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PACK FACTOR MEASUREMENTS FOR CORN
IN GRAIN STORAGE BINS

R. Bhadra, A.P. Turner, M. E. Casada, M. D. Montross, S. A. Thompson,
J. M. Boac, S. G. McNeill, R. G. Maghirang

ABSTRACT. Shelled yellow corn is commonly stored in concrete or corrugated steel bins. Granular materials compact
under their own weight, primarily due to particle rearrangement, leading to an increase in bulk density and a change in
volume when stored. Reliable grain pack factors are needed to estimate storage capacities and to accurately monitor
grain inventories. A science-based model (WPACKING) of pack factors is available that uses the differential form of
Janssen’s equation and takes into account the variation in density caused by pressure variation with height and moisture
content of the grain and accounts for the effects of grain type, test weight, bin geometry, and bin material. However, this
model needs to be compared to field data over a wide range of conditions to ensure robust prediction accuracy. The ob-
Jective of this research was to determine the field pack factors and bin capacities for on-farm and commercial bins used to
store corn in the U.S. and compare them to predictions of the WPACKING program. Bin inventory measurements were
conducted in concrete bins with depths up to 31.4 m (114.8 ft) and corrugated steel bins with diameters up to 32.8 m
(156 ft). These values were also compared to the techniques used by the USDA Risk Management Agency (RMA) and the
USDA Farm Service Agency, Warehouse Branch (FSA-W). The differences between predicted and reported mass were -
4.54% (maximum underprediction) to +4.53% (maximum overprediction) for WPACKING, -2.69% to 4.97% for the RMA
method, and -3.33% to + 5.67% for the FSA-W method. The absolute average difference was lowest for the WPACKING
model (0.90%) compared to the RMA and FSA-W methods (1.61% and 1.86%, respectively). WPACKING had less than
half as many prediction differences above 1% (13 out of 51 bins) as did the RMA and FSA-W methods, which had 29 out
of 51 and 33 out of 51, respectively. The RMA and FSA-W methods do not take into account the variations in pack factor
due to bin type and moisture content of the stored grain.

Keywords. Commercial bin measurement, Corn, FSA, Laser distance meter, RMA, Steel and concrete bins, Stored grain
pack factor, WPACKING.

rain stored in bins is subjected to packing from
pressure caused by the overlying grain mass.
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Grain packing in bins is defined as the increase

in grain bulk density caused by compression
from the cumulative weight of the overlying grain material.
Because this compression causes relatively large increases
in bulk density, accurate pack factors that account for the
increase are required for determining the exact amount of
grain in a bin. While grain is traded on a mass basis, the
vast majority of grain inventory and auditing assessments
are based on volume measurements. Accurate pack factors
are needed by grain elevator managers and farmers for
proper inventory control, and by government agencies for
auditing. Because of persistent questions about the accura-
cy of pack factors currently in use, the USDA Risk Man-
agement Agency (RMA) requested work to develop new,
more accurate pack factors, which led to the study reported
here.

It is often difficult to predict how grain will compact be-
cause bulk grain consists of a complex matrix of irregularly
shaped particles, each with its own characteristics. Thus,
most bulk grain packing prediction models have been done
empirically (Thompson et al., 1991). In powder technology,
there is extensive literature on particle packing (Smalley,
1970). Although Smalley (1970) provided a packing theory
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commonly used to describe the packing of fine powders
with very regular shape and size geometry, it failed to ad-
dress the situation with whole grains, where the particles
are of random shape and size and are compressible.

Particle packing in whole grains is believed to vary as a
function of the stress variation that exists within a given
material type, moisture content, and uncompressed bulk
density of the material. To understand the phenomenon of
grain packing, it is essential to consider the variation in
bulk particle properties (such as density changes, moisture
changes, compressibility, flow rate, etc.) when stored in
bins. While the geometry of a bin can be measured accu-
rately, measuring the variation in bulk material properties
of the grain inside the bin can be challenging (Thompson et
al., 1987). Bates (1925) was first to research packing of
granular materials in storage silos containing wheat, and he
proposed that the average packing of wheat was 4.85%.
Bates (1925) included dimension of the bin, shape, test
weight, and depth of grain in the packing of wheat calcula-
tion.

The classic theory provided by Janssen (1895) for pre-
dicting pressure in grain bins given in differential form is:

dp kP
Co=gp-=F ()
dy R
This equation was solved by Janssen after simplifying
assumptions of constant bulk density (D), lateral to vertical
pressure ratio (k), and coefficient of friction (1), giving:

il (]

