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re the shear strength and flow properties of chopped switchgrass, wheat straw,
and corn stover was designed, fabricated, and tested. Yield loci (r2=0.99) determined at preconsolidation
pressures of 3.80 kPa and 5.02 kPa indicated that chopped biomass followed Mohr–Coulomb failure. Normal
stress significantly affected the displacement required for shear failure, as well as the friction coefficient
values for all three chopped biomass types. Displacement at shear failure ranged from 30 to 80 mm, and
depended on preconsolidation pressure, normal stress, and particle size. Friction coefficient was inversely
related to normal stress, and was highest for chopped corn stover. Also, chopped corn stover exhibited the
highest angle of internal friction, unconfined yield strength, major consolidation strength, and cohesive
strength, all of which indicated increased challenges in handling chopped corn stover. The measured angle of
internal friction and cohesive strength indicated that chopped biomass cannot be handled by gravity alone.
The measured angle of internal friction and cohesive strength were 43° and 0.75 kPa for chopped
switchgrass; 44° and 0.49 kPa for chopped wheat straw; and 48° and 0.82 kPa for chopped corn stover.
Unconfined yield strength and major consolidation strength used for characterization of bulk flow materials
and design of hopper dimensions were 3.4 and 10.4 kPa for chopped switchgrass; 2.3 and 9.6 kPa for chopped
wheat straw and 4.2 and 11.8 kPa for chopped corn stover. These results are useful for the development of
efficient handling, storage, and transportation systems for biomass in biorefineries.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction
Biomass is potentially a renewable and sustainable source of
energy in which lignocellulosic materials are converted to useful
energy forms either by thermochemical or biochemical methods [1,2].
Engineering challenges foreseen in supplying biomass for these
conversions in a biorefinery include harvesting, handling, storage,
transportation, and processing [3–6]. At present, few biomass physical
properties data are available for designing efficient handling, storage,
transportation, and processing systems. Especially, there is a dearth of
information on the flow properties of biomass, which is critical.

Direct shear testing is extensively used by soil engineers and food
engineers for characterizing the shear strength of bulk flow materials
[7], which is a measure of flowability. Direct shear testing involves
preconsolidating the samples to a predetermined normal stress and
subsequent shearing of the samples [8]. This results in understanding
the effect of sample conditions on its shear strength properties.

Angle of internal friction measured by direct shear technique is an
important factor in bulk storage structure design [9], since it affects
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the lateral pressure acting on storage bin walls. The lateral pressure in
the shallow bins is determined using Rankine's equation (Eq. (1)) and
in the deep bins determined using Jansen's equation (Eq. (2)) [10].

P =
1
2
wh2

cos/

1 +
ffiffiffi
2

p
sin/

� �2

2
64

3
75 ð1Þ

P = wh
1− sin/
1 + sin/

� �
ð2Þ

where

P lateral pressure (kPa)
w bulk density of the material (kg/m3)
h height of fill (m)
ϕ angle of internal friction.

Jenike developed a numerical methodology to determine mini-
mum hopper angle, opening size, and characterize the bulk flow of
particulate materials using direct shear techniques [11]. Jenike used
the modified Mohr–Coulomb theory to determine the flow properties
of bulk flowmaterials [12]. According to this theory, bulk solids exhibit
a limiting function known as the yield locus, and stress conditions
below this yield locus will not result in failure or plastic flow. In
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Fig. 1. Direct shear cell with attachment to connect to Universal Testing Machine (UTM).
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Jenike's method, a direct shear cell is used to determine the maximum
shear stress required to shear the samples at different normal stresses
below a particular preconsolidation pressure [7]. Based on the normal
and shear stress data, the yield locus at that particular preconsolida-
tion pressure is determined. Consolidation stress causing zero shear
strength, and consolidation stress causing maximum shear strength
below the yield locus are measured as unconfined yield strength (σc)
and major consolidation strength (σ1), respectively, using Mohr's
circles. Preconsolidation at different pressures results in different
yield loci to determine different unconfined yield strengths and major
consolidation strengths which may be used to characterize flow
properties and design of bulk handling hoppers [13]. Slope of the
linear relationship between unconfined yield strength and major
consolidating strength is defined as flow function. Flow index is the
inverse of the flow function, and it is used to characterize the bulk flow
material as hardened, very cohesive, cohesive, easy to flow, or free-
flowing [14].

