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Determination of fundamental mechanical properties of biomass using the
cubical triaxial tester to model biomass flow

Hojae Yia, Christopher J. Lanningb, James C. Slossonb, Matt J. Wamsleyb, Virendra M. Puria and
James H. Dooleyb

aAgricultural and Biological Engineering Department, Pennsylvania State University, University Park, PA, USA; bForest Concepts, LLC,
Auburn, WA, USA

ABSTRACT
The flowability of biomass is an indicator of how amenable biomass is to handling. The flowability
measurements are often determined with empirical or tertiary experiments. This status quo
impedes employing engineering principles to advance the design and operation of biomass han-
dling systems. It is imperative to establish an experimental protocol minimizing empirical aspects
of flowability characterization to account for the variability of biomass. This study demonstrates
the operational principles of the large chamber cubical triaxial tester and the procedure of triaxial
tests to quantify bulk flow behaviors of two milled biomass feedstocks, namely corn stover 2mm
(CS) and Douglas fir 1mm (DF). The Mohr-Coulomb (MC), Drucker-Prager (DP) and modified Cam-
Clay (mCC) models are calibrated for both biomasses. Analysis indicates that CS will exhibit a cohe-
sive flow with a larger cohesion coefficient of MC (3.8 ± 3.5 kPa) than DF (0.42±0.9 kPa) and a
larger d value of DP (6.9 kPa) than DF (0.0 kPa), respectively. CS exhibits a higher spring-back index
of mCC (0.39±0.05) than DF (0.27±0.05) also suggesting handling issues, which agrees with the
experiences in the industry. This study demonstrates the capability of a CTT in a quantitative inves-
tigation of biomass handling characteristics.
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Introduction

Unreliable handling of biomass is prevalent in plants using
milled biomass. Such inconsistency in handling raises issues
in logistics and reduces the on-stream time of downstream
unit operations. Therefore, avoiding biomass handling
issues is critical in achieving reliable operations of plants
using biomass feedstock in facilities such as integrated bio-
mass refineries.

Milled biomass is a bulk particulate material (bulk solid)
that exhibits unique mechanical responses that differ from
solids, liquids, or gases. The flow behavior of bulk particu-
late material manifests mechanical interactions between
the particulate material and handling equipment [1,2]. The
mechanical properties of milled biomass are much more
complex than most powders and crushed minerals due to
the effects of moisture and temperature on the rheological
behavior of individual particles [3].

Combined effects of material properties and handling
equipment should be considered in the characterization
protocol of the flow behavior of milled biomass. In other
words, the mechanical properties of milled biomass should be
determined with minimal confounding effects of the charac-
terization instrument. The status quo requires empirical
approaches in the design and operation of biomass handling
equipment to overcome confounded characterization data.

For example, with a shear-cell type instrument, biomass
mechanical properties of bulk biomass are determined with
a sample chamber with a rigid wall. The rigidity of the

lateral wall interacts with the test specimen during the
consolidation and shearing. As a result, the determined
bulk mechanical properties include such interaction and
thus confounding the data. The resulting bulk biomass
property will be directly applicable only to the region of a
handling system with a similar die-wall interaction. On the
other hand, applying the measured properties to handling
systems with different die-wall interactions will lead to a
design or an operation parameter that will not ensure the
intended handling behavior.

Further, bulk biomass is prone to a larger deformation
than other types of bulk particulate material. During a
shear test, the imposed lateral shear deformation induces
misalignment of the direction in which the normal consoli-
dation stress of bulk biomass is applied. This misalignment
is often negligible, but it can become too large to ignore
for bulk biomass. These interferences may result in an
inaccurate determination of material strength [4].

The inadequate characterization of biomass flow proper-
ties should be resolved first by investigating the applicabil-
ity and implications of analytical biomass flow models. For
example, ‘yield’ and ‘flow/failure’ of bulk material are not
representing the same mechanical implication. Jenike’s
flow factor [5] uses the unconfined yield stress of bulk
material as a basis of flow condition, which is the yield
strength of a bulk solid at an exposed and traction-free
surface. More formally, this is defined as major principal
stress at which an unconfined bulk material yields in shear.
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Following this conjecture, the determination of the uncon-
fined yield stress of biomass is a critical step in character-
ization protocols. However, because of the mismatch
between the definition of the yield and failure, the deter-
mined value may or may not indicate the conditions indi-
cating biomass flow. Furthermore, because of the effect of
a rigid wall in shear cells, the determined yield stress at
lower consolidation stress may deviate from the accurate
unconfined yield stress. Considering that the consolidation
of biomass by self-weight represents low-pressure consoli-
dation, this is a significant challenge to address in biomass
storage and handling.