where P; is the unit vertical pressure at depth y, w is the
constant bulk density of the granular material, R is the hy-
draulic radius (bin cross-sectional area divided by circum-
ference), W is the coefficient of friction between stored ma-
terial and the bin wall, & is the ratio of lateral to vertical
pressure at any point, and y is the depth of grain measured
from the top of the grain to the grain section under consid-
eration. The assumption that w and k are constants has been
found to be untrue. For example, bulk density in corn meal
was found to be related to vertical pressure with a parabolic
relationship with R* of 0.94 by Clower et al. (1973), and k
was found to vary from 0.3 to 0.67 for wheat samples test-
ed by Amundson (1945) and Lorenzen (1957). Further-
more, k values for wheat, soybean meal, and sugar beet
pulp varied most at pressures below 14 kPa (2 psi) and var-
ied little at higher pressure levels (Clower et al., 1973).
Loewer et al. (1977) found that bulk density varied with the
moisture content of granular materials in addition to vary-
ing with vertical pressure, and & varied with moisture con-
tent. Finally, Thompson et al. (1990) provided correlations
of predicted density with uncompressed density, pressure,
and moisture as required to predict density and packing in
storage bins based on predicted pressures in the bins.
McNeill et al. (2008) measured changes in bulk density
and found pack factors of 7.6% to 11.6% for corn meal,
4.3% to 6.8% for cracked corn, and 5.1% to 8.2% for soy-
bean meal with pressures from 0 to 69 kPa (0 to 10 psi),
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which is typical for pressures in grain storage bins. Studies
have been conducted on how grain spreaders can change
the bulk density, airflow resistance, and frictional proper-
ties of granular materials (Chang et al., 1983; Stephens and
Foster, 1976; Moysey, 1984). For yellow corn in grain bins,
Chang et al. (1983) found that bulk density increase was
between 5.8% and 9.6% when any kind of spreaders were
used. Other studies characterized the effects of bin filling
methods, such as four spout, sprinkle, and uniform filling
techniques (Molenda et al., 1993), on change in bulk densi-
ties. These results showed that bulk densities were affected
significantly by loading method.

Methods to determine pack factors for on-farm and
commercial elevator bins include those used by two gov-
ernmental agencies: the USDA Farm Service Agency,
Warehouse Branch (FSA-W) and the RMA. The FSA-W
used an empirical approach to tabulate the values of pack
factors for six whole grains based on initial test weight
(TW) and moisture content, as given in the Warehouse Ex-
aminer’s Handbook (USDA, 2008). The RMA loss adjust-
ment handbook and manuals (USDA, 2011, 2012) provide
empirically based tabular values for pack factor for seven
whole grains. Both methods provide pack factors based on
empirical data taken from bins with little variation in size.
Neither of these techniques takes into account the effect of
grain depth or variation in the stored grain properties on
pack factor. A science-based model (based on grain pres-
sure distribution from eq. 1) to predict pack factor was pro-
vided by Thompson et al. (1987). To date, there has been
limited field validation of the WPACKING model.

DEVELOPMENT OF WPACKING

The pack factor prediction model, WPACKING, is
based on the differential form of Janssen’s (1895) equation
(eq. 1), which predicts pressure in grain bins at a particular
grain height. While Janssen’s solution had a major draw-
back, i.e., the bulk density was assumed constant through-
out the grain column, WPACKING solves the differential
equation without invoking this simplifying assumption,
which allows the varying bulk density to be calculated
based on the predicted pressure and laboratory measure-
ments of compressibility. Thompson et al. (1987) measured
bulk density as a function of pressure and moisture content
for several crops (soft red winter wheat, sorghum, corn,
soybeans, rice, and hard red winter wheat), including sev-
eral varieties for each crop. They combined nonlinear mod-
els for bulk density of these crops within WPACKING to
predict pack factors and estimate standard bushels in a bin
based on user inputs for grain as well as bin dimensions
and properties. Eventually, the work of Thompson et al.
(1987, 1990) led to the development of ASABE Standard
EP413.2 (ASABE, 2010).

The objective of this study was to determine the pack
factor of corn in on-farm and commercial storage bins with
varying bin shape and size and with a typical range of
moisture content and initial test weight. A wide range of
geographic locations was included to increase the robust-
ness of the dataset. Pack factors and grain mass values for
the bins predicted using WPACKING were compared with
the measured mass of grain in storage bins. These predic-
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tions were also compared to the predictions of the two cur-
rent U.S. government agency methods of pack factor pre-
dictions: the RMA and FSA-W methods.

MATERIALS AND METHODS
FIELD MEASUREMENTS AND DATA COLLECTION

The field data reported in this article were collected
from on-farm and commercial corn bins measured from
2011 to 2013. Elevator cooperators and individual farmers
provided data on grain material properties (test weight and
moisture content) and empty bin geometry. The bin diame-
ter, eave height (side wall height of the bin), plenum height
(for adjusting eave height), angle of the roof if needed, bin
wall material (smooth steel, corrugated steel, or concrete),
and hopper bottom angle (for hopper bottom bins) were
measured using a Leica Disto D8 laser distance and angle
meter (Leica Geosystems AG, St. Gallen, Switzerland).
Some measurements were taken with conventional tape
measures as needed.

Pack factors were calculated using the WPACKING,
RMA, and FSA-W methods to determine the predicted
mass of stored corn based on the measured volume. The
WPACKING program estimated pack factor (Ry) using a
solution to the differential form of Janssen’s equation for
pressure and based on user inputs for bin wall material, bin
geometry, and grain properties (Thompson et al., 1990).
Values of U and & used in the model are specified in ASA-
BE Standard EP413.2 (ASABE, 2010). The USDA-RMA
specifies tabular values of pack factors for seven U.S. crops
(including corn) based on grain TW and bin cross-sectional
area (USDA, 2011, 2012). These tabular values were used
to determine the RMA pack factor (Rz). Similarly, pack
factors for the FSA-W method (Ry) were from tables used
by the USDA-FSA (USDA, 2008). Masses were calculated
by all three methods, giving WPACKING-predicted mass,
RMA-predicted mass, and FSA-W-predicted mass, which
were compared to the reported mass from the stored grain
manager. Further details on measurement methods and cal-
culation of pack factors for these three methods can be
found in Boac et al. (2015).

