Laboratory and numerical investigation of direct shear box test
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ABSTRACT

In agriculture, food, chemical, plastic and pharmaceutical industries for designing and operat-
ing machines, it is essential to determine the mechanical parameters of the processed granular
materials. In most cases, these characteristics are the internal friction angle, the contact cohe-
sion developed by the surface moisture and the apparent cohesion occurred by the shape of
the granular material. Further physical quantities are required to characterize the motion state
of the particles, which were determined by laboratory measurements in this study. Hulled mil-
let was used for the measurements because its geometric shape can be modeled as sphere in
the numerical investigations with good approximation. The porosity, the particle and bulk den-
sity of the hulled millet were determined by means of an air pycnometer in case of several
moisture content. Using laboratory direct shear box test, under standard conditions, the shear
strength of the cohesive liquid bridges and the internal friction angle in the bulk were deter-
mined. The results obtained were used for input parameters of a discrete element model. The
aim of this research was to determine the micromechanical parameters by simulation, based
on the macromechanical results of the hulled millet bulk during laboratory measurements.

1. INTRODUCTION

In the industry, it is necessary to know the physical and mechanical properties of the processed
materials in order to operate and design different machines. Such parameters can be, for ex-
ample, the angle of repose and the internal friction angle of the materials in agriculture and
food industry, as well as their bulk and particle density. It is important to distinguish between
dry and wet material bulks, as the moisture content of the surface and the material can greatly
affect the movement and behavior of the bulk. Nowadays, various design and operation tasks
are supported by computerized numerical models. Discrete Element Method (DEM) is a solu-
tion for modeling the movement of granular materials, which builds up a particle assembly
from discrete elements with their own micromechanical parameters during the simulations [1].
Thus, we can distinguish between the mechanical parameters of the macro- and micromechan-
ical, ie. the bulk-level and the one-particle only. The former is used for operational planning
and operation, and the latter for computer modeling and other grain processing operations (eg.
hulling, seed separation, cleaning, grinding, etc.).

C. J. Coetzee (2016) [2] described the steps of a DEM model calibration procedure and the
effects of the particle shape. In his research, he determined some macromechanical material
properties of crushed stones of less than 40 mm size by laboratory measurements and cali-
brated each micromechanical material parameters with DEM simulations. The internal friction
angle was determined between particle-particle with direct shear box tests and angle of repose
tests. He pointed out that the internal friction angle values obtained by the angle of repose tests
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should be handled with care because they may prove to be low in other applications. In the
DEM simulations, a particle model of linear springs, viscous dampings and Coulomb friction
was used to model the real processes.

In the research of Tamas K. et al. (2015) [3], mechanical properties of rapeseed were deter-
mined by measurements and DEM simulations, in which a particle contact model consisting
of liner springs, viscous dampings and Coulomb friction was also used to describe the colli-
sions between the particles. In addition, the adhesion forces created by the surface moisture
between the particles were modeled by cohesive bonds. In their research, direct shear box test
was used, but the effect of the moisture content was not investigated.

J. Horabik and M. Molenda (2016) [4] collected micromechanical parameters of agricultural
crops and different DEM contact models used in the studies of other researchers. Considering
the absorbent effects of each material, ranges were given for each material properties, but
based on the parameters collected in this way, it is not possible to determine the range and
function characteristics of the domains depending on the moisture content.

In this study, DEM numerical simulations were carried out using cohesive-frictional contact
model [5]. After developing the model of the direct shear box test and using the macrome-
chanical parameters obtained from the laboratory measurements, micromechanical parameters
were determined. These were the rolling and twisting resistance coefficients and the normal
and shear strengths of the cohesive bonds depending on the moisture content of the material.
The aim of this research was to determine the micromechanical parameters by simulations,
based on the macromechanical results of the hulled millet bulk during laboratory measure-
ments.