Jenike's shear cell is extensively used to determine shear strength of
bulk flow materials like food powders. Flow properties of milk powders
withdifferent fat content [15], confectionary sugar anddetergent [16],fine
lactose powder [17], wheat flour and sugar [18], and distillers dried grains
with solubles [19] were studied by direct shear technique using
commercially available Jenike's shear cells. Commercially-available Jeni-
Fig. 2. Direct shear cellfilledwith chopped biomasswith preconsolidation load. Experiments
were conducted by applying uniformly distributed load on the biomass using a 9 mm thick
acrylic sheet over the biomass.
ke's shear cells have an internal diameter of only 95.25 mm [15–20].
Chopped biomass contains particles as long as 250 mm, so Jenike's shear
cell should not be used formeasuring the shear strength of suchmaterials.
Molenda and Horabik [21] used a direct shear cell having an internal
diameter of 210 mm and bedding height of 80 mm for determination of
shear strength of cereal grains. However, little published works has been
carried out on shear strength determination of chopped biomasswith the
direct shear technique.

The objectives of this research were as follows: 1. develop a shear
cell for chopped biomass per guidelines of ASTM standards for shear
testing for bulk solids and soils, and 2. examine the effect of particle
size on friction and flow properties of chopped switchgrass, wheat
straw, and corn stover.

2. Experimental

2.1. Fabrication of shear cell

A direct shear cell was fabricated per guidelines in the ASTM
D3080-98 [20] (Fig. 1). The shear cell was fabricated from 9 mm
acrylic sheet. The direct shear cell consisted of an upper shear box,
lower shear box, and a shear box holder. The lower shear box had
internal dimensions of 305×305×150 mm high. The upper shear box
Fig. 3. Yield locus andMohr's circles for zero shear stress andmaximum shear stress at a
preconsolidation pressure of 3.82 kPa for switchgrass samples having a geometric
particle length of 7.80 mm.



Fig. 4. Typical force–displacement curve for chopped biomass in direct shear testing.
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was hollow and had internal dimensions of 305×305×150 mm high.
The shear box holder had two sides parallel to the direction of shear
and acted as guide for the upper shear box to move in line with the
direction of shearing. A stand with necessary fixtures to connect the
shear cell to a Universal Testing Machine (UTM) was fabricated using
mild steel. The upper shear box was connected to the load cell of the
UTM using a pulley and cable arrangement.

2.2. Tested material

Switchgrass, wheat straw, and corn stover were chopped in a knife
mill (H.C. Davis Sons Mfg. Co., Inc., Bonner Springs, KS) using two
different classifying screens. Particle size of the chopped biomass was
determined using ASAE S424.1 [22]. The mass fractions retained on
the screens having diagonal opening dimensions of 1.65, 5.61, 8.98,
18.0, 26.9 mm, and pan were used to determine the geometric mean
length. Moisture content of the chopped materials was determined by
ASAE S358.2 [23] that used a gravimetric method and drying the
chopped biomass at 103 °C for 24 h.

2.3. Testing procedure

The upper and lower shear boxes were placed in position, and filled
with chopped biomass to the top of the upper shear box. An acrylic
plate of 302×302×9 mm thick was placed on the biomass. Different
Table 1
Displacement of upper shear box at maximum shear force and shear stress.