Field Measurements of Individual Bins

Multiple points on the grain surface were measured with
the laser meter to describe the grain profile and determine
the cone angle of the stored grain. The laser meter was
mounted on a tripod that allowed the laser to sweep from
the top of the cone to the bottom of the cone, where the
grain touches the bin wall. About seven equally spaced
points on the nearest grain surface of the cone were chosen,
and the laser device determined the distance and angle from
the reference point on the tripod for each of these points.
From these seven points along the cone, the cone angle was
determined for the grain pile. In an undisturbed pile, this
cone angle would be expected to match the angle of repose
of the grain (Mohsenin, 1986); however, in this study, the
cone angle was measured for every bin, and no assumptions
were made regarding these angles. The stored grain manag-
er provided the reported mass and the average TW, foreign
material (%), damage (%), and moisture content (% w.b.)

58(3): 879-890

by individual bin. Grain mass is commonly reported as
standard bushels in the U.S. grain industry, where a stand-
ard bushel of corn is equivalent to 56 lbs at 15.5% (w.b.)
moisture content for No. 2 shelled corn per USDA guide-
lines. However, for this study, we always obtained the re-
ported grain mass directly in pounds (Ibs). The measured
volume was used with the reported TW to calculate the
predicted pack factors based on the WPACKING, RMA,
and FSA-W methods. To determine the predicted mass of
grain in the bin, the measured grain volume was multiplied
by the predicted pack factors from the three methods, as
described below.

The mass of grain in a bin can be calculated from the
measured volume of grain using:

M=Dg-R-V 3)

where

M = mass of grain in the bin (t or Ibs)

V = measured volume of grain in the bin (m’ or volu-
metric bu)

R = pack factor including test weight (from one of the
three methods)

Dy = standard bulk density (standard test weight) of the
grain (kg m™ or Ibs bu™).

R is related to the compaction factor as:

/. =R-(&J—1 @)

Dy

where D is the initial bulk density, or uncompacted test
weight, of the grain from the Winchester bushel test (kg m™
or Ibs bu™), and £, is the compaction factor of the grain. The
compaction factor (f.) is defined as the reduction in volume
of stored grain due to compaction (usually expressed as a
percentage), and this term was used in ASABE Standard
EP413.2 (ASABE, 2010). Details of related pack factor
relationships can be found in Boac et al. (2015).

For the 51 individual bins, the reported mass of grain
from scale measurements was available for each bin from
the grain elevators or farmers, along with other crop quality
parameters. In those cases, the predicted mass for each bin
was compared to the reported mass for that bin.

Field Measurement of Grouped Bins

Stored grain managers provided the total mass of corn at
the facility and the estimated moisture content and test
weight of the corn. At facilities with bins grouped for anal-
ysis, the volume of each bin was measured using additional
points on the grain surface with the laser meter when nec-
essary to accurately define the surface. Based on the bin
dimensions, TW, and volume measurement, the pack factor
for each bin was determined using the WPACKING, RMA,
and FSA-W methods. The total mass of stored corn was
predicted and compared to the reported mass. There were
37 bins at facilities where collaborators only reported total
mass for all the bins at the facility.

SUMMARY OF FIELD DATA COLLECTION

Table 1 summarizes the on-farm and commercial bins
that were analyzed individually, primarily in the Midwest,
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Table 1. Crop quality, bin geometry, and pack factors for individually reported corn bins.

[a]

