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Abstract. The present paper focuses on the compression
characteristics of granular wheat stored in silos. The confined
uniaxial compression tests of wheat were performed to investi-
gate the compression behaviour of granular wheat. The effects
of different loading paths and different maximum loading levels
on the compression index and elastic moduli were analysed. The
compression curves for each specimen were obtained from the
test results. It was observed that nearly 80% of the total deforma-
tion occurred in the virgin loading stage. The compression index
and elastic moduli were determined, which indicates that both the
parameter compression index and elastic moduli correlate with
the loading path.

Keywords: wheat, compression test, elastic moduli, com-
pression index

INTRODUCTION

Wheat is one of the major commercial crops in many
countries around the world, it forms approximately 21% of
the world’s food (Ortiz et al., 2008). China is the largest
wheat producer in the world. Due to the huge population of
China, a large portion of the wheat is stored for 3-5 years,
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which is much longer than that in other developed coun-
tries (Li et al., 2011). Therefore, the safe storage of wheat
in silos is of great concern to the Chinese government and
experts.

During storage wheat is subjected to various forces,
such as gravity loading, internal friction and the force due
to contact with the walls of silos (Thompson ef al., 1983;
Moya et al., 2002; Moya et al., 2006; Moya et al., 2013;
Liu et al., 2014; Zhang et al., 2003; Zhang et al., 2014).
The storage conditions of grains are always different
from the theoretically predicted conditions. For example,
the bulk density or void ratio of wheat will change due to
compaction. During every storage period, wheat may be
removed from the silos or added to them. Thus, the wheat
will be compressed and recompressed, which may result
in changes to the silo pressure, grain flow and the grain
mass in storage bins (Madiouli et al., 2012; Ramirez et
al., 2010). The compressive behaviour of the wheat during
storage is a fundamental mechanical property of the cereal
grain, hence, it should be investigated. However, there is
a lack of knowledge concerning the compressive behaviour
of granular wheat, especially the compressive and re-com-
pressive behaviour during long-term storage, which is a part
of China’s grain storage policy.
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At present, many researchers are investigating the
properties of grain focusing on the internal frictional angle
of the grain as well as its bulk density, and the friction
angle between concrete or steel (Fitzpatrick et al., 2004;
Horabik et al., 2002; Ramirez et al., 2009; Ramirez et al.,
2010; Zhao et al., 2013; Horabik et al., 2014; Boac et al.,
2015; Gao et al., 2018), which are also recommended in
many official recommendations for the design of silos.
A knowledge of the compression characteristics of wheat
is important in understanding the mechanical properties of
the wheat. According to a literature search, confined unia-
xial compression tests and oedometer tests were wide-
ly used to determine the compression characteristics of
soils and other granular materials (Thompson et al.,1983;
Sawicki et al.,1998; Molenda et al., 2002; Stasiak, 2003;
Stasiak et al., 2007; Monkul et al., 2006; Ramirez et al.,
2009; Ramirez et al., 2010; Stasiak et al., 2010; Keller et
al.,2011; Turner et al., 2016; Xiao et al., 2017; Yigit, 2018;
Wang et al., 2019).

Moreover, an understanding of the compaction charac-
teristics of materials relies on models, and there are two
types of models to describe the compaction of materials.
The first type may be illustrated by the relationship between
the normal compressive stress (o.) and the void ratio (e) or
specific volume (v =1 + e). The second type is expressed
by normal compressive stress (g,) against strain (g,). For
the first type, the compression index (C,) and precon-
solidation stress (o°,) are the two defining features of the
compression characteristic, which are usually based on
the e-logo. space. While for the second type of stress-
strain model, the elastic constants should be determined.
The geotechnical engineering literature is replete with the
compaction behaviour of different type soils (Akbas et al.,
2009; Jiang et al., 2014; An et al., 2015; Wang et al., 2016;
Wang et al., 2018). In contrast to soils, wheat particles
have properties, which differ significantly from those of the
corresponding soil particles. This variations may result in
differences to their compression behaviour.

Based on the analysis above, in this study, the con-
fined uniaxial compression test was used to investigate the
compression characteristics of winter wheat from Henan
province, where most of the 70% of the wheat products
from China were produced. The compression curves for
each specimen were obtained from the test results, and the
compression index (C,) and elastic moduli (£) were deter-
mined. The effects of different loading paths and different
maximum loading levels on the compression index and
elastic moduli were analysed and discussed in detail.

MATERIALS AND METHODOLOGY

The winter wheat used was uniformly graded and
grown in Henan Province. In this paper, the average parti-
cle sphere was determined by two parameters. The average
major axis (named as a) and minor axis (named as the ave-
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rage of b, and b,) of twenty grains was 6.08 and 3.28 mm,
respectively (Fig. 1). The grade curve of wheat used in
this paper was demonstrated in Fig. 2 by a sieve analysis
method. It was found that the aggregate of wheat particles
is very uniform.