Biomass Geometric
mean
length
(mm)

Consolidation
pressure
(kPa)

Displacement at maximum shear force at d
stresses (mm)

1.33 kPa 2.57 kPa 3.80 kPa

Switchgrass 7.81 3.80 49.7a (4.8) 48.1a (2.9) 45.0a (5
5.02 44.2a (8.4) 42.0a (4.8) 48.1a (0

13.50 3.80 35.9a (7.7) 44.0a (7.6) 48.7a (6
5.02 45.6a (10.7) 48.1a (11.6) 43.7a (4

Wheat straw 7.09 3.80 36.2de (6.8) 45.1b–d (6.0) 52.7ab (0
5.02 30.5e (4.6) 39.3c–e (8.3) 44.2b–d (1

10.39 3.80 38.7c–e (4.9) 49.2a–c (8.3) 48.5a–c (2
5.02 35.7de (6.5) 43.7b–d (12.3) 47.9a–c (8

Corn stover 7.80 3.80 36.6e (4.7) 42.1de (0.6) 45.1cd (1
5.02 37.3e (10.3) 43.7de (3.1) 53.9a (8

14.89 3.80 42.1de (1.5) 43.2a–c (2.2) 51.4a–c (0
5.02 41.4de (4.6) 45.9b–d (3.2) 53.1ab (5

Mean values of three replications suffixed with different letters for a particular chopped b
standard deviation.
preconsolidation conditions were created in the chopped biomass to
simulate the consolidation conditions occurring in the storage
structures due to differences in the volume of biomass while handling.
This was achieved by applying preconsolidation loads varying from
111 to 444 N on the acrylic sheet (Fig. 2).The normal load conditions
were selected to simulate various load conditions occurring in
chopped biomass at the bottom of storage structures of approximately
30 m high. Biomass was allowed to consolidate for 10 min. The
preconsolidation load was then removed, and the box was filled again
with biomass up to the top edge. The preconsolidation load was
reloaded, and the biomass was allowed to consolidate for another
10 min. This procedure was repeated a third time, and shearing tests
were conducted with the prepared sample.

The preconsolidation load was removed and a normal load less
than the preconsolidation load was applied on the biomass. Direct
shear tests were carried out using the UTM fitted with a load cell of
1000 N capacity (Alliance RT/30, MTS System Corporation, Eden
Prairie, MN, USA). Testing software “Testworks 4.05” of MTS System
Corporation operated the UTM and data acquisition. Sample shear rate
was 9 mm/min. Data were collected at 10 Hz frequency over a shear
distance of 100 mm. Force displacement data downloaded from the
computer was used to determine various parameters. Maximum shear
force was directly recorded from the universal testing machine. Shear
stress was measured as a ratio of maximum shear force to the contact
area between the biomass in the lower and upper shear box. The
ifferent normal Displacement at maximum shear stress at different normal
stresses (mm)

5.02 kPa 1.33 kPa 2.57 kPa 3.80 kPa 5.02 kPa

.5) – 63.2a–d (11.9) 61.3b–d (7.8) 67.6a–d (13.8) –

.1) 50.6a (4.3) 64.9a–d (8.0) 60.6b–d (11.5) 72.9a–c (13.0) 74.4ab (3.7)

.2) – 54.3d (8.8) 67.7a–d (7.2) 76.4ab (5.7) –

.4) 50.6a (8.8) 56.5cd (11.1) 67.0a–d (4.3) 78.4a (11.7) 76.6ab (13.4)

.7) – 56.7b–d (2.2) 62.7a–d (8.4) 73.4a (6.7) –

.9) 50.0ab (4.1) 48.1d (14.1) 53.4cd (4.1) 68.8ab (10.5) 61.3a–d (4.3)
.6) – 51.9cd (4.9) 68.7ab (8.8) 71.0ab (12.6) –

.3) 56.6a (4.0) 52.2cd (3.5) 66.3a–c (13.0) 74.0a (11.2) 70.3ab (7.5)
.6) – 49.2c (7.2) 58.2bc (6.5) 63.8a–c (3.2) –

.4) 53.5a (0.8) 41.6d (13.1) 55.8bc (1.7) 67.8ab (9.2) 67.5ab (10.4)

.8) – 65.3ab (9.4) 61.4a–c (10.7) 62.9a–c (1.6) –

.8) 58.1a (2.6) 65.7ab (11.4) 56.9bc (1.9) 65.6ab (5.8) 75.4a (7.4)

iomass were significantly different at pb0.05. The values within the parenthesis are



Table 2
Treatment and interaction effects (p values) of the levels of particle size, preconsolidaton
pressure, and normal stress on friction coefficient and displacement atmaximumshear for
chopped switchgrass.