2. MATERIAL AND METHOD

2.1. Material

In this research, hulled millet (Panicum miliaceum L.) was used, which is illustrated in Fig. 1.
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Before the measurements, the impurities and the broken particles were removed by the wind
classification device, and the nearly homogeneous distribution of particles was created in the
examined bulk. The material was wetted in a uniquely made rotating drum unit, into which a
certain amount of millet and water was loaded. The drum was operated for 4 hours and it
mixed the material at 10 minutes intervals for 2 minutes. The method for determining the
moisture content of the hulled millet is to dry a sample from the bulk to constant weight at
105+5 °C which takes generally about 24-48 h. By weighing the wet sample before drying
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(m,,;,m) and after drying (mg,,), the moisture content on wet basis of the material could be
calculated:
x = AR 100% (1)

The typical diameter of the hulled millet was d = 1.8 mm, which was determined by sieve
analysis and the moisture content-dependent particle density by air pycnometer [6].

2.2. Experimental method

Using direct shear box tests, geotechnical investigations can be carried out primarily, but now-
adays, with the widespread use of discrete element modeling, researchers are also using it for
investigating larger granular materials [2], [3], [7], [8]. The operation of the equipment is
based on the shearing of the particulate material bulk and the measurement of the resulting
shear force at different normal direction loads which produces the normal stresses. The stand-
ard rectangular device used in laboratory measurements is illustrated in Fig. 2.

Figure 2. The laboratory direct shear box (a), and the shear box filled with hulled millet (b)

The standard laboratory direct shear box apparatus had an inner size of 60x60x30 mm where
the granular material could be loaded. The shear speed of vgyeqr = 0.02 mm/s and shear
displacement of h = 6 — 9 mm were set based on [9]. During the measurements, shear tests
were carried out using 0;,,¢ = 11.96; 19.61; 29.42 kPa normal loads, and the evaluation was
performed according to standard [8]. The shear force, shear displacement and time were rec-
orded during the measurement. For a given normal load, by knowing the shear cross-section
(A = 60 - 60 = 3600 mm?) and the measured maximum shear force (Fspeqr max), the maxi-
mum shear strength of the granular material could be determined:

F shear,max
Tshear,max - A (2)

By illustrating the maximum shear strength (7,,,,) and the normal load (o) point pairs and
then fitting a linear trend line, the failure envelope of the granular assembly can be obtained.
The slope of the failure envelope defines the internal friction angle (¢ '), and the axis section
to the macromechanical apparent and contact cohesion shear strength of the particle assembly

(Tcoh,ma)-
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2.3. Discrete element method

For numerical simulations, the Yade open-source discrete element software [10] was used, in
which the model building can be done using python programming language. Cohesive-fric-
tional particle contact model (CohFrictMat) illustrated in Fig. 3 was utilized to model the rhe-
ological processes between the particles, in which the tensile forces resulting from the interpar-
ticle liquid can be modeled with bonds [5].

Figure 3. The schematics of the cohesive-frictional contact model (CohFrictMat)

The particle contact model consists of a normal and a tangential linear spring and a friction
slider modeling the Coulomb friction. Cohesive bond can be modeled as a rigid beam behav-
ioral element that can break due to tensile force in normal direction. In case of a particle col-
lision, the normal contact stiffness (K},) can be calculated from the modulus of elasticity of the
colliding particles (E;; E,) and the radius of the particles (Ry; R,), taking the harmonic average
of the parameters:

_ o E1R1E3R; Knikne
K, =2 (3)

E1R1+E3Ry kni1+kn2

The tangential contact stiffness (Ks) can be given by a proportional factor (v), which can be

used to control the Poisson ratio indirectly:
E1R1V1E;RyvV ks1k
KS=UKn=2 111222=2 S1Mts2 (4)
E1R1V1+E2R3V; ks1tks2

The normal force vector occurring during the collision of the particles can be calculated from
the normal contact stiffness, the normal overlap of the particles (u,,) and the normal vector (n)

perpendicular to the collision plane:
B = Kyupn (5)

The resulting shear force vector can be calculated from the tangential contact stiffness, the
tangential velocity (vs), and the time step (At) using incremental formulation that takes into
account the value of one time step earlier:
t t—At
Bt =K' + KAt ©®)

The maximum shear force can be determined from the normal force, the internal friction angle
(¢") and the shear strength of the cohesive bond (F,,p, ;) which is zero if there is no cohesive
bond between the colliding particles:
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s max = |En| tan(<p’) + Fcoh,s ()

If the arising shear force during the collision exceeds the maximum allowed for elasticity, ie.
| ES| > F max- the shear force must be limited to meet the elasticity conditions and to slip:

limited F,
ES mite — ES smax (8)
|5

Based on these, the force vector arising in the contact point during the collision is:

F=F+F 9)

The normal (F,,p, ) and shear force (F,,p, s) of the cohesive bonds can be calculated from the
normal (o,,y) and the shear strength (7., ) using the radiuses of the particles in contact:

Fcoh,n = min(o-coh,l; Gcoh,z) min(Rl; RZ)Z (10)
Feons = min(Tcoh,ﬁ Tcoh,z) min(Ry; RZ)Z (11)

If the arising normal force exceeds the normal-direction cohesive force, ie. |fn| > Feonn, the
cohesive bond breaks between the two particles. There are two options for activating the co-
hesive bonds in the software. One is the 'setCohesionNow' command [11], which is used to
activate the cohesive bonds between the overlapping (u,, > 0) particles at the given time step,
and not after the bond breaking at later time steps. The other command is 'setCohesionOnNew-
Contacts' [11], which, after activation, creates cohesive bond at any later time step in case of
particle overlapping. In the presence of cohesion bonds, the particles cannot roll freely and
cannot twist freely, and in reality the shape of the particles is not a perfect sphere. In this way,
bending and twisting torques have been introduced to adjust the above-mentioned aspects. To
determine the torques, first, the relative angular velocity vector is required, which can be cal-
culated from the angular velocity vector (w4; w,) of the two colliding particles:

Wrel = Wz — Wy (12)

The rolling component of the relative angular velocity vector can be defined as follows:
Wrel,h = Wrel — Wrel,tw (13)

Twisting component of relative angular velocity vector:

Wreltw = (Qrel ’ ﬂ)ﬂ (14)

The rolling stiffness can be given by a proportionality factor (ay, ) relative to the radius of the
particles and the tangential contact stiffness:

Kr = RlRZKsakr (15)

It should be noted that recent literature [12] has shown that the rolling stiffness should be
compared to normal contact stiffness instead of tangential contact stiffness. Similarly, the
twisting stiffness can be calculated with another proportionality factor (ay;,,) as the rolling
stiffness:

Kiw = R1R; K@y (16)

Finally, the bending (M},) and the twisting torque (My,,) can be determined using an incremen-
tal formulation that takes into account the previous value of one time step:

Mbt = Mbt_At - KrQrel,bAt (17)

Mtwt = Mtwt_At - Kthrel,twAt (18)
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The maximum allowable bending (M}, 1,4, ) and twisting torque (Myy, ;mqy), Which still satisfy
the elasticity conditions, can be calculated using the rolling (7,-) and the twisting resistance
coefficient (14, ):

Mb,max = |En| min(Ter1: nrRZ) (19)
Mtw,max = |En| min(ntwRﬁ ntwRZ) (20)

Similarly to the determination of the rolling stiffness, it is advisable to determine the maximum
twisting torque with shear force instead of the normal force, based on literature [12]. If the
resulting bending torque exceeds the maximum value, it must be controlled to meet the elas-
ticity conditions:

. . M
Mbllmlted — Mb |l;‘,4mz|1x (2 1)
HMb
Similar to bending torque, the twisting torque must also be limited:
- M
Mtwllmlted — Mtw tw,max (22)
|Mew |

The critical time step calculated by the software is used to select the appropriate time step.
The critical time step is given by the smallest value calculated from the particle radius, the
particle density, and the modulus of elasticity, which calculation is done using all (i) particles

[10], [13]:
Atcrip = min R; /% (23)
l i

Since there is no speed-dependent damping in the presented contact model, numerical (artifi-
cial) damping (1,) can be used to dissipate the kinetic energy of the particles. This is done by
reducing the F; forces which increase the speed of the particles by AF,; force, taking into ac-
count the speed (v;) of the particles and their acceleration (a;) [9]:

AF At
= —asgnF; (v +27) (24

Based on these, the damping mechanism is not a physical but an artificial quantity, because
the damping is done with a component that is not invariant with respect to the coordinate
system rotation. The resting state of the examined particle assembly can be measured with the
unbalanced force ratio during the simulations. This parameter specifies the ratio of the average
of all forces exerted on the bodies and the magnitude of the average force in the contacts. In
case of perfect static equilibrium, the total exerted force on the bodies is zero, so the ratio tends
to zero. Meanwhile, the discrete elements of the simulation are stabilized and thus come to
resting state. However, the ratio never takes zero value because of the finite precision compu-
tation.