The wet basis moisture content of wheat is 11.5%,
which was obtained by drying it in an oven at tempera-
tures of 105-110°C. The specific gravity for the wheat is
1.31, which was obtained using the pycnometer method
at 22+5°C according to the code of GB/T 5518-2008 in
China. The specific gravity was calculated using Eq. (1):

G.o=M1 — M
B Mz Ve

(D
where: G, is the specific gravity; m, is the weight of the
wheat; m, is the weight of water with the same volume of
the wheat at 22+5°C; V' is the volume of the wheat. In addi-
tion, the bulk density was used to describe the samples in
the test mould. The bulk density of wheat in this paper was
calculated using Eq. (2):

p=2, 2
where p is the bulk density of bulk wheat; m is the weight
of the sample in the compression mould; ¥ is the volume of
the compression mould. In these tests, the bulk densities of
the wheat ranged from 8.27 to 8.74 kN m™, which is usually
stored in silos.

In order to investigate the compressive behaviour of
granular wheat, confined uniaxial compression tests were
carried out in this study. During this test, lateral deforma-
tion of the sample was prevented. The apparatus consisted
of a cylindrical mould, loading systems and measurements.
A cylinder mould was used with 100 mm in diameter and

Fig. 1. Size of wheat grain.
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Fig. 2. Grade curve of wheat grain.
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200 in depth. The vertical load was applied by a lever
with weights. The vertical displacement was measured by
transducers and recorded automatically by a computer-con-
trolled data acquisition system.

The testing method referred to the Trade Standard of
P.R. China SL237 (1999) and also the literature (Molenda
et al., 2006; Sawicki ef al., 1998). With these tests, the load-
ing and unloading stress paths were considered to derive
the compression index as well as the elastic moduli. The
tests are detailed in Table 1.

During testing, the wheat was poured into a cylindrical
mould without vibration or any other tamping and hav-
ing a certain value of specific weight. The test sample was
30 mm in height and 100 mm in diameter. Six sequential
vertical stresses were applied on the top surface of the spec-
imen step by step, including 12.5, 25, 50, 100, 200, 400,
and 600 kPa, respectively. Each stress stage was applied for
at least 120 min until the compressive deformation was less
than 0.005 mm h™' under the loading of the last step and the
displacement (accuracy 0.001 mm) was recorded.

After obtaining a recorded displacement (dk) at the
end of each loading interval, the void ratio (e) of the speci-
men under each compression stress may be calculated
using Eq. (3):

e=€o—{j1+eoj):—h. 3)

where: ¢, is the initial void ratio of the specimen, e is the
void ratio of the specimen under a vertical stress, dh is the
recorded displacement of the specimen under the vertical
stress, and /4, is the initial height of the specimen.
The initial void ratio is given by Eq. (4):
Ps -

e, = oa 1. 4)
where: p; is the particle density with the same value of spe-
cific gravity mentioned in section 2.1, and p, is the initial
dry bulk density of wheat used in this paper.

EXPERIMENTAL RESULTS

The compression curve, which may be used to illustrate
the compression characteristic, was constructed for each
specimen. This curve graphically represents the relation-
ship between the applied stress and the void ratio or vertical
strain of each specimen.

Table 1. Test loading and unloading details
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Fig. 3. Relationship between void ratio and applied stress.

The compression curves were presented for the tested
materials with four different maximum stress levels (Fig. 3).
Each different sample was loaded to a different maximum
stress level and then unloaded to zero. It may be clearly
seen that the void ratio decreased quickly when low stress
levels were applied, and then gradually decreased until it
decreased along a straight line. It may be observed that
the compression curves for the different maximum stress
levels, are nearly the same. The four unloading curves
are nearly parallel to each other, which means that the
maximum stress level has little effect on the loading and
unloading process.

Basic experimental work was also conducted on gran-
ular wheat. The samples of investigated materials were
subjected to a prescribed program of vertical loading and
unloading. The experimental results were interpreted in
terms of the vertical stress and vertical strain measured
during the tests. During loading a curvilinear path OA is
followed. The unloading path may be approximated by two
linear sectors AB and BC (Fig. 4 a), and there is a residual
strain present in the granular wheat. Though the classical
representation of the unloading paths is usually nonlinear,
a bilinear approximation is sufficiently good as proposed
by Sawicki et al. (1998) for practical use. The bilinear
approximation of unloading is the key to the method of
determining the elastic moduli of agricultural granular
materials.