Equivalent Hopper Pack Factor'
Avg. Eave Level Bottom (unitless)
W MC FM  Damage Diameter Height Height®™  Angle WPACKING RMA FSA-W
Row Location (kgm® (%wb) (%) (%) (m) (m) (m) ©) (Rw) (Rp) (Rr)
1 Manhattan, Kan. 708 15.5 NA NA 3.59 4.80 477 0 1.012 1.003 1.015
2 Manhattan, Kan. 708 15.5 NA NA 3.59 4.80 476 0 1.012 1.003 1.015
3 Manhattan, Kan. 708 15.5 NA NA 5.45 443 3.09 0 1.009 1.003 1.029
4 Holyoke, Colo. 745 16.2 0.2 NA 27.36 17.74 18.55 0 1.098 1.134  1.100
5 Goodland, Kan. 746 17.2 - NA 23.85 18.32 19.18 0 1.105 1.134  1.102
6 Goodland, Kan. 746 17.2 - NA 14.38 23.87 24.90 0 1.108 1.113 1.102
7 Hayfield, Minn. 753 15.3 0.9 NA 22.8 14.72 15.24 0 1.099 1.143 1.110
8 Rockwell, Towa®! 725 15.3 1.0 0.5 9.95 6.64 4.83 0 1.038 1.076 1.073
9 Rockwell, Iowa 701 14.2 0.9 0.5 8.7 5.94 6.29 0 1.008 1.024  1.038
10 Rippey, lowa 740 13.7 - - 14.63 6.38 7.51 0 1.064 1.105 1.094
11 Rippey, lowa 759 14.2 - - 93 6.58 7.10 0 1.091 1.095 1.113
12 Rippey, lowa 772 14.0 - - 9.75 7.39 7.94 0 1.110 1.131 1.131
13 Rippey, lowa 734 14.1 - - 8.11 4.63 4.40 0 1.048 1.064  1.076
14 Rippey, lowa 753 13.4 - - 8.23 4.68 5.04 0 1.076 1.087  1.102
15 Rippey, lowa 753 13.4 - - 6.38 457 430 0 1.074 1.068  1.089
16 Britt, Iowa 711 14.5 - - 31.87 27.69 29.58 0 1.051 1.094  1.058
17 Hillje, Tex. 741 14.6 0.5 0.2 9.14 12.5 14.1911 45 1.079 1.071 1.090
18 Hillje, Tex. 741 14.6 0.5 0.2 14.63 14.63 15.66 0 1.080 1.105 1.096
19 Hillje, Tex. 741 14.6 0.5 0.2 14.63 14.63 15.28 0 1.079 1.105  1.096
20 Hillje, Tex. 741 14.6 0.5 0.2 14.63 14.63 15.20 0 1.079 1.105  1.096
21 Hillje, Tex. 741 14.6 0.5 0.2 14.63 14.63 15.06 0 1.079 1.105 1.096
22 Hillje, Tex. 741 14.6 0.5 0.2 23.77 25.91 27.27 0 1.091 1.126  1.096
23 Danevang, Tex. 741 14.6 0.5 0.4 10.97 14.63 14.93 0 1.078 1.092  1.096
24 Danevang, Tex. 741 14.6 0.5 0.4 9.14 12.19 12.51 0 1.074 1.071 1.090
25 Danevang, Tex. 741 14.6 0.5 0.4 9.14 12.19 14.13 46.84 1.079 1.071 1.090
26 Danevang, Tex. 741 14.6 0.5 0.4 10.97 14.63 10.82 46.84 1.076 1.092  1.096
27 Danevang, Tex. 741 14.6 0.5 0.4 10.97 14.63 15.29 0 1.078 1.092  1.096
28 Danevang, Tex. 741 14.6 0.5 0.4 10.97 14.63 15.21 0 1.078 1.092  1.096
29  Danevang, Tex.l" 741 14.6 0.5 0.4 21.95 18.29 19.47 0 1.082 1.126  1.096
30 Clay Center, KanY 744 14.5 0.23 - 7.32 6.54 6.54 0 1.068 1.061 1.086
31  Clay Center, Kan.! 744 150 025 - 7.32 6.43 6.17 0 1.068 1.061 1.086
32 Clay Center, Kan. 744 14.4 0.3 - 7.32 6.42 6.21 0 1.067 1.061 1.086
33 Severance, Kan. 740 15.0 0.3 0.1 10.87 7.66 7.89 0 1.066 1.092  1.093
34 Severance, Kan. 767 15.0 0.5 0.1 7.47 5.18 5.58 0 1.099 1.102 1.114
35 Severance, Kan. 734 14.5 0.6 0.1 7.35 5.19 5.40 0 1.051 1.045 1.074
36 Severance, Kan. 734 14.5 0.5 0.1 9.14 7.62 6.98 0 1.055 1.064  1.081
37  Central City, Iowa 759 14.0 0.5 0.3 9.14 5.18 5.65 0 1.087 1.095 1.113
38  Waterloo, lowa® 761 14.1 0.2 0.3 14.63 15.61 11.13 0 1.101 1.130  1.120
39 Litchville, N.D. 766 14.5 0.2 NA 10.36 9.92 10.11 0 1.106 1.123 1.124
40 Litchville, N.D. 766 14.5 0.2 NA 7.32 5.50 5.81 0 1.097 1.083 1.113
41 Hazen, N.D. 733 13.1 0.3 NA 14.63 10.0 9.90 0 1.057 1.097  1.085
42 Wakeeney, Kan. 745 13.5 0.5 NA 6.25 31.38 30.32 42.06 1.083 1.061 1.080
43 Wakeeney, Kan ") 746 13.0 0.5 NA 6.25 31.38 29.80 42.06 1.083 1.061 1.081
44 Pocahontas, Ark. 772 15.3 NA NA 9.14 7.36 551 0 1.107 1.110  1.128
45 Pocahontas, Ark. 734 14.3 NA NA 9.14 7.36 7.20 0 1.055 1.064  1.081
46 Pocahontas, Ark. 746 14.8 NA NA 9.14 7.36 6.42 0 1.072 1.079  1.097
47  Brown City, Mich. 749 14.9 NA NA 14.63 21.4 22.30 0 1.100 1.110  1.110
48  Brown City, Mich. 749 14.9 NA NA 21.95 22.25 20.92 0 1.100 1.130  1.110
49  Russellville, Ky. 753 14.5 NA NA 18.23 17.95 17.31 0 1.020 1.050  1.060
50  Russellville, Ky. 753 14.5 NA NA 18.2 17.95 15.86 0 1.100 1.140  1.110
51 Russellville, Ky. 753 14.5 NA NA 27.37 27.74 6.80 0 1.100 1.140  1.110

Unless indicated otherwise, all bins are corrugated steel. TW = test weight measured according FGIS guidelines in lbs bu”', MC = moisture content,

FM = foreign material, and NA = no data were received from grain elevators or farmers.

