. The results of this
project and extensive work by Messer and
Hawkins in the United Kingdom and by
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Zhao and Jofriet in Ontario have been used to provide design
recommendations for silage density.

Average dry-matter density in the present study was 232
kg/m3 for barley silage and 261 kg/m3 for grass silage. There
was no significant variation with depth. These values are
slightly higher than those published in the trade literature
such as the Canadian Farm Buildings Handbook, but some
what lower than that found for corn silage in a 5.0 m deep silo
in Ontario.

A suitable dry-matterdensity for determining capacity, in
kg/m3, ofhorizontal silos is 200 plus four times the mass of
the compaction equipment, in tonnes. Structural design
should be based on dry-matter densities 10% greater than
those used for estimating silo capacity. For determining bulk
density, the maximum moisture content and the maximum
mass of compaction equipment that might be encountered
during the entire life of the structure would have to be esti
mated.
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