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Table 4.7: Soil horizontal and vertical cutting forces at 90 degrees from DEM simulation of soil-to-

pendulum

Cutting depth (mm) Horizontal force (N) Vertical force (N)

25 -40 -4

50 -98 -4

(a) (b)

Figure 4.10: DEM soil flow when pendulum is at 90 degrees from initial position and has 3.7 m/s
linear velocity at a) 25 mm and b) 50 mm cutting depths

4.4 DEM-MBD co-simulation of soil-to-pendulum interaction

The position and the angular velocity of the pendulum were analyzed in the DEM-MBD co-

simulation since they are affected by the soil reaction forces. As it is shown in Figure 4.11a, at

25 mm cutting depth, the pendulum never reaches 180 degrees because the DEM-MBD coupling

captures the effect of the soil reaction forces on the pendulum motion. These resistant forces

decrease the velocity of the pendulum, dissipate its energy and prevent it from completing its full

cycle. At 25 mm cutting depth, the pendulum reaches 108 degrees in 0.7 seconds of simulation,

as in the DEM-only simulation, the pendulum reaches 180 degrees in the same amount of time.

At 50 mm cutting depth, the pendulum does not even reach a quarter of the cycle at stops at 66

degrees. The soil resistant forces are so high that prevent the pendulum from further movement.

This stop in the pendulum movement can also be seen in Figure 4.11b. The pendulum angular
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velocity decreases after contacting with the soil, and reaches zero at 0.5 seconds for 50 mm cutting

depth.

(a) (b)

Figure 4.11: Pendulum a) angle b) and angular velocity from the DEM simulation of soil-to-
pendulum interaction at two cutting depths

The horizontal and vertical forces from the soil particles on the cutting plate were directly

exported from the EDEM software. As shown in Figure 4.12a, the horizontal soil cutting forces

have negative values which represent the compressive force toward the cutting plate. The horizontal

force for 50 mm cutting depth is higher than the one for 25 mm cutting depth which matches the

same trend as in the experiment of soil-to-pendulum interaction. The pendulum entry angles for

the 25 mm and 50 mm cutting depths are 58 degrees and 52 degrees, respectively. As presented

in Figure 4.12b, the vertical soil cutting forces are positive which show upward force from the soil.

The vertical force for 50 mm cutting depth is also higher than for 25 mm.

The maximum horizontal and vertical forces were determined, and are shown in Table 4.8.

Also, the horizontal and vertical forces at 90 degrees from the initial horizontal position are shown

in Table 4.9. Similar to both soil-to-pendulum experiment and DEM simulation, the direction of

the maximum soil cutting forces are compressive toward the cutting plate for horizontal forces,

and upward from the soil for vertical forces. The magnitude of these forces from DEM-MBD co-
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(a) (b)

Figure 4.12: Comparison of a) horizontal and b) vertical soil cutting force from the DEM-MBD
co-simulation of soil-to-pendulum at two cutting depths

simulation are lower than DEM simulation (Table 4.6) and closer to the experiment (Table 4.1).

This change in the magnitude of the horizontal and vertical forces are due to the ability of the

DEM-MBD co-simulation to capture the effect of the soil reaction forces on the pendulum motion.

In DEM-MBD co-simulation, the reaction forces from the soil particles are determined in the EDEM

software and are transfered to the LMS Virtual.Lab Motion software where they are applied to the

pendulum as external forces. In LMS, because the horizontal forces are in the opposite direction

of the pendulum movement, they decrease the pendulum velocity.