Spreader was used.
Concrete bins.
Inverted cone.

Central, and South Central regions of the U.S. (Arkansas,
Kansas, Colorado, Minnesota, Michigan, lowa, Kentucky,
Texas, and North Dakota). Other than two concrete bins in
Wakeeney, Kansas (rows 42 and 43), all the bins were con-
structed of corrugated steel. This highlights a recent shift in
the grain industry in which large steel bins are commonly
used rather than concrete bins. All bins were center filled.
The cylinder height is defined as the distance between
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Equivalent level height = grain height of the cylinder plus one-third of hopper bottom height plus one-third of cone height.
WPACKING pack factors from Thompson et al. (1987); RMA pack factors from USDA (2011, 2012); FSA-W pack factors from USDA (2008).

the bottom of the sidewall (where the hopper section be-
gins) and the points on the side wall where the grain sur-
face touches the wall. It is calculated by subtracting the
airspace at the sidewall from the entire eave height. How-
ever, for the two bins (rows 25 and 26) that had hopper
bottoms with an angle of 46.8°, the effective eave heights
for those bins would be eave height plus one-third of the
hopper height, i.e., 16.6 m (54.4 ft) (row 25) and 13.8 m
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(45.3 ft) (row 26). Additionally, two concrete bins (rows 42
and 43) had offset hopper bottoms (angle of 42.0°) instead
of regular hopper bottoms, but the effective eave height
was still eave height plus one-third of hopper height, i.e.,
33.26 m (109.1 ft) for rows 42 and 43. The offset hopper
bottoms were oblique circular cones with one vertical edge
in which the grain discharge orifice was located. Regular
hopper bottoms were right circular cones with the grain
discharge orifice located in the center. Hopper bottom an-
gles of more than 37° are desirable for the free flow of
grain from the bin (MWPS, 1997).

When grain is loaded into a bin, it forms a cone-shaped
pile. The angle of repose is the angle of the cone relative to
the horizontal plane of the piled grain (Mohsenin, 1986).
The cones in some of the bins measured in this study were
not at the natural angle of repose (i.e., they were outside the
range of literature values for angle of repose of corn, e.g.,
16° for filling angle of repose; Stahl, 1950) and had a lesser
angle caused by partial unloading of grain, disturbance of
the top surface by workers, or variations in the filling
method. It was difficult to determine what variables oc-
curred within each bin to influence the grain surface and
alter the natural angle of repose; therefore, we use the term
“cone angle” in this article. The cone angle ranged from
1.9° to 30.2°, with a median value of 20.4°. Smaller angles
obviously represent surfaces affected by unloading, filling
method, or disturbance. After a bin is partially emptied, an
inverted cone may exist at the surface. The single case with
an inverted cone angle is indicated with a footnote in ta-
ble 1. Equivalent level height was defined as total grain
height, which was the sum of equivalent cone height (one-
third of cone height to the peak), cylinder height where
grain is parallel to the bin wall, and equivalent hopper
height (one-third of total hopper height).

RESULTS AND DISCUSSION

The average TW (average of all the TW values from in-
dividual truck loads that went into each bin) ranged from
701 kg m™ (54.5 Ibs bu™) to 772 kg m™ (60.0 Ibs bu™), with
a median TW of 741 kg m™ (57.6 Ibs bu™"). Moisture con-
tents ranged from 13.0% to 17.2% (w.b.), with a median of
14.6% (w.b.). Foreign material (FM) ranged from 0.21% to
1.00%, with a median of 0.50%. These material properties
for corn were within the normal ranges for corn found in
the U.S. Table 1 also provides details about grain character-
istics and pack factors. Normally, if a spreader is used, the
grain pile will be much flatter with no cone angle, and this
was confirmed for the facilities with spreaders. For exam-
ple, the steel bin at Rockwell, Iowa (row 8) used a spreader
to flatten the grain pile inside the bin, and the cone angle is
zero (row 8). Table 1 indicates that bin diameters ranged
from 3.59 (11.8 ft) to 31.87 m (104.5 ft) (median of 9.30 m,
30.5 ft), and eave heights ranged from 4.43 (14.5 ft) to
31.4 m (102.9 ft) (median of 10.0 m, 32.8 ft).