Displacement Friction coefficient

Maximum
force (N)

Maximum shear
stress (kPa)

Force
ratio (–)

Stress
ratio (–)

Preconsolidation pressure (PP) 0.53 0.23 b0.01 b0.01
Normal stress (NN) 0.35 b0.01 b0.01 b0.01
Particle size (PS) 0.46 0.59 0.01 0.13
PP⁎NN 0.82 0.87 0.22 0.43
PP⁎PS 0.21 0.92 0.34 0.28
NN⁎PS 0.60 0.22 0.40 0.70
PP⁎NN⁎PS 0.11 0.97 0.20 0.36
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contact areawas calculated based on the displacement recorded at the
location of maximum shear force.

The friction coefficient at different normal stresses was calculated
two ways. Actual contact area decreased as the test progressed due to
the movement of upper shear box over the lower box. Friction
coefficient μf (N/N) was determined as a ratio of maximum shear
force recorded to the normal force applied on the biomass. Friction
coefficient μs (N mm−2/N mm−2) was measured as a ratio of
maximum shear stress recorded to normal stress applied on the
biomass.

Cohesive intercept stress and angle of internal friction were
calculated using the Mohr–Coulomb Eq. (3), by linear regression

τ = c + σ tan /ð Þ ð3Þ

Where

τ shear stress (kPa)
c Cohesion (kPa),
σ Normal stress (kPa)
ϕ Angle of internal friction (°)

The unconfined yield strength (σc), major consolidation strength
(σ1), effective angle of internal friction, and tensile strength were
determined graphically using AutoCAD as explained by Jenike and
Carson [24]. A typical graph for determination of these parameters is
shown in Fig. 3.

2.4. Experimental design and statistical analysis

Experimentswere conductedwith two particle sizes and two levels
of preconsolidation pressure for three different types of chopped
biomass. Two chopped switchgrass samples had geometric mean
length of 7.81 and 13.50 mm; two chopped wheat straw samples had
geometric mean length of 7.09 and 10.39 mm; and two chopped corn
stover samples had geometric mean length of 7.80 and 14.89 mm.
Table 3
Treatment and interaction effects (p values) of the levels of particle size, preconsolidaton
pressure, and normal stress on friction coefficient and displacement atmaximumshear for
chopped wheat straw.

Displacement Friction coefficient

Maximum
force (N)

Maximum shear
stress (kPa)

Force
ratio (–)

Stress
ratio (–)

Preconsolidation pressure (PP) 0.44 0.41 b0.01 b0.01
Normal stress (NN) b0.01 b0.01 b0.01 b0.01
Particle size (PS) 0.12 0.13 0.05 0.08
PP⁎NN 0.97 0.77 0.38 0.30
PP⁎PS 0.30 0.14 0.01 0.18
NN⁎PS 0.78 0.55 0.55 0.46
PP⁎NN⁎PS 0.76 0.99 0.02 0.18
Experiments were conducted at normal stresses of 1.33 kPa, 2.57 kPa,
3.80 kPa and 5.02 kPawhen the samplewas subjected to preconsolida-
tion pressure of 5.02 kPa and normal stresses of 1.33 kPa, 2.57 kPa, and
3.80 kPawhen the sample was subjected to preconsolidation pressure
of 3.80 kPa. Three replicated measurements were made for each
loading condition. The chopped biomasses used in our experiments
were very dry, and the moisture contents of chopped switchgrass,
wheat straw, and corn stover were 6.7±0.6, 7.1±1.0, and 7.7±0.8%
(wet basis), respectively.

Statistical analysis was carried out using SAS 9.1. [25]. Treatment
and interaction effects of particle size, preconsolidation pressure, and
normal stress on friction coefficients and displacement distances were
carried out using three-factor ANOVA [26]. Statistical analysis was
carried out for the three chopped biomasses separately. PROC GLM
procedure was used for determining the statistical significance of the
three factors at a 5% significance level. Means were estimated for the
3-way interaction and compared using LSD.