Measurement of true properties will lead to more accurate
predictions of biomass behavior in biomass storage and han-
dling by enabling engineering practices based on the first
principle. The first-principle-based engineering becomes pos-
sible when the fundamental bulk biomass properties can be
determined without interferences from the biomass and wall
interactions. Therefore, it is imperative to develop protocols
that can characterize the mechanical properties of biomass
with minimal confounding effects.

In addition, mechanical properties representing the flow
characteristics of milled biomass are defined by the param-
eters of a particular biomass flow model. In turn, the theor-
etical framework of the biomass flow model determines
the calibration procedures of the set of mechanical proper-
ties to be determined. In addition to the accuracy and
repeatability, the validity of an experimental protocol and
the instrument reflecting the correct conceptual and theor-
etical backgrounds play a critical part in the calibration of
a biomass flow model [4,6]. Because the widely used
Jenike’s approach [5,7] is based on the Mohr-Coulomb
model, which is a simpler model of the kind, the biomass
flow characterization using a type of shear-cell prevents
the application of other constitutive models. Furthermore,
the lack of an appropriate characterization instrument lim-
its the possibility of using other constitutive models
because of an inadequate characterization protocol to
determine model parameters.

Overall, the current issue of unreliable biomass handling is
equally contributed by the limitation of the characterization
method and inappropriate analytical biomass flow models.
Observed inconsistent biomass flow suggests that the current
engineering approach underestimates the strength gain of
stored biomass, overestimates shear stress developing during
handling, or combines both incorrect predictions. The interfer-
ence of the characterization instrument with the measured
responses of bulk biomass exacerbates issues in storage and
handling due to the unaccounted variability and environmen-
tal factors. Therefore, there exists an urgent need to charac-
terize the mechanical behavior of biomass free from such
confounding effects of a characterization instrument.

This study aims to address this challenge by demonstrat-
ing the advantage of using a true triaxial tester in character-
izing bulk biomass flow behavior. We developed a cubical
triaxial tester (CTT) with a sample chamber appropriately
large for bulk biomass using flexible pressure application
membranes. The use of a flexible membrane minimizes the
constraints of a rigid wall during tests. In addition, because
of the cubical shape of the test specimen, the application of
stress and measurement of strain is maintained in the princi-
pal directions. This configuration enables an unambiguous

procedure to determine the material parameters of biomass
flow models based on the first principles [6,7]. Utilizing a
CTT makes calibration of governing models for mechanical
behavior of bulk biomass possible, including the Drucker-
Prager model or critical-state theory.

This study demonstrates how the large chamber CTT is
used to characterize compressive and shear responses of
milled biomass samples. The experimental data are used in
determining the parameters of three elasto-plasticity mod-
els, i.e. Mohr-Coulomb, Drucker-Prager and modified Cam-
Clay models. This paper discusses the advantage of using
the large chamber CTT in characterizing bulk biomass flow
responses and determining parameters of bulk biomass
flow models. Investigating multiple governing models of
biomass flow provides valuable insights into the nature of
handling characteristics of biomass.

Methods and materials

Materials

For this study, corn stover and Douglas fir samples are consid-
ered. Corn stover is a crop residue that has been actively
studied as a potential source of alternative biorenewable
material. Corn stover is estimated to constitute more than
three-fourths of primary crop residues profitable to collect
[8,9]. However, the difficulty in handling corn stover is one of
the obstacles in establishing corn stover as profitable and reli-
able biomass. Douglas fir is a common softwood in the
Northwest United States, selected as woody biomass known
to have better handling characteristics than corn stover.

Dry bales of corn stover from Poweshiek County, Iowa,
were procured, debaled by hand, milled and screened with
Forest Concept’s CrumblerVR precision processing equipment
resulting in nominal mean particle size (Xgm) of 2mm. As
received, the baled stover is sufficiently dry, and no subse-
quent drying is needed. Similarly, Douglas fir fuel-grade chips
were procured, then milled, screened and dried with Forest
Concept’s CrumblerVR precision processing equipment, result-
ing in nominal mean particle size (Xgm) of 1mm. Particle size
distributions of milled biomass samples are shown in Figure 1,
which shows distinct particle size distributions between corn
stover 2mm (CS C2mm) and Douglas fir 1mm (DF C1mm)
and little variances within respective sample sets.

The particle density was determined with a Gas pycn-
ometer using dried air as the medium. The particle density
values of corn stover 2mm and Douglas fir 1mm are
1370 ± 160 kg/m3 and 1550 ± 130 kg/m3, respectively (error
represents the standard deviation). The loose bulk density
values of corn stover 2mm and Douglas fir 1mm are
137 ± 3 kg/m3 and 191 ± 3 kg/m3, respectively (ISO Small
container [10], n¼ 4, and error represents the standard
deviation). For the moisture contents of corn stover 2mm
and Douglas fir 1mm are 7.3 ± 0.3% and 10.3 ± 0.5%,
respectively (n¼ 9 for each material).