The TW values found in this study (702 to 772 kg m™,
with a median of 741 kg m™; table 1) were within the range
commonly found for shelled corn (No. 2) in the U.S.,
measured using Federal Grain Inspection Service (FGIS)

58(3): 879-890

guidelines and a Winchester bushel cup (USDA, 2013).
Other corn quality parameters (moisture content, FM, and
damage) were determined by FGIS guidelines for corn
(USDA, 2013). Table 1 lists the pack factors for each bin
calculated using three methods: the WPACKING software,
the RMA method, and the FSA-W method. The WPACK-
ING software predicted pack factors based on the bin di-
ameter, grain height, bin wall type, cone angle, moisture,
TW, and bin bottom geometry, while the RMA method
predicted pack factors based on varying bin diameter and
TW, and the FSA-W method predicted pack factors based
on bin diameter, bin shape, and TW. Detailed calculation
procedures for the three methods are discussed by Boac et
al. (2015). These pack factors were used to calculate grain
mass from volume and TW measurements.

MaASS PREDICTED FOR INDIVIDUAL BINS

Figure 1 shows the correlation between reported mass
and the mass predicted by the three methods (WPACKING,
RMA, and FSA-W) for all bins listed in table 1. For the
measured bins, the WPACKING-predicted mass was very
close to the reported mass, with a slope of 0.9998 for the
entire dataset. The slope was 1.0206 for the RMA method
and 0.9977 for the FSA-W method. Slopes closer to 1 indi-
cate that the relationship between average predicted and
reported mass is similar for different bin sizes. Data closer
to the 1:1 line shown in figure 1 indicate that the predic-
tions are closer to the reported values of mass.

Figure 2 shows the differences between predicted and
reported mass for all three methods. The differences for
WPACKING ranged from -4.54% to +4.53%, with a medi-
an value of -0.27% and an average absolute difference of
0.90%. The median value of the differences does not indi-
cate magnitude of differences but instead measures the
overall bias of the method. Average absolute difference is
defined as the average of the absolute values of the differ-
ences between predicted and reported mass, which
measures the average magnitude of the deviations without
the direction of differences that can be seen in the figure 2.
WPACKING underpredicted most bins; however, the two
concrete bins were overpredicted by WPACKING com-
pared to the reported masses. Thus, the wall and material
parameters, such as | and k, may have had an effect on
overprediction or underprediction. Additional concrete bin
data are needed to verify such a trend for corn with
WPACKING.

The differences for the predictions from the RMA meth-
od (fig. 2) ranged from -2.69% to +4.97%, with a median
value of +0.90% and an average absolute difference of
1.61%. This range is similar to the differences for
WPACKING, but the median value for the RMA method
was positive instead of negative and much larger than it
was for WPACKING (+0.90% vs. -0.27%). In addition, the
RMA average absolute difference (1.61%) was almost
twice as large as for WPACKING (0.90%). In figure 2a,
the majority of WPACKING data are close to 0% differ-
ence, with small underpredictions, for bin capacities less
than 1500 t, whereas the differences between RMA-
predicted mass and reported mass are more variable than
those for WPACKING, with a mix of overprediction and
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Figure 1. Reported mass and mass predicted by WPACKING, RMA method, and FSA-W method for individual bins, with 1:1 line.

underprediction. For bin capacities greater than 1,500 t
(fig. 2b), the RMA method often overpredicted the mass for
the same bins that WPACKING underpredicted. The RMA
method predicted more mass than WPACKING predicted
for every bin larger than 1,500 t. The RMA method also
overpredicted the two concrete bins by a greater amount
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than WPACKING overpredicted those bins.

The FSA-W method (fig. 2) overpredicted the mass for
corn bins with less than 3000 t capacity but underpredicted
for the majority of bins with greater than 3000 t capacity.
The differences for the FSA-W method compared to re-
ported mass ranged from -3.33% to +5.67% with a median
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Figure 2. Difference between predicted and reported mass for individual bins using the three methods. All bins were corrugated steel bins ex-
cept for two concrete bins.

value of +1.45% and an average absolute difference of
1.86%. For small bins, this trend differed from the RMA
method, where differences were more evenly distributed on
either side of the zero percent difference line for bins
smaller than 800 t. For large bins, larger than 3000 t, the
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FSA-W method mostly underpredicted, while the RMA
method mostly overpredicted. The FSA-W method predic-
tions were all close to the WPACKING predictions for bins
larger than 6000 t, but the FSA-W method mostly overpre-
dicted bins smaller than 3000 t, while the WPACKING
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predictions were close to the zero difference line for bins
smaller than 3000 t. The FSA-W method overpredicted the
two concrete bins by a greater amount than either the RMA
method or WPACKING. For the largest bins, about 5000 t
and larger, the FSA-W method generally had its smallest
differences from the reported values, with only one of the
five bins in that range showing more than 1% error (2.1%).
Additional data on large bins is needed to confirm this
trend for the FSA-W method.

Comparing the three methods, the WPACKING differ-
ences were generally closer to the zero percent difference
line, especially for bins of less than 1500 t capacity. This is
quantified by the average absolute difference for WPACK-
ING (0.90%), which is approximately half of that for either
the RMA or FSA-W methods (1.61% and 1.86%, respective-
ly). Paired t-tests indicated that the WPACKING average
absolute difference was significantly different from those for
the RMA and FSA-W methods (p < 0.01 in both cases), but
the RMA and FSA-W differences were not significantly dif-
ferent from each other (p > 0.05). Furthermore, the WPACK-
ING median value (-0.27%), indicating the overall bias of
the method, was much closer to the zero difference line than
for either of the other two methods, which were +0.90% and
+1.45%. Mood’s median test, using MINITAB software (v.
17), was run on each pair of medians and showed that the
median values were significantly different (p < 0.05) for
WPACKING vs. the RMA method and the FSA-W method,
but medians were not significantly different for the RMA
method vs. the FSA-W method (p > 0.05). These results in-

dicate that WPACKING predicted the mass for corn much
better than the RMA and FSA-W methods.