Table 4.8: Maximum soil horizontal and vertical cutting forces from DEM-MBD co-simulation of

soil-to-pendulum

Cutting depth (mm) Horizontal force (N) Vertical force (N) Angle (degree)

25 -187 75 65

50 -278 219 52

Figure 4.13a shows the DEM-MBD co-simulation of soil-to-pendulum interaction at time 0.33

seconds, when pendulum is at 90 degrees from initial position and has 1.3 m/s linear velocity at
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Table 4.9: Soil horizontal and vertical cutting forces at 90 degrees from the DEM-MBD co-

simulation of soil-to-pendulum

Cutting depth (mm) Horizontal force (N) Vertical force (N)

25 -7 0

50 -28 10

25 mm cutting depth. The shape of the surcharge is different from the one in DEM simulations as

shown in Figure 4.10a. This change is because the pendulum velocity decreases along its movement,

but the soil particles keep moving with the same velocity driven by the pendulum in the previous

time step. Figure 4.13b DEM-MBD co-simulation of soil-to-pendulum at time 0.47 seconds at 50

mm cutting depth. At this simulation, the pendulum never reaches 90 degrees and stops at 66

degrees. This is due the effect of soil reaction forces on the pendulum motion which was captured

by the DEM-MBD coupling technique. Although, this phenomenon does not happen in the soil-

to-pendulum experiment and it can be because of the strong bond model between the soil particles

in the DEM soil model.

(a) (b)

Figure 4.13: a) DEM-MBD soil flow when pendulum is at 90 degrees from initial position and has
1.3 m/s linear velocity at 25 mm and b) at equivalent simulation time at 50 mm cutting depth (66
degree and 0.18 m/s linear velocity)
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4.5 Comparison of experiment, DEM simulation and DEM-MBD

co-simulation of soil-to-pendulum interaction

(a) (b)

Figure 4.14: Comparison of pendulum angular velocity from soil-to-pendulum experiment with and
without soil interaction, and DEM-MBD co-simulation at a) 25 mm and b) 50 mm cutting depths

Figure 4.14 shows the comparison of pendulum angular velocity from the soil-to-pendulum

testwith and without the interaction with soil, and DEM-MBD co-simulation at two cutting depths

of 25 mm and 50 mm. The DEM-MBD co-simulation predicted the sudden decrease of the angular

velocity, which is due to the sudden interaction of the pendulum with soil. The sudden drop in the

angular velocity is more extreme at 50 mm cutting depth due to higher soil reaction forces (Figure

4.14b), which is captured well in DEM-MBD coupling.

Figures 4.15 and 4.16 show the comparison of horizontal and vertical soil cutting forces for the

soil-to-pendulum test, DEM simulation, and DEM-MBD co-simulation at two cutting depths of 25

mm and 50 mm. Overall, both horizontal and vertical forces are zero from the starting point to

where the pendulum contacts the soil. The horizontal force is negative (which shows compression

on the cutting plate) and increases in magnitude when the cutting depth is increased from 25 mm

to 50 mm (Figure 4.15). As shown in Figure 4.16, the vertical force is positive which represent the
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(a) (b)

Figure 4.15: Comparison of horizontal soil cutting forces from soil-to-pendulum experiment, DEM
simulation, and DEM-MBD co-simulation at a) 25 mm and b) 50 mm cutting depths

upward force from the soil, and it also increases in magnitude by increasing the cutting depth. This

increase in both horizontal and vertical forces are predicted by DEM simulation and DEM-MBD

co-simulation; however, the DEM-MBD coupling force prediction is closer to experiment.

Table 4.10 shows the comparison of maximum soil cutting forces from the soil-to-pendulum

experiment, DEM only simulation, and DEM-MBD co-simulation. Both DEM and DEM-MBD

coupling simulations over-predicted the soil cutting forces. One possible reason is that the DEM

parallel bond does not have dampening in addition to the collusion dampening (coefficient of resti-

tution) from particle-to-particle interaction. Secondly, quasi-static cone penetrometer calibration

may not have accounted high strain rate effects.

Comparing to DEM only simulation, the DEM-MBD coupling shows a better prediction, and

improved the force prediction both for 25 mm and 50 mm cutting depths. This improvement is

due to the ability of DEM-MBD co-simulation to capture the effect of the soil reaction forces on

the dynamically coupled pendulum motion.