Cubical triaxial tester

In this study, a set of triaxial tests is conducted to charac-
terize milled biomass flowability using a CTT. A CTT is a
true triaxial tester using a flexible pressure membrane, min-
imizing the confounding interference of bulk mechanical
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behavior of a test specimen [11–15]. Because a CTT uses
flexible membranes for the sample holding and applying
the pressure, a CTT can minimize confounding effects from the
die-wall friction constraints. Using a flexible pressure application
membrane helps a CTT determine truer fundamental mechan-
ical properties of bulk biomass compared to measurements
from other types of triaxial testers or shear testers.

As the name of the apparatus implies, a CTT has a cubical
cavity at the center to install the test specimen. A cubical
test specimen is subjected to three orthogonal pressures
simulating three principal stresses during the tests. The
cubical shape of a test specimen maintains the directions of
stress application and corresponding strain responses in the
principal directions. As a result, a CTT can apply engineering
shear, whose direction coincides with principal directions.

Maintained principal stress application and strain measure-
ment allow a CTT to avoid misalignment between the force-
displacement measurement directions and a theoretical
framework of a constitutive model common in a shear-cell
type instrument [4,16]. In addition, a CTT allows the charac-
terization of compressive yield responses, which is critical in
calibrating Cap-plasticity models. In the long run, using a
CTT will help overcome the limits of conventional elasto-
plasticity biomass flow models by including the consider-
ation of anisotropy in three dimensions.

A CTT scaled for fine particulates was developed at
Penn State and has been successfully used to characterize
fundamental mechanical properties for the last three deca-
des [8,16–21]. The Penn State CTT uses a cubical test speci-
men of edges of 50mm. Although this sample size suffices
for investigating typical particulate materials, milled bio-
mass tends to have particles larger than one-sixth
[12,22–25] of the sample chamber for well-graded material
or one-tenth for other particulate materials [12], which are
the suggested limits of particle size without interferences
of the sample size with the bulk behavior.

To determine a minimal appropriate sample chamber
size, bulk densities of different biomass feedstock samples
are determined with containers of varying sizes (Figure 3).
Bulk density values of biomass feedstock samples were
measured with containers of different volumes. This
observed difference of the bulk density values is contrib-
uted to the container dimension, as shown in Figure 3.

Therefore, a new CTT with a larger sample size (a cube
with an edge of 250mm, Figure 2) was developed by
Forest Concepts LLC and Penn State. The new biomass-
scale CTT can accommodate and characterize commonly
used processed biomass feedstock by any biorefinery facil-
ity with the minimal confounding effect of bulk sample
size. It should be noted that the initial bulk density of CTT
samples differs from the loose bulk density determined
with an ISO small container [10]. When initial bulk density

Figure 1. Particle size distribution of corn stover 2 mm and Douglas fir 1 mm.

Figure 2. Biomass-scale cubical triaxial tester developed by Forest Concepts,
LLC and Pennsylvania State University.
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was determined using the dimension and weight of cubical
samples prepared for triaxial tests, the initial bulk density
values of corn stover 2mm and Douglas fir 1mm CTT sam-
ples are 164 ± 7 kg/m3 and 188 ± 9 kg/m3, respectively
(n¼ 9 for each material and error represents the standard
deviation). The initial bulk density of the CTT sample is
thought to be closer to the bulk density of the bulk bio-
mass in the real world.

The CTT unit used in this study is specifically designed
to address low to medium pressure biomass handling devi-
ces such as gravity hoppers and augurs, i.e. pressure levels
lower than 125 kPa. It also can test dry material at tempera-
tures up to 120 �C and wet materials up to 75 �C to repre-
sent the flowability parameters of materials in the vicinity
of dryers and other feedstock preparation equipment.

Triaxial tests

The advantages and versatility of the CTT lie in its reprodu-
cibility of the test results and ability to perform triaxial
tests employing any proportional stress paths. In this study,
two types of triaxial tests are conducted to determine ana-
lytical biomass flow model parameters: the hydrostatic tri-
axial compression (HTC) test and the conventional triaxial
compression (CTC) test.

Hydrostatic triaxial compression (HTC) test
The purpose of an HTC test is to measure a compressive
response of bulk biomass under isotropic stress conditions,
i.e. hydrostatic pressure. The application of isotropic stress

in the principal directions is achieved by imposing the
same amount of pressure to a cubical test sample is sub-
jected in all three axes directions (Figure 4a). The pure
hydrostatic compression state is maintained by controlling
the pressure increments to be the same in all three direc-
tions. A cubical test sample remains in the hydrostatic con-
dition without shear stress. Thus, the test specimen will not
fail throughout a test procedure. The criterion of ’failure’ is
defined later in the results and discussion section.