3. Results and discussion

In preliminary investigations, trials were conducted to obtain a
uniformly consolidated sample in the shear cell. In direct shear
testing, the method of filling the sample in the shear box introduces
anisotrophy (non-isotropic stress) in the material and that affects
yield locus. Anisotrophy introduced in the filled sample needed to be
minimized for reliable data [21]. In our experiments, biomass was
introduced in layers of approximately 10 mm thickness, and the
preconsolidation load was applied on the biomass after filling the
biomass to the top of the shear box. On application of preconsolidation
load, the volume of chopped biomass was reduced by approximately
40 to 90% in the entire assembled upper and lower shear boxes. In
order to maintain a sufficient height of the sample above the failure
plane, a number of refillings were required. The visible reduction of
volume in the shear cell for some time prevented the instantaneous
shearing of the samples after filling. In the preliminary experiments,
tests were conducted with varied preconsolidation times from 0 to
10 min. It was observed that a waiting time of 10 min between
refillings has resulted in minimum variability in the measured shear
strength between replications. This might be due to the reduction in
the anisotrophy of the material during consolidation. It was very
difficult to maintain a particular height of material above the shear
plane due to the differences in compressibility of the chopped
biomass. Hence, the procedure of the three refillings at 10-minute
intervals was followed for all the samples for comparison purpose.

A typical stress–displacement curve from shear testing is shown in
Fig. 4. Force required to shear the samples increased continuously,
reached a peak value, and then decreased. Peak shear forcewas reached
at a displacement of 30 to 60 mm for all chopped biomass tested in our
experiments (Table 1). Shear stress was calculated based on the actual
biomass contact area, which decreased as the test progressed. This
calculated shear stress increased continuously, reached a maximum
Table 4
Treatment and interaction effects (p values) of the levels of particle size, preconsolidaton
pressure, and normal stress on friction coefficient anddisplacement atmaximumshear for
chopped corn stover.

Displacement Friction coefficient

Maximum
force (N)

Maximum shear
stress (kPa)

Force
ratio (–)

Stress
ratio (–)

Preconsolidation pressure (PP) 0.02 0.83 0.19 b0.01
Normal stress (NN) b0.01 b0.01 b0.01 b0.01
Particle size (PS) b0.01 0.01 0.94 0.34
PP⁎NN 0.15 0.31 0.93 0.09
PP⁎PS 0.12 0.49 0.02 0.02
NN⁎PS 0.78 0.01 0.81 0.75
PP⁎NN⁎PS 0.68 0.35 0.21 0.27



Table 5
Friction coefficients of chopped switchgrass, wheat straw and corn stover.

Biomass Geometric
mean
length
(mm)

Consolidation
pressure
(kPa)

Coefficient of friction as a ratio of normal and shear forces (μf) at
different normal stresses

Coefficient of friction as a ratio of normal and shear stresses
(μs) at different normal stresses

1.33 kPa 2.57 kPa 3.80 kPa 5.02 kPa 1.33 kPa 2.57 kPa 3.80 kPa 5.02 kPa

Switchgrass 7.81 3.80 1.35a (0.09) 1.08bc (0.11) 0.95de (0.07) – 1.65a (0.09) 1.32bc (0.13) 1.18c–e (0.07) –

5.02 1.15a (0.12) 0.98cd (0.02) 0.89de (0.02) 0.86ef (0.01) 1.45b (0.19) 1.20cd (0.04) 1.11d–f (0.04) 1.11d–f (0.02)
13.50 3.80 1.33a (0.07) 0.97c–e (0.04) 0.98cd (0.06) – 1.63a (0.08) 1.22cd (0.04) 1.26cd (0.07) –

5.02 1.16b (0.15) 0.90de (0.09) 0.77f (0.12) 0.75f (0.14) 1.43b (0.13) 1.14e–f (0.14) 1.01ef (0.12) 0.99f (0.13)
Wheat straw 7.09 3.80 1.006b (0.18) 0.94bc (0.04) 0.92b–d (0.06) – 1.29b (0.02) 1.19b–d (0.02) 1.14c–e (0.06) –