2.4. Discrete element model

The DEM model of the direct shear box test was built on 1:1 scale based on the laboratory
equipment. The two part of the shear box and the load plate were modeled as structure walls.
The lower box was open at the top and the upper box was open at the top and the bottom side.
The material parameters of the structure walls were taken from the material properties of steel
[4]. The steel had a density of 7750 kg/m?, a modulus of elasticity of 200 GPa, a proportional
parameter between normal and tangential contact stiffness of 0.3, and an internal friction angle
of 40.1°. To fill the boxes with particles, gravity deposition was used, to which a bottom side
open box was placed in our model over the upper shear box so that the particles did not fall
out during the process. Due to the wall thickness of the boxes, square shapes were used in the
shear direction to prevent the particles from falling out of the boxes during the simulations. In
order to provide the normal load, an infinitely wide structure wall was used. It did not have a
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mass, but at a given speed, it moved as a servo drive at the top of the particle set in the same
or opposite direction as the gravity acceleration. This was necessary because, during the la-
boratory measurements, the load plate moved upwards too in the vertical direction as a result
of shearing. The appropriate normal load was set by measuring the force exerted by the parti-
cles on the element modeling the load plate. The DEM model of the direct shear box and the
simulation steps are illustrated in Fig. 4.

Figure 4. DEM model of the direct shear box test and the steps of the simulation
(1. generating particles; 2. gravity deposition of the particles; 3. activating cohesive bonds;
4. application of load plate; 5. start of shearing)

The first step of the simulation was the generation of the particles (Fig. 4/1) followed by the
gravity deposition (Fig. 4/2). After the stabilization of the particle set, when the unbalanced
force ratio dropped below 0.001, the cohesive bonds were activated using the 'setCohesion-
Now' command (Fig. 4/3). This was followed by the application of the normal load (0;544)

(Fig. 4/4), then at the speed of vgpeqr = 1 ";—m, the shearing was started by moving the lower

shear box (Fig. 4/5). The increase in the shear velocity compared to the laboratory measure-
ments (VUgpeqr = 0.02 mm/s) was used to reduce the computational time requirement. It was
assumed that the increase in shear speed does not affect the maximum shear force value but
only the position of it at the shear length [9]. The resulting shear force was measured on the
right-hand side of the upper shear box illustrated in Fig. 4/1 at a sampling interval of 0.1 s.
The hulled millet particles were modeled with spheres with a normal distribution ofd = 1.8 +
0.1 mm, The particle density (p,) of the hulled millet was chosen based on preliminary air
pycnometer measurements, the elasticity modulus (E = 20 MPa) and the proportional param-
eter between normal and tangential contact stiffness (v = 0.2) were selected from the literature
[4] and the internal friction angle (¢") was set based on previous simulation experience. The
additional values of the setting parameters are summarized in Table 1.
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Table 1. DEM material parameters of hulled millet

Measured Selected Measured Set
No. X Pp @’ At
[%] [kg/m’] [°] [s-107°]

1 11.2 1379 42.2 47

2 16.1 1388 42.1 4.8

3 18.7 1393 41.6 4.8

4 23.6 1402 40.5 4.9

5 24.1 1403 38.7 4.9
6 28.2 1410 37.5 5

The time steps used in the simulations were set lower than the critical time step obtained by
Eq. (23). The numerical damping value was A4 = 0.5 and 21000 particles were modeled. The
normal (o,,p) and shear strengths (7.,5,) of the cohesive bonds were determined by simulation
calibrations, as well as the rolling (77,-) and twisting resistance coefficients (1,,), which are
presented in the Results section.

3. RESULTS

Fig. 5 illustrates the measurement and simulation results of the direct shear box test where the
shear force (Fspeqr) - shear displacement (h) results can be seen at different normal loads
(010qa = 11.96 kPa; 19.61 kPa; 29.42 kPa) for x = 18.7% moisture content hulled millet.