If the bulk biomass is perfectly elastic, the isotropic
stress and volumetric strain relationship must exhibit a lin-
ear relationship. However, as a particulate system, bulk bio-
mass is not strictly elastic, and the slope of the
compression response is continuously changing. Therefore,
to measure the bulk modulus of consolidated bulk biomass
at a specific pressure level, unloading and reloading are
added to the stress paths (Figure 4b), representing consoli-
dation conditions of stored biomass, including the self-
weight. In this study, the hydrostatic compression stress is
applied at 82.8 kPa/min to measure the quasi-static
responses of samples. In addition, from the volumetric
recovery under a stress release, the volumetric expansion
can be quantified, which is critical in predicting volume
change during handling.

Conventional triaxial compression (CTC) test
The CTC test measures the shear and failure response of the
test specimen, which are directly related to the flow behavior
of bulk biomass. CTC tests induce incremental deviatoric
(shear) stress in the test specimen consolidated by a pre-

Figure 3. Bulk density values of biomass feedstock samples measured with containers of different volumes. ISO small and ISO large container volumes are
0.0046m3 and 0.0326m3, respectively. Containers (200, 250, 300 and 400mm) are cubes represented by the length of edges, and the volumes of these con-
tainers are 0.008m3, 0.016m3, 0.027m3 and 0.064m3, respectively.
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determined isotropic stress (hydrostatic compression) condi-
tion. In this study, 34.5, 48.3 and 69.0 kPa were applied as the
confining pressure levels reflecting a typical depth of gravity
hopper. After the consolidation, the pressure in one axis, usu-
ally the vertical direction representing the z axis, increases
while horizontal pressures are maintained at the set confining
pressure (Figure 5a). The increment of deviatoric stress is main-
tained until the deviatoric strain exhibits pre-determined failure
criteria. In this study, the hydrostatic consolidation stress and
deviatoric stress are applied compression stress are applied at
82.8 kPa/min to measure the quasi-static responses of samples.

The incremental shear (deviatoric) stress in the vertical
direction induces the corresponding shear deformation of
the test specimen. Because bulk biomass exhibits a non-lin-
ear shear response, it is not feasible to determine shear
modulus (G) from the slope of induced shear stress versus
strain response. Therefore, unloading-loading deviatoric
stress paths (Figure 5b) are added, producing closed shear-
stress versus shear-strain loops. The overall slope of an
unloading-reloading deviatoric stress-strain response repre-
sents two times a shear modulus of bulk biomass consoli-
dated at a given hydrostatic pressure.

Results and discussion

Failure criterion relevant to biomass flow

In this study, a set of HTC and CTC tests are used in deter-
mining parameters of widely used elasto-plasticity models,
namely the Mohr-Coulomb model, Drucker-Prager model
and modified Cam-clay model. It should be noted that the
conventional definition of ‘yield’ and ‘flow’ of elasto-plasti-
city theories is not necessarily consistent with the incipient
bulk biomass flow. While an incipient flow of bulk biomass
indicates an onset of a large deformation followed by a
continuous movement of bulk biomass, a ‘yield’ of elasto-
plastic bulk biomass defines the level of stress or strain
that accompanies irrecoverable deformation. The deform-
ation beyond the yield limit of a material is plastic and
called plastic flow [11,26]. The customary use of ‘plastic

flow’ is not consistent with the intended meaning of the
flow of bulk biomass.

Instead, a failure of the bulk biomass sample, indicated
by a sudden and discontinuous increase in the shear strain,
is a more appropriate indicator of the stress-strain state
representing the incipient state of a continuous movement
of bulk biomass. However, from CTC tests with corn stover
2mm and Douglas fir 1mm, no distinct failure is observed
(Figure 6) with the consolidation of bulk biomass compar-
able to the consolidation by self-weight. Therefore, an axial
strain of 7% was used as the criterion of the incipient flow
of bulk biomass samples following ASTM Standard D7181
[25] and Kamath and Puri [27]. The choice of the axial
strain of 7% is made based on the observations that the
failure of bulk particulate specimen ranges from 5% to 12%
[13,17,18]. It should be noted that the 7% of axial strain
corresponds to the deformation of 1.75mm of a 250mm-
cubical triaxial test specimen.

Rather than a discrete failure, shear hardening is
observed in many cases, especially at a larger deviatoric
strain range (Figure 6). The shear hardening is more dis-
tinct in corn stover 2mm, which indicates that a higher
level of additional shear stress is required to maintain the
consistent increase in shear strain. Shear hardening is an
indicator of handling issues such as jamming or arching of
the gravity flow because such biomass handling equipment
relies on shear stress development by self-weight.