5.02 1.18a (0.12) 0.92b–d (0.03) 0.84c–e (0.03) 0.80de (0.05) 1.43a (0.14) 1.13c–e (0.02) 1.09de (0.02) 1.02e (0.03)
10.39 3.80 1.13a (0.12) 0.95bc (0.07) 0.84c–e (0.03) – 1.32ab (0.13) 1.19b–d (0.11) 1.09de (0.07) –

5.02 0.95b (0.09) 0.87c–e (0.13) 0.76e (0.07) 0.76e (0.04) 1.23bc (0.09) 1.12c–e (0.12) 1.01e (0.06) 1.01e (0.04)
Corn stover 7.80 3.80 1.47b (0.04) 1.15c–e (0.04) 1.07e–g (0.02) – 1.72b (0.05) 1.38c–e (0.04) 1.33ef (0.03) –

5.02 1.59a (0.10) 1.23c (0.05) 1.13d–f (0.02) 1.06fg (0.08) 1.73b (0.07) 1.43cd (0.05) 1.36c–f (0.02) 1.32ef (0.08)
14.89 3.80 1.54ab (0.08) 1.20cd (0.06) 1.09e–g (0.03) – 1.86a (0.06) 1.46c (0.08) 1.34d–f (0.05) –

5.02 1.489b (0.03) 1.231c (0.13) 1.120d–f (0.05) 1.03g (0.08) 1.69b (0.03) 1.44cd (0.12) 1.35d–f (0.05) 1.27f (0.07)

Meanvalues of three replications suffixedwith different letters for a particular choppedbiomasswere significantly different atpb0.05. Values inside theparenthesis are standarddeviation.
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value, and remained constant afterwards. According to ASTM standard
D3080, to getbest results theprepared specimendimension shouldbe at
least 10 times the maximum particle dimension of the sample. For
choppedbiomasshavingvery lowaspect ratio, it is very difficult to arrive
at the shear box dimensions. In reported cases of shear tests containing
significant amounts of interlocking components, the shear stress
increased to a peak value and reduced to a value equivalent to
interlocking component and remained constant [8]. The recorded
force and stress values with respect to displacement indicated that a
shearboxhaving a side dimensionof 305mmmaybe sufficient to obtain
reliable data in direct shear testing of chopped biomass.

3.1. Displacement at failure

The Mohr–Coulomb critical state of friction theory is applicable for
plastic materials such as soil and food powders where shearing occurs
immediately after application of shear force without much compres-
sion [10]. The peak shear stress is reached within 6 mm displacement
of the upper shear box in standard shear testing of particulate solids
like food powders using Jenike's shear cell [27]. However, chopped
Fig. 5. Yield loci for chopped switchgrass with two geometric mean lengt
biomass is highly compressible. On application of shearing force, the
chopped biomass particles compressed initially, and later started to
shear. The displacement recorded for reaching maximum shear force
and maximum shear stress is given in Table 1. The maximum shear
force was recorded at displacement of 46±4 mm for chopped
switchgrass, 44±7 mm for chopped wheat straw, and 46±7 mm for
chopped corn stover. The maximum shear stress was observed at a
displacement of 67±8 mm for chopped switchgrass, 63±9 mm for
chopped wheat straw, and 61±9 mm for chopped corn stover
(Table 1). Higher displacement for shear failure indicated that
biomass will pose more difficulties in development of efficient bulk
handling mechanisms and structures in biorefineries.

Analysis of variance indicated that the particle size and preconso-
lidation pressure had no significant effect on the displacement at shear
failure for chopped wheat straw and switchgrass. However, changing
the normal stress did have a significant effect on the minimum
displacement required for shear failure of chopped switchgrass and
chopped wheat straw (Tables 2 and 3). In the case of chopped corn
stover, both changing the normal stress as well as the particle size had
significant effect on the displacement at shear failure (Table 4). None of
hs and two preconsolidation pressures. Error bars represents ±1 SD.