Figure 5. The measured (left side) and simulated (right side) shear force as a function of
shear displacement at different normal loads for x=18.7% moisture content hulled millet

In the simulation results - compared to the measurements -, the steeper reductions in the forces
seen after the maximum shear forces were due to the use of artificial damping and higher shear
speed [9]. However, the results showed a good match as the maximum shear forces occurred
at almost the same shear displacement for 0;,,4 = 19.61 kPa; 29.42 kPa normal loads. By
calculating the shear stresses from the maximum shear forces, and illustrating them as a func-
tion of the associated normal loads, the failure envelopes shown in Fig. 6. could be plotted.
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Figure 6. The failure envelopes in case of x=18.7% moisture content hulled millet, obtained
by measurements and DEM szimulations

In the simulation calibrations, the unknown micromechanical cohesive normal and shear
strengths were set equally for a specific moisture content based on own simulation experience.
The values of the rolling and twisting resistance coefficients were also treated equally, but
they gave a value of 1, = 14, = 0.05 regardless of the moisture content. In the simulation
results, the cohesive strengths could be used to change the axis section of the failure envelopes,
but by changing the resistance coefficients, the slopes of the lines could be influenced. The
calibrated micromechanical cohesive normal and shear strengths are plotted against the mois-
ture content in Fig. 7.

Figure 7. The micromechanical cohesive strengths of the bonds obtained by DEM
simulations as a function of the moisture content of the hulled millet for n, = ¢, = 0.05
resistance coefficents

The function fitted to the data showed a second order polynomial nature, which means that it
is not enough to specify a domain for each micromechanical parameter, but also to define the
function nature so that it can be used more accurately for later DEM simulations. The accuracy
of the simulation results was characterized by the relative errors between the measured
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(Tshear measurea) and simulated shear strengths (Tspear simuiatea), Which were calculated as
follows:
Tshear,simulated —Tshear,measured 100% (25)

Relative error =

Tshear,measured
The measured and simulated maximum shear strengths for different moisture contents and
normal loads, and the relative errors are summarized in Table 2.

Table 2. Measured and simulated maximum shear strengths, moisture contents, normal
loads and the calculated relative errors

No. X Oload Tshear measured Tshear simulated  Relative error
[%] [kPa] [kPa] [kPa] [%]
1 11.96 14.42 13.86 3.9
2 11.2 19.61 17.42 17.92 2.9
3 29.42 25.47 2353 7.6
4 11.96 14.42 13.22 8.3
5 16.1 19.61 18.61 18.69 0.4
6 29.42 24.86 25.14 1.1
7 11.96 12.58 13.06 3.8
8 18.7 19.61 17.78 17.83 0.3
9 29.42 25.06 23.22 73
10 11.96 11.97 12.28 2.6
11 23.6 19.61 17.11 17.08 0.2
12 29.42 24.11 23.11 4.1
13 11.96 10.19 11.28 10.6
14 24.1 19.61 16.25 16.14 0.7
15 29.42 22.89 21.81 4.7
16 11.96 10.31 10.19 1.1
17 28.2 19.61 15.19 15.06 0.9
18 29.42 21.97 20.61 6.2

The highest relative error (10.6%) between the measured and simulated results was at x =
24.1% moisture content and 11.96 kPa normal load. In other cases, the results of the labora-
tory measurements were modeled with relative error less than 10% using the previously de-
fined DEM micromechanical parameters.

4. CONCLUSION

In this research, direct shear box tests were performed using hulled millet in case of different
moisture contents. The discrete element model of the laboratory equipment was created, using
a cohesive-frictional particle contact model to model the collisions of the particles and the
cohesive forces resulting from the surface moisture of the material. The main goal was to
determine the micromechanical parameters describing the cohesion relationships and their
moisture-dependent behavior. These were the cohesive normal and shear strengths, and the
rolling and twisting resistance coefficients that were less dependent of the moisture content.
By varying the former two parameters equally, the axis section of the failure envelopes - ob-
tained by the direct shear box simulations - could be changed, while the latter two variables
could be used to influence the slopes. Based on these, it was possible to simulate the measure-
ment results with just one parameter set combination in case of a moisture content. Cohesive
strengths were determined at moisture content range of 11.2 — 28.2%. The points thus ob-
tained were described by a second-degree polynomial function with good accuracy and can be
used for future DEM simulations.
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