Determined failure shear stresses of corn stover 2mm
and Douglas fir 1mm show increasing trends when the
confining pressure increases (Figure 7). The increase of fail-
ure stress of Douglas fir 1mm exhibits a linear trend,
whereas the increase of failure stress of corn stover 2mm
appears to follow a logarithmic curve. The non-linear
behavior of corn stover 2mm suggests that the mechanical
behavior may not conform to fundamental assumptions of
the Mohr-Coulomb or Drucker-Prager model.

Biomass flow model: Mohr-Coulomb model

Mohr-Coulomb model is the basis of widely used Jenike’s
approach in predicting a hopper flow [5,28,29]. The Mohr-

Figure 4. Hydrostatic triaxial compression (HTC) test (a) depicts the schematic of isotropic stress condition where r1, r2 and r3 represent stress in x, y and z
directions, respectively, and Dr1, Dr2 and Dr3 represent stress increment in x, y and z directions, respectively. (b) The HTC stress paths with three unloading-
reloading isotropic stress paths ending with the final unloading. Volumetric strain response to an unloading-reloading isotropic stress path allows the deter-
mination of bulk mechanical properties relevant to the hydrostatic compression.
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Coulomb model assumes that bulk material flows when
the shear stress exceeds the Mohr-Coulomb failure enve-
lope representing the plane of failure.

In the Mohr-Coulomb model (1), a flow of bulk material
is defined by a straight line in the normal stress (r) and
shear stress (s) plane with a slope of /, which is an
internal angle of friction, and the shear stress intercept of
c, which is cohesion coefficient.

s ¼ cþ rtan/ (1)

Conventionally, a Mohr-Coulomb failure envelope is
determined by estimating a common tangent line of mul-
tiple Mohr circles determined from shear test results. From
the results of CTC tests with different consolidation stress
levels, multiple Mohr circles can be obtained. A common
tangential line representing a Mohr-Coulomb failure enve-
lope can be determined using a pair of Mohr circles of two
tests with different consolidation pressures. Figure 8 shows
obtained Mohr-Coulomb failure envelopes of corn stover
2mm and Douglas fir 1mm.

As shown in Figure 8, the experimental variation can be
accounted for by constructing multiple common tangential
lines of all combinations of two Mohr circles from different
consolidation conditions. The cohesion coefficient (c) from
the intercept of y axis and the angle of internal friction
from the slope values of corn stover 2mm and Douglas fir

Figure 5. Conventional Triaxial compression (CTC) test (a) depicts the schematic of isotropic consolidation followed by deviatoric stress in the vertical direction. Here,
r1, r2 and r3 represent stress in x, y and z directions, respectively, and Dr1, Dr2 and Dr3 represent stress increment in x, y and z directions, respectively. (b) The
CTC stress paths with the consolidation stress of 34.5 kPa (5 psi) followed by two unloading-reloading deviatoric stress paths ending with the final unloading. Deviatoric
strain response to an unloading-reloading deviatoric stress path allows the determination of bulk mechanical properties relevant to the shear.

Figure 6. Typical conventional triaxial test results of corn stover 2mm and Douglas fir 1mm.

Figure 7. Failure shear stress trend of corn stover 2mm (CS C2mm) and
Douglas fir 1mm (DF C1mm) at air-dried moisture content. A box and
whiskers represent the first, second, third, and fourth quantiles with a mean
value shown as a solid point. Data points outside the first or fourth quantile
represent outlier.
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1mm show considerable variation (Figure 9). From the
positive angles of internal friction of corn stover 2mm and
Douglas fir 1mm, it is confirmed that the strength of bulk
particulate increases proportionally to the degree of com-
pression, which is a fundamental assumption of the Mohr-
Coulomb model. However, applying the Mohr-Coulomb model
to the bulk biomass does not appear to always conform with
the linearity assumption as evidenced by corn stover 2mm. On
the other hand, the non-linear strengthening of corn stover
2mm can be accounted for by considering the variability of
the determined Mohr-Coulomb model parameters.

Although Coulomb had not extended his theory to the
tensile failure [30], the Mohr-Coulomb model assumes
that the compressive and tensile strength are equivalent
in magnitude when a material fails due to shear. This
assumption should be further substantiated. Finally,
because Jenike’s approach relies on the determination of
unconfined yield stress, the change in the angle of
internal friction near the zero-consolidation state is critical
information to determine. Although no noticeable change
in the angle of internal friction is observed in Figure 8,
this should be further validated with CTC tests with zero
consolidation.

Biomass flow model: modified Drucker-Prager model

The failure envelope of the Drucker-Prager model is
defined on a plane with the hydrostatic stress axis and
deviatoric stress axis [11,26,31,32]. As a result, the Drucker-
Prager model comprises a straight failure envelope similar to
the Mohr-Coulomb model. In a CTC test, the hydrostatic stress
corresponds to the consolidation stress, and the additional
stress in one axis corresponds to the deviatoric stress.