Fig. 6. Yield loci for chopped wheat straw with two geometric mean lengths and two preconsolidation pressures. Error bars represents ±1 SD.
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the interaction effects were significant except for interaction effect of
particle size and normal stress for chopped corn stover.

3.2. Friction coefficient

The friction coefficient was highest for chopped corn stover,
followed by chopped switchgrass and chopped wheat straw. The
friction coefficient measured as a ratio of stresses was always higher
than the friction coefficient measured as a ratio of forces. This was
expected, because, the contact area between the upper and lower
shear boxes was continuously reducing and resulting in higher shear
stress. Friction coefficient measured as a ratio of maximum shear force
to the normal forcewas 1.0±0.19 for chopped switchgrass, 0.92±0.12
for chopped wheat straw, and 1.24±0.19 for chopped corn stover.
Friction coefficient measured as a ratio of maximum shear stress to
normal stress was 1.26±0.21 for chopped switchgrass, 1.16±0.12
Fig. 7. Yield loci for chopped corn stover with two geometric mean lengt
for chopped wheat straw and 1.48±0.19 for chopped corn stover
(Table 5). The high friction coefficient observed in chopped corn stover
might be due to the presence of bothfibrous particles from the rind and
other irregular shaped particles from the pith. The friction coefficient
increased for reduced normal stress for all three chopped biomass
types. The same trend was observed by Richter [28] for chopped grass
and corn silage.

Changing the normal stress had a significant effect on the friction
coefficient measured as a ratio of shear and normal forces as well as a
ratio of shear and normal stresses for all three chopped biomass
(Tables 2–4). Friction coefficients measured at different preconsolida-
tion pressures were significantly different for chopped switchgrass
and wheat straw. However, the friction coefficient measured as a ratio
of shear and normal forces was not significantly different for chopped
corn stover at different preconsolidation pressures (Table 4). Particle
size had no significant effect on the friction coefficient of chopped
hs and two preconsolidation pressures. Error bars represents ±1 SD.



Table 6
Flow properties of chopped switchgrass, wheat straw and corn stover.

Biomass Preconsolidation
pressure (kPa)

Geometric mean
length (mm)

Flow properties of biomass

Angle of internal
friction (°)

Effective angle of
internal friction (°)

Cohesion
(kPa)

Unconfined yield
strength (kPa)

Major consolidation
strength (kPa)

Tensile
strength (kPa)

Switchgrass 3.80 7.81 42.6 54.6 0.985 4.273 9.971 1.076
13.50 46.7 54.6 0.643 3.336 9.332 0.621

5.02 7.81 44.5 49.3 0.577 2.662 11.442 0.588
13.50 39.4 47.2 0.798 3.251 10.923 0.941

Wheat straw 3.80 7.09 46.7 50.7 0.313 1.640 8.307 0.296
10.39 43.8 49.9 0.525 2.380 8.595 0.563

5.02 7.09 41.6 48.1 0.698 3.114 10.776 0.792
10.39 42.6 46.6 0.435 1.877 10.647 0.467

Corn stover 3.80 7.80 48.2 56.7 0.760 3.812 10.875 0.679
14.89 46.7 59.3 1.045 5.199 11.247 0.976

5.02 7.80 49.5 55.8 0.716 3.734 12.625 0.566
14.89 48.5 55.3 0.771 4.222 12.616 0.686
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corn stover, whereas, the particle size had significant effect on the
measured friction coefficient of chopped wheat straw and corn stover.
Most of the interaction effects of the three factors on friction
coefficients were not significantly different.