The differences between predicted and reported mass
were classified based on equivalent level height to bin diam-
eter (H/D) ratio and are plotted with respect to bin diameter
in figures 3 through 5. As seen above for larger bins,
WPACKING mostly underpredicted mass, especially when
the bin diameter was greater than 15 m (about 50 ft) for all
H/D ratios. The WPACKING and FSA-W predictions
showed greater differences with the 0.69 to 1.0 H/D ratios,
but the RMA predictions had large, random distribution of
differences between predicted and reported mass for all H/D
ratios up to 2.0 (fig. 4). For bin diameters greater than 15 m
(50 ft), the FSA-W method (fig. 5) underpredicted for most
bins with H/D ratios up to 2.0 (two exceptions) and overpre-
dicted for almost all H/D ratios at diameters less than 15 m
(one exception). In figure 3, only 13 of the 51 differences for
WPACKING predictions are greater than 1% in magnitude,
while 29 of 51 for the RMA method (fig. 4) and 33 of 51 for
the FSA-W method (fig. 5) are greater than 1%.

MASS PREDICTED FOR GROUPED BINS

Table 2 lists groups of corn bins that were analyzed to-
gether because only the total mass of grain stored was known
and not mass within individual bins. At these facilities, the
total volume of each bin was measured, the predicted pack-
ing in each bin was calculated, and the total grain inventory
was determined by summing the predicted mass of all the
bins. This was compared to the total mass stored within the
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ratio for the WPACKING model.
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Table 2. Summary of bin geometry and compaction factors for commercial corn bins for grouped reported scale values based on location.

la]

Eave Equivalent

No. of Diameter Height Level Height Average  Average Apparent Pack Factor™™

Bins in Range Range Range ™ MC (unitless)

Group Location Bin Type (m) (m) (m) (kgm®) (% wb) WPACKING RMA FSA-W
1 Russellville, Ky.!!  Corrugated steel 18.2 18.0 52-54 754.0 14.5 1.112 1.110 1.143
4 Versailles, Ky. Corrugated steel ~ 8.2-10.9 6.1-9.4 1.2-4.11 749.4 14.0 1.064 1.100 1.094
2 Versailles, Ky. Corrugated steel ~ 8.2-10.9 7.6-9.4 1.0-7.3 736.1 13.4 1.044 1.077 1.076
2 Versailles, Ky. Corrugated steel ~ 8.2-10.9 7.6-9.4 2.3-7.9 734.2 13.0 1.043 1.076 1.076
1 Russellville, Ky.!  Corrugated steel 273 27.7 15.6-19.1 754.0 14.5 1.126 1.110 1.143
1 Russellville, Ky.!  Corrugated steel 27.3 27.7 11.2-16 757.4 14.1 1.117 1.119 1.153
3 Midland, Mich.  Corrugated steel ~ 4.5-14.6 7.1-14.2 7.8-9.8 741.7 14.7 1.069 1.094 1.102
1 Russellville, Ky.!  Corrugated steel 27.4 27.7 19.1-25.7 754.2 14.5 1.122 1.110 1.143
4 Hodgenville, Ky.  Corrugated steel ~ 7.3-14.6  7.7-12.2 5.5-13.9 762.4 14.0 1.099 1.118 1.122
1 Russellville, Ky.!!  Corrugated steel 27.7 27.7 16-25.7 754.2 14.1 1.123 1.110  1.143
13 Dunkirk, Ind. Concrete 3.4-19.8 2.6-30.2 2.6-30.2 735.3 14.3 1.071 1.084 1.078
3 Brown City, Mich. Corrugated steel ~ 7.3-21.8  14.5-22.3 7.3-21.2 750.3 14.9 1.094 1.102 1.125
4 Hopkinsville, Ky.  Corrugated steel 31.8 24.4-27.6 5.3-27.8 773.5 13.7 1.158 1.168 1.203
3 Hopkinsville, Ky.  Corrugated steel 31.8 24.4-27.7 0.7-23.4 773.5 13.7 1.121 1.122 1.156
4 Hopkinsville, Ky.  Corrugated steel 31.8 24.4-27.6 8.9-27.8 773.5 13.7 1.137 1.134 1.168
3 Hopkinsville, Ky.  Corrugated steel  18.2-31.7  19.5-27.5 5.3-26.7 773.5 13.7 1.119 1.122 1.156
4 Hopkinsville, Ky.  Corrugated steel 31.8 24.4-27.6 0.7-28.6 773.5 13.7 1.137 1.142 1.177
4 Hopkinsville, Ky.  Corrugated steel 32.8 24.4-27.7 5.3-28.6 773.5 13.7 1.146 1.149 1.183
4 Hopkinsville, Ky.  Corrugated steel  18.2-31.7  19.5-27.5 11.14-27.8 773.5 13.7 1.133 1.139 1.173
4 Hopkinsville, Ky.  Corrugated steel 31.8 24.4-27.6 0.7-27.8 773.5 13.7 1.137 1.139 1.173
4 Hopkinsville, Ky.  Corrugated steel  18.2-31.8  19.5-27.6 11.1-28.6 773.5 13.7 1.135 1.137 1.171