In a shear-cell type tester, the axis along which a con-
solidation actuator moves differs from transverse axes,
along which the test specimen is passively constrained and
lateral movement is imposed. Similarly, a conventional
cylindrical triaxial tester, such as those commonly used in
soils analysis, cannot fully isolate the principal stresses and
strains. One of the advantages of the CTT over shear-cell
and cylindrical triaxial type testers is that the consolidation
stress is maintained at the exact same level for all three prin-
cipal axes throughout the test, and the transverse deforma-
tions of the test specimen are constantly measured. This
configuration of CTT makes it possible to control stresses,
measure strains in principal directions, and thus quantify com-
plete three-dimensional stress-strain responses. The complete
principal stress-strain relationship makes it straightforward to
determine Drucker-Prager model parameters from the CTT
test data.

Figure 8. Mohr-Coulomb failure envelopes of air-dried corn stover 2mm and Douglas fir 1mm with consolidation stress levels (represented as normal stress)
of 34.5, 48.3 and 69.0 kPa, respectively. Red lines demonstrate Mohr-Coulomb failure envelopes that are common tangential lines of two Mohr circles.

Figure 9. Mohr-Coulomb model parameters of air-dried corn stover 2mm
(CS C2mm) and Douglas fir 1mm (DF C1mm) as box plots. A box and
whiskers represent the first, second, third and fourth quantiles with a mean
value shown as a solid point. Data points outside the first or fourth quantile
represent outlier. The smaller angle of internal friction value of corn stover
2mm suggests that corn stover 2mm gains less strength than Douglas fir
1mm. However, the larger variation of corn stover 2mm suggests potential
issues in handling. On the other hand, the close to zero cohesion coefficient
of Douglas fir 1mm indicates a good handling characteristic.
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The linear Drucker-Prager envelope is determined from
failure stresses corresponding to hydrostatic stresses, the
pre-determined consolidation pressure levels. The straight
Drucker-Prager envelope is expressed as an extended von
Mises yield criterion as follows:

F1 ¼
ffiffiffiffi
J2

p
� bI1 � d (2)

where J2 is the second invariant of a deviatoric tensor and
I1 is the first invariant of a Cauchy stress tensor, b is the
slope of a failure envelope and d is the intercept of a fail-
ure envelope. Considering that the F1 ¼ 0 represents the
failure of biomass, i.e. the onset of flow, b, and d is analo-
gous to the angle of internal friction (/) and the coefficient
of cohesion (c) of the Mohr-Coulomb failure envelope.

From the results of CTC tests with different consolida-
tion stress levels, the I1 and J2 at failure can be directly
estimated using principal stresses, which are shown in
Figure 10. Supposedly, these consolidation pressure levels
represent the expected pressure developing at the bottom
of stored bulk biomass due to the self-weight.

From a linear relationship between I1 and
ffiffiffiffi
J2

p
at failure, b

and d can be obtained as parameters of the Drucker-Prager
yield envelope from a linear regression analysis. Figure 11
illustrates the obtained Drucker-Prager envelopes of corn
stover 2mm (R2 ¼ 0:62Þ and Douglas fir 1mm (R2 ¼ 0:99).

The Drucker-Prager model is considered more rigorous
than the Mohr-Coulomb model in terms of how a failure
stress state is described under a three-dimensional stress
state. On the other hand, the Drucker-Prager model pos-
tulates that the relationship between the compression
and material strength is linear, similar to the Mohr-
Coulomb model.

As shown in Figure 10 and by a higher R2 value, bulk
Douglas fir 1mm appears to conform to the linear relation-
ship between consolidation pressure and strength. However,
the observed trend of failure stress and the moderate R2

value suggest that bulk corn stover 2mm may have a non-lin-
ear relationship between the consolidation pressure and
strength, consistent with the Mohr-Coulomb model.

In terms of the predicted bulk flow behavior from the
Drucker-Prager model parameters, Douglas fir 1mm is
found to have larger b (24.1�) than corn stover 2mm
(b¼ 8.7�). A larger b value suggests that the Douglas fir
1mm will gain more strength than corn stover 2mm under

the same amount of hydrostatic compression condition.
This observation is consistent with the Mohr-Coulomb
model. Similarly, the d value of Douglas fir 1mm is 0.0 kPa,
which indicates a cohesionless flow behavior. On the other
hand, the d value of corn stover 2mm is 6.9 kPa, which
suggests a cohesive flow behavior prone to handling
issues. Overall, The Drucker-Prager model and Mohr-
Coulomb model indicate similar flow behavior for both
materials. However, the Drucker-Prager model can describe
a more complex three-dimensional stress state that is
advantageous in modeling and simulating handling behav-
iors in realistic biomass handling equipment.