3.3. Experimental yield loci

The experimental yield loci obtained for chopped switchgrass,
wheat straw, and corn stover are shown in the Figs. 5–7 respectively.
The r2 value of the yield loci (straight line relationship between
normal and shear stresses) was found to be more than 0.99 for all
three chopped biomass particles. The high r2 value of the yield loci
indicated that all three chopped materials closely followed the Mohr–
Coulomb critical state of friction theory within the tested range.
Generally as the preconsolidation pressure increased, the yield loci
became a little flatter for chopped switchgrass and wheat straw, but in
the case of corn stover, there was no noticeable change in the yield
loci. The experiments were conducted with preconsolidation pres-
sures of 3.80 and 5.02 kPa. The small difference in the yield loci was
perhaps due to the small differences in the preconsolidation pressures
tested in our experiments. Further experiments at different levels of
preconsolidation pressures within the higher and lower limits of
possible consolidation pressures in the storage and handling units for
chopped biomass in biorefineries will lead to a better understanding
of the yielding limits of chopped biomass. The slope and intercept
value of the yield loci were found to be different for various particle
sizes of the chopped switchgrass and wheat straw (Figs. 5 and 6).
Changing the particle size of the chopped corn stover had no effect on
either the intercept or slope value of the yield loci. These results
indicated that the effect of varying the particle size had the least effect
on the yield limits of chopped corn stover.

3.4. Flow properties

The resulting flow properties for chopped switchgrass, wheat
straw, and corn stover are given in the Table 6. The cohesive strength
of corn stover was found to be the highest, followed by switchgrass,
and wheat straw. The measured cohesive strength was 0.75±0.18,
0.49±0.16, and 0.82±0.15 kPa for chopped switchgrass, wheat straw,
and corn stover respectively. The measured angle of internal friction
was 43.3±3.1°, 43.7±2.2°, and 48.2±1.2° for chopped switchgrass,
wheat straw and corn stover respectively (Table 6). Highest angle of
internal friction for chopped corn stover indicated that chopped corn
stover will cause maximum resistance to flow and pose more
problems in handling and storage related issues. The unconfined
yield strength, major consolidation strength and tensile strength were
found to be minimum for chopped wheat straw followed by chopped
switchgrass and corn stover. Unconfined yield strength and major
consolidation strength are the two most important factors affecting the
arching of bulk materials in hoppers. The unconfined yield strength,
major consolidation strength and tensile strength were, 3.38±0.67,
10.42±0.95, and 0.81±0.24 kPa; 2.25±0.65, 9.58±1.31, and 0.50±
0.21 kPa; 4.22±0.67, 11.84±0.93 and 0.73±0.18 kPa for chopped
switchgrass, wheat straw, and corn stover respectively. The unconfined
yield strength and major consolidation strength were observed to be
highest for chopped corn stover which indicated that arches will be
formed in the hopper more easily while handling chopped corn stover
compared to chopped switchgrass and wheat straw. Fasina [29] used a
rotational split type shear cell to determine the flow properties of
switchgrass having ameanparticle diameter less than 3mmground in a
hammer mill. The measured angle of internal friction was 41.76±0.92°
and themeasured unconfined yield strengthwas approximately 2.0 kPa
at a major consolidation stress of 5.0 kPa. As per literature, bulk flow
materialswith cohesion less than2 kPa and angle of internal friction less
than 30° are amenable for handlingwith gravity alone [30]. The cohesive
strength of all chopped biomass was found to be less than 1 kPa.
However, a very high angle of internal friction makes the chopped
biomass very difficult to handle with gravity alone.

4. Conclusions

A direct shear cell to measure the shear strength and flowability of
chopped biomass was designed, developed and tested with three
different types of chopped materials: switchgrass, wheat straw, and
corn stover. Following conclusions were made based on the
experiments:

1. Yield strength and other flow property results for the chopped
biomass obtained from the direct shear cell were reliable and
repeatable.

2. Shear failure of the prepared samples for different choppedmaterials
occurred at a displacement raged from 30mm to 80mm in the direct
shear cell.

3. Changing the normal stress had significant effect on friction coefficient
of all three choppedbiomass types.However, changing the particle size
had significant effect on the friction coefficient of chopped switchgrass
and wheat straw only.

4. Chopped corn stover exhibited the highest angle of internal
friction, unconfined yield strength, major consolidation strength,
and cohesive strength compared to chopped switchgrass and
wheat straw indicating chopped corn stover will cause more
challenges in handling and storage in biorefineries.

5. The angle of internal friction measured at different consolidating
pressures were more than 30° for all three chopped materials
tested in our experiments indicating chopped biomass cannot be
handled by gravity alone in biorefineries.
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