Bl TW = test weight, usually measured according to FGIS guidelines in Ibs bu”, and MC = moisture content.
] Apparent pack factor is total predicted mass for a group of bins divided by the total reported mass of that group.
[} Single bin that was measured multiple times (after multiple grain transfers) with one reported mass compared after all measurements.

facility based on scale data provided by the cooperator. Nu-
merous issues limited the ability to determine the corn mass
in individual bins. Many facilities do not track the quantity of
corn going into each bin, but the total quantity of each com-
modity is known for the whole facility. This prevented anal-
ysis of bins individually but still allowed determination of
differences on a facility basis. In addition, some of the data
were collected from a subset of bins at facilities where a
trainload of corn was shipped. The bins were measured prior
to loading the train and after loading the train. This allowed
for prediction error to be calculated based on the before and
after measurements.

Figure 6 summarizes the reported mass and the mass pre-
dicted using the WPACKING, RMA, and FSA-W methods
for the bin groups using facility totals. Deviations from the 1:1
line were often greater for these groups (fig. 6) than for indi-
vidual bins (fig. 1). The median difference between predicted
and reported mass was -2.9%, -0.24%, and -2.2% for the
WPACKING, RMA, and FSA-W methods, respectively. The
average absolute difference for the WPACKING, RMA, and
FSA-W methods was 4.8%, 4.3%, and 4.4%, respectively.

Figure 7 shows the differences between predicted and
reported mass over the range of facilities measured. The
RMA method usually predicted greater mass than the other
two methods, averaging 2.0% higher than the FSA-W
method and 2.8% higher than WPACKING. The values of
predicted mass from WPACKING and the FSA-W method
were nearly the same for larger values of reported mass,
similar to the results for large individual bins. The FSA-W
method predicted more mass than WPACKING for 8 of the
11 cases with less than 10,000 t reported mass at the facili-
ty, which was similar to the trend for individual bins of less
than about 6,000 t (fig. 2). The greater errors observed with
the grouped bins relative to the individual bins was ex-
pected. The largest error in the measurements is in charac-
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terizing the grain surface. For the grouped bins, multiple
surface measurements (measured using the same laser de-
vice technique discussed above) were required, both be-
cause multiple bins entail multiple surfaces and because
each bin in a group was often measured twice, once before
and once after grain was moved. However, for individual
bins, the total mass in the bin was reported for the depth
measured, and only one grain surface measurement was
required to calculate volume for each case.

CONCLUSIONS
Commercial and on-farm bins across the U.S. containing
shelled corn were measured, and grain mass in each bin or
on a facility basis was calculated using three methods: the
WPACKING model, the RMA method, and the FSA-W
method. Calculated mass was compared to scale data for
each bin or on a facility basis. The WPACKING model is
based on the differential form of Janssen’s equation with the
required density-pressure relationships measured in the la-
boratory, while the other two methods used purely empirical
relationships to obtain pack factors. Most of the bins were
constructed of corrugated steel, while only a few were con-
crete. The major conclusions of this study are the following:
e The average absolute difference between predicted
mass and reported mass of individual bins was the
lowest at 0.90% (-4.54% maximum underprediction,
+4.53% maximum overprediction) for WPACKING,
higher at 1.61% (-2.69% maximum underprediction,
+4.97% maximum overprediction) for the RMA
method, and highest at 1.86% (-3.33% maximum un-
derprediction, +5.67% maximum overprediction) for
the FSA-W method.
e WPACKING exhibited much fewer predictions (13
of 51) with more than 1% difference from the report-
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ed mass than both the RMA method (29 of 51) and
FSA-W method (33 of 51).

e WPACKING mostly underpredicted mass, with the
exceptions being for smaller bins (less than 10 m di-
ameter and less than 800 t reported mass, except one
case at 2750 t), irrespective of H/D ratios up to 2.0.

e The RMA method overpredicted almost all bins (87%
of the bins) larger than 800 t reported mass and had
mostly random differences (50% of the bins above and
below zero difference line) for bins smaller than 800 t.

e The FSA-W method overpredicted all bins with less
than 1500 t reported mass, mostly underpredicted the
mass in larger bins (larger than 1500 t), and exhibited
mostly small differences from reported mass with the
largest measured bins (5000 t and larger).

e With grouped bins, the average absolute errors of the
WPACKING, RMA, and FSA-W methods were
4.8%, 4.3%, and 4.4%, respectively.

These results compare the currently used methods for
pack factor prediction in the U.S., showing their characteris-
tics and limitations and indicating that the WPACKING
model predicted more accurate pack factors for corn than the
other two methods. In addition, WPACKING is amenable to
updating with additional laboratory data and fine tuning of p
and k input values (eq. 2) based on these results, which could
further improve the predictions by the WPACKING model.
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