Biomass flow model: modified Cam-Clay/cap model

Modified Cam-Clay model [11,26,33,34] is based on the crit-
ical-state theory [34,35], assuming that bulk particulate
under shearing reaches a critical state at the failure. The
critical state is described as a constant volume of a test
specimen while it is being sheared. The modified Cam-Clay
model assumes a non-linear response of the shear-volume
relationship until it reaches the critical state. The modified
Cam-Clay model uses a void ratio instead of the volumetric
strain. Because the void ratio does not involve the direc-
tionality of deformation, the presumed anisotropic behavior
of biomass does not interfere with the failure envelope
determination.

The modified Cam-Clay model comprises a straight crit-
ical-state line on the plane defined with the hydrostatic
stress (x) axis and shear stress (deviatoric stress y) axis. In
the modified Cam-Clay model, the yield locus representing
the critical-state line

f ¼ M2p2 �M2p0pþ q2 (3)

where the slope of the critical-state line (M) is determined
from failure stress in deviatoric stress (q) corresponding to
hydrostatic stress (p), and hydrostatic stress corresponding
to the intersection of the yield loci with the p axis (p0).
Because the cubical triaxial test results are recorded in the
principal stresses and corresponding principal strains,
Equation (3) can be directly used in the determination of

Figure 10. Failure deviatoric stress and hydrostatic stress of corn stover
2mm (CS C2mm) and Douglas fir 1mm (DF C1mm) at air-dried moisture con-
tent. A box and whiskers represent the first, second, third and fourth quan-
tiles with a mean value shown as a solid point.

Figure 11. Drucker-Prager model parameters of air-dried corn stover 2mm
(CS C2mm) and Douglas fir 1mm (DF C1mm). The smaller b of corn stover
2mm suggests that corn stover 2mm gains less strength than Douglas fir
1mm. However, the smaller R2 value of corn stover 2mm suggests potential
issues in handling. On the other hand, the close to zero d value of Douglas fir
1mm indicates a good handling characteristic. These observations are con-
sistent with the Mohr-Coulomb parameters.
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the critical-state line (M). Figure 12 represents the CTC test
results shown in the deviatoric stress (q) versus q/p plane
for this purpose.

In Figure 12, neither corn stover 2mm nor Douglas fir
1mm reaches a critical state. On the contrary, both bio-
mass samples show a continued increase in q/p, whereas
shear hardening is observed, suggesting issues in handling.
Consistent with the Mohr-Coulomb and Drucker-Prager
model parameters, the deviatoric strain of 7% was used as
the failure criterion to determine modified Cam-Clay
model parameters.

The slope of the critical-state line (M) can be obtained
from CTC test results, using the regression analysis with
the data from consolidation pressure (I0 ¼ p and deviatoric
stress q at failure (Figure 12). From this relationship, the M
of corn stover 2mm is 22.4� (R2 ¼ 0:65) and Douglas fir
1mm is 51.8� (R2 ¼ 0:99) (Figure 14a). This trend is consist-
ent with the angle of internal friction of the Mohr-Coulomb
model and b of the Drucker-Prager model.

The modified Cam-Clay model includes a compressive
yield that accounts for biomass plastic deformation before
reaching the yield strength. The compressive yield is
described by the cap, which is defined by incremental
volumetric strain on the yield cap.

depv ¼ k�j
1þ e0

� �
dI01
I01

(4)

where e0 is the initial void ratio, k is the compression index
and j is the spring-back index.

In terms of determining the yield cap of the modified
Cam-Clay model, the compression index (k) and spring-
back index (j) can be determined from HTC test results
representing the relationship between the void ratio (e)
and the isotropic stress (I1). The compression index (k) is
determined from the slope of the hydrostatic consolidation

line of the e� logðpÞ plane. The spring-back index (j) is
determined from the slope of the hydrostatic swelling line
of the e� logðpÞ plane. Figure 13 shows the change in the
void ratio due to the hydrostatic compression illustrating
the log-normal relationship for both corn stover 2mm and
Douglas fir 1mm.

The compression index (k) of corn stover 2mm
(2.57 ± 0.81) is larger than Douglass Fir 1mm (1.74 ± 0.57).
The spring-back index (j) of corn stover 2mm (0.39 ± 0.05)
is larger than Douglass fir 1mm (0.27 ± 0.05) (Figure 14c
and d). Considering that compression and spring-back indi-
ces are determined with the void ratio (e), larger compres-
sion and spring-back indices of corn stover 2mm predict
more compression and expansion over the same amount
of hydrostatic pressure change. This trend means that corn
stover 2mm will exhibit a larger volume change under
varying hydrostatic pressure. This observation corroborates
the bulk modulus values of K (Figure 14b), indicating that
bulk corn stover 2mm is more volumetrically compliant
than bulk Douglas fir 1mm. An extensive volume fluctu-
ation indicates potential handling issues, e.g. the expansion
of volume due to the onset of gravity discharge will be
prone to arching and hinder the establishment of the flow.