Different maximum loading values of 100, 200, 400,
and 600 kPa, respectively, are considered in the compres-
sive behaviour of four samples (Fig. 4b). It is obvious that

Bulk density Maximum loading

Case No. (kN m™) stress (kPa) Series loading and unloading stress (kPa)

T-1 8.27 100 0, 12.5, 25, 50, 100, 50, 25, 12.5, 0

T-2 8.27 200 0, 12.5, 25, 50, 100, 200, 100, 50, 25, 12.5, 0

T-3 8.27 400 0, 12.5, 25, 50, 100, 200, 400, 200, 100, 50, 25, 12.5, 0

T-4 8.27-8.74 600 0, 12.5, 25, 50, 100, 200, 400, 600, 400, 200, 100, 50, 25, 12.5, 0
T-5-1 to T-5-10 227 600 0, 12.5, 25, 50, 100, 200, 400, 600, 400, 200, 100, 50, 25, 12.5, 0,

respectively and for ten cycles
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Fig. 4. Common loading curve for the wheat: a —T-4 result, b — T-1
to T-4 test result.

stress-strain curves with different maximum vertical stress
levels display a similar trend during loading. The biline-
ar approximation of unloading is certified by each curve,
which means that different slopes of unloading curves
occur and they are independent of the maximum stress lev-
el. In order to illustrate the effect of loading and unloading
on the compression characteristics of wheat, ten cycles of
loading and unloading were conducted for a wheat sample.
It was found that the effect of the loading cycles is very sig-
nificant especially for the virgin loading stage (Fig. 5a). An
important feature is that the virgin loading curve is steeper
because the material is compacted at a rapid rate in this
cycle. Nearly 80% of the total deformation occurred in the
initial loading stage (Fig. 5a, c¢). The subsequent loading
and unloading cycles of the following stages are qualita-
tively similar to each other (Fig. 5a, b).

The stress-strain curves of ten cycles of loading and
unloading processes are also examined (Fig. 6 and Fig. 7).
Subsequent loading and unloading cycles are qualitatively
similar, and different from the initial cycle. An important
feature is that the subsequent loading curves are not so
steep because the material is being forcefully compacted
at the initial stage. A larger residual strain occurs during
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Fig. 5. Relationship between the applied stress and void ratio e:
a—loading for ten cycles, b — unloading for ten cycles, ¢ — loading
and unloading for the first three cycles.

the first loading cycle. When the subsequent loads are
applied, weaker plastic strains occur. An interesting empiri-
cal observation is that the unloading curves corresponding
to subsequent cycles are also similar from a qualitative
point of view.

A common unloading curve is obtained by shifting all of
the unloading curves (Fig. 6) to the origin of the coordinate
system (Fig. 7). The similar characteristics of unloading
in each cycle suggest that the sample behaves elastically
during the unloading, at least during the virgin unloading
stage. It should be noted that the reaction of the material to
applied loads is elastic when permanent (plastic) strains are
not developed. Such a situation appears in the virgin stage
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Fig. 7. Common unloading curve of wheat.

of unloading under uniaxial compression conditions where
the same strain is recovered during each cycle, for the same
unloading conditions in the stress path (at least within the
accuracy of the theoretical approximation of the empirical
data). Subsequent reloading induces both elastic and plastic
(compaction) strains, which leads to hysteresis behaviour
(Fig. 6).

Three curves, which were a fourth-order polynomial
curve used by Arvidsson and Keller (2004) and two sigmoi-
dal curves suggested by Gregory et al. (2006), were usually
used to describe the compression characteristics. In the pre-
sent study, the logistic curve is used to fit the experimental
data, as given by Gregory et al. (2006):

e=a+c{l+explb(logoc —m)]} . (5)

where: a, b, ¢ and m are the adjustable parameters; log is
the logarithm with base 10; and o is the applied compres-
sion stress.

In the compression curve (Fig. 8), which relates the
logarithm (base 10) of applied stress to the void ratio, the
slope of the virgin compression curve is commonly called
the compression index (C.). The parameter C. is usually
used to estimate the general resistance to compression
(Cetin, 2004; Mohammadzadeh et al., 2014). When the
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Fig. 8. Comparison between the measured and predicted values of
a typical compression curve (T4 with bulk density of 8.27 kN m?).

experimental compression curve is fitted or described by
the logistic equation (Eq. (5)), the value of parameter C,
is then readily estimated as follows (Gregory et al., 2006):

(6)

It should be noted that the reaction of the material to
applied loads is elastic when permanent (plastic) strains are
not developed. Such a situation appears in the first stage
of unloading under oedometric conditions, which was
originally proposed by Sawicki et al. (1998). In the present
study, the method based on the concept mentioned above
was used to obtain the modulus constants of granular wheat.
The theoretical equation may be expressed as follows:

be
C.=—.
c 4

. of-df
R M
. 2v2
E-E [1 - 1_V]. (8)

where: v denotes Poisson’s ratio, E* denotes the slope of
the unloading sector AB in the a,, ¢, space, E denotes the
elastic modulus.