The yield cap will expand as the isotropic stress on the
bulk biomass sample increases. The location where the crit-
ical-state line and the expansive cap meets and the shape
of the cap is defined with the void ratio (e0) at the unit
pressure, the shear modulus (G), and the void ratio at the
interaction of cyclic loading-unloading during the hydro-
static compression test. The shear modulus (G) can be
determined from cyclic loading during CTC tests, which
provide direct shear-strain responses to the applied shear
stress (q).

Overall, all three models commonly suggest that the
corn stover 2mm is more prone to handling issues than

Figure 12. Conventional Triaxial Compression (CTC) test results in volumetric strain versus q/p (ratio between deviatoric stress, q, and hydrostatic stress, p) of
air-dried corn stover 2mm (CS C2mm) and Douglas fir 1mm (DF C1mm).
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Douglas fir 1mm. This result coincides with the observa-
tions in the industry, i.e. corn stover is a more difficult
material to handle, and issues like rat-holing are common.
On the other hand, Douglas fir 1mm is easy to handle
reactor-ready biomass feedstock.

More specifically, higher cohesion values of corn stover
1mm related coefficients appear to indicate the handling

issue in the Mohr-Coulomb and Drucker-Prager model. The
modified Cam-Clay model provides an additional origin of
handling issues from the perspective of the volume fluctu-
ation during handling. In other words, corn stover 2mm
exhibits larger volumetric compression and expansion than
Douglas fir 1mm, which predicts a potential blockage of a
flow path at the onset of flow, which will interfere with the

Figure 13. Hydrostatic Triaxial Compression test results in void ratio versus log10I1 (Isotropic Stress (kPa)) versus the void ratio of air-dried corn stover 2mm
and Douglas fir 1mm.

Figure 14. Modified Cam-Clay parameters of air-dried corn stover 2mm and Douglas fir 1mm: (a) Slope of the critical-state line, which represents the failure
envelope, (b) bulk modulus (K), (c) compression index (l) and (d) spring-back index (k).
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space needed to be cleared for the successive flow of
corn stover.

To validate the performance of those constitutive bio-
mass flow models quantitatively, it is necessary to compare
the predictions of the biomass flow out of handling equip-
ment with experimental results. Such comparisons can be
achieved by modeling and simulating biomass handling with
a computation modeling such as the finite element analysis.
The material parameters determined with the biomass-scale
CTT are expected to perform well because of the limited con-
founding effects in the experimental calibration procedure
and unambiguous representations of volumetric stress-strain
responses in the principal directions. Future finite element
analysis of a specific biomass handling device will discuss the
performance and advantage of fundamental mechanical
parameters determined with the biomass-scale CTT.

Conclusion

In this study, the biomass-scale CTT is used in characterizing
the mechanical behavior of bulk biomass, including corn
stover and Douglas fir. From two types of triaxial tests, i.e.
HTC test and CTC test, parameters of elasto-plasticity models
relevant to biomass flow are determined.

Using the three-dimensional stress and strain measure-
ments in principal directions obtained from HTC and CTC
tests, parameters of the Mohr-Coulomb model, Drucker-
Prager model and modified Cam-Clay model are determined.
Because of the true three-dimensionality of the test results
and coincidence with the theoretical framework of analytical
models, the parameter determination procedure is unambigu-
ous. Owing to the minimized die-wall effect in the test results,
the obtained bulk biomass mechanical properties are believed
to reflect truer biomass flow behavior.

All three biomass flow model parameters indicate that
Douglas fir 1mm will be amenable to reliable handling
whereas corn stover 2mm will be prone to a cohesive
flow, which is known to induce core flow, development of
a rat-hole and blocked flow. Such handling issues of corn
stover are expected to hinder the efforts of adopting milled
corn stover as a biomass feedstock. Considering that the
corn stover is one of major agricultural residual sought
after as a renewable biomass feedstock, this is an urgent
challenge to overcome. This quantitative observation coin-
cides with the anecdotal experiences. Therefore, it is
expected that biomass flow model parameters determined
with a CTT will overcome the existing gap in engineering
practices of biomass handling and highlight shortcomings
of theoretical limitations of biomass flow models.

In addition, it has been hypothesized that the aniso-
tropic mechanical behavior of biomass contributes to the
issues in biomass handling. Widely used Mohr-Coulomb
model and Drucker postulate an isotropic material behav-
ior. The assumed isotropy of bulk biomass may skew the
calibrated failure plane of bulk biomass from conventional
shear-cell. This simplification may exacerbate the potential
error in mechanical properties of bulk biomass already
influenced by the confounding effect of the measurement
protocol. Because CTT data provides the complete three
principal stress-strain responses, such as anisotropy can be
accounted for with an appropriate failure criterion.
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