DISCUSSION

The logistic equation (Eq. (5)) fitted the experimental
data well. The values of the adjustable parameters for the T4
value tested in the study were as follows: a = 0.241-0.390,
b =1.186-2.185, ¢ = 0.080-0.337, and m = 2.003-3.624. In
the equation, the parameter a value corresponds approxi-
mately to the lower or final void ratio e,,;,, i.e. the asymptote
of Eq. (5) at the limit of the compression stress as o — oo,
while the (a + ¢) value is the upper or initial void ratio (ey)
(Gregory et al., 2006).

The values of the compression index (C,) were derived
from the fitted compression curve using Eq. (6) (Table 2).
For ten cycles of loading tests (case T-5-1 to T-5-10), the
values of the compression index are in the range of 0.034-
0.111. The maximum compression index was 0.111, which
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Table 2. Compression index

Case Bulk density Maximum loading Compression
No. (kN m”) stress (kPa) index C,
T-1 8.27 100 0.197
T-2 8.27 200 0.099
T-3 8.27 400 0.107
T-4 8.27-8.74 600 0.110
T-5-1 8.27 600 0.111
T-5-2 8.27 600 0.099
T-5-3 8.27 600 0.055
T-5-4 8.27 600 0.052
T-5-5 8.27 600 0.051
T-5-6 8.27 600 0.067
T-5-7 8.27 600 0.043
T-5-8 8.27 600 0.053
T-5-9 8.27 600 0.036
T-5-10 8.27 600 0.034
Table 3. Elastic constants
Case BU1.k N{?)Z::i?:lugm Average Poisson  Average
No. (ii?inlt,};) stress (M;a) ratiov  E (MPa)
(kPa)
T-1 8.27 100 28.2 0.20 254
T-2 8.27 200 27.2 0.20 26.3
T-3 8.27 400 394 0.20 355
T4 8.27-8.74 600 49.5 0.20 44.6
T-5 8.27 600 48.2 0.20 434

occurred during the first loading. While in the tenth cycle,
the compression index had the smallest value, which is
0.034. For different maximum loading stress values and
different bulk density values (case T-1 to T-4), the aver-
age value of the compression index ranges from 0.099 to
0.197. No obvious differences can be found, as shown by
the results.

Elastic constants were determined using Eq. (8) with
experimental results at the first stage of unloading, which
may reflect elastic deformation without particle defor-
mation occurring. According to Eq. (8), the compression
modulus £* and Poisson’s ratio are required to calculate
the value of the elastic modulus, these parameters were
evaluated from the experimental results. £* may be de-
rived from the slope of sector AB as described above.
Poisson’s ratio was assumed to be 0.20, which was also
recommended by Sawicki et al. (1998). The modulus of
elasticity of wheat ranged from 25.4 to 44.6 MPa for diffe-
rent compression stresses and bulk densities in the pre-
sent study (Table 3). It was observed, that there were some
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variations between the different tests. This variation was
probably due to the distinctly different maximum stresses.
The values of the modulus of elasticity for wheat reported
by various researchers ranged widely form 0.7 to 70 MPa
(Sawicki and Swidzinski 1998; Molenda et al., 2006;
Stasiak et al., 2007; Moya et al., 2013). The variation in the
results was probably due to the differences in the experi-
ment material itself, the test apparatus, test methods and the
levels of applied pressure.

CONCLUSIONS

The confined uniaxial compression tests were
performed on the granular wheat. The compression charac-
teristics of the granular wheat were investigated based on
the experimental results. A series of loading and unloading
tests were conducted on the granular wheat. The modulus
of elasticity was also estimated based on the stress-strain
curves. The conclusions based on the present study are
summarized as follows:

1. The values of the compression index were deter-
mined. The effect of the maximum loading stress was
analysed. The results indicated that the parameter ranged
from 0.034 to 0.197, with a mean value of 0.08 for the test
wheat.

2. Because the material is rapidly compacted in the ini-
tial cycle, the compaction curve is steeper and nearly 80%
of the total deformation occurred at the initial loading stage.

3. Values of the modulus of elasticity were determined
in uniaxial compression tests. The first stage of unloading
corresponds to the elastic response of the material. Values
of the modulus of elasticity ranged from 25.4 to 44.6 MPa.
The modulus of elasticity of wheat was variable according
to the different maximum stress applied.

Conflict of interest: The Authors do not declare con-
flict of interest.
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