Even though the magnitude of relative errors in predicted soil cutting forces between the DEM-

MBD co-simulation and experiment are very high, the trend in predicting the increase in forces



70

(a) (b)

Figure 4.16: Comparison of vertical soil cutting forces from soil-to-pendulum experiment, DEM
simulation, and DEM-MBD co-simulation at a) 25 mm and b) 50 mm cutting depths

Table 4.10: Comparison of maximum horizontal and vertical soil cutting forces from soil-to-

pendulum experiment, DEM simulation, DEM-MBD co-simulation

Soil cutting forces Horizontal (N) % increase Vertical (N) % increase

Cutting depth 25 mm 50 mm 25 mm 50 mm

Experiment -73 -108 48% 38 85 124%

DEM -365 -766 110% 171 461 170%

DEM-MBD -187 -278 49% 75 219 192%

by cutting depth was similar to the experiment. The maximum horizontal soil cutting forces from

experiment and DEM-MBD co-simulation increase by 48% and 49%, respectively. The DEM only,

however, is not able to capture the trend in increased soil cutting forces by cutting depth (109.8%

increase in maximum horizontal soil cutting force from 25 mm to 50 mm cutting depth).
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CHAPTER 5. CONCLUSION

The soil-to-tool interaction application was successfully modeled using DEM and DEM-MBD

coupling techniques to predict the soil reaction forces from the soil cutting tool with a pendu-

lum motion. Several laboratory tests (particle size distribution, compaction proctor, direct shear

and triaxial tests) were performed on the loam (33 sand, 45 silt, 22 clay) soil to characterize its

mechanical properties to be used for initialization and calibration of DEM soil model parameters.

To calibrate the DEM soil model, the cone penetrometer and angle of repose tests were used

sequentially to calibrate the DEM parameters of coefficients of static friction and rolling friction,

shear modulus and bond stiffness (related to bond contact model). Both cone penetrometer and

angle of repose tests were simulated in EDEM, a commercial DEM code, using the design of

experiment (DOE) for the DEM input parameters. Using the calibrated values, DEM predicted

the steady state soil cone index from the cone penetrometer test and soil angle of repose with

relative errors of 11%, and 24%, respectively.

A simple test was developed for validation of the DEM soil-to-tool interaction model which

included a simple pendulum. This pendulum had a cutting blade (153 mm height and 101 mm

width) mounted in front of its linkage arm. The pendulum with a revolute joint was released from

the horizontal position and dynamically cut through the soil bed underneath it. The tests were

conducted at 25 mm and 50 mm cutting depth. The soil reaction forces (normal and tangential) on

the pendulum linkage, and the position and angular velocity of the pendulum was measured. High-

speed video frames were also captured to qualitatively evaluate the soil flow from the pendulum

tests.

The soil-to-pendulum test was modeled using DEM and DEM-MBD coupling in order to com-

pare the outcome of these two methods to the results of the physical test. Both simulation ap-

proaches, DEM only and DEM-MBD, over-predicted the soil reaction forces (horizontal and verti-
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cal); however, the DEM-MBD co-simulations had a closer outcome comparing to the physical test.

Utilizing DEM-MBD coupling improved the prediction of soil cutting forces. This improvement

could be due to capturing the effect of the soil reaction forces and relative soil particle flow from the

pendulum motion in the DEM-MBD co-simulation. In addition, DEM-MBD co-simulation showed

better qualitatively soil flow from the dynamically moving pendulum blade compared to the DEM

only.

It is generally concluded that due to the discreteness of DEM, the soil dynamic responses can

be predicted more accurately using the DEM technique. Also, DEM can predict reaction forces

from individual particles which result in a force distribution implemented on the tool. This case

study showed that if DEM is coupled with other numerical methods, it can be advantageous for

improvement of the simulation-based design process for various applications.

5.1 Future research

Future research is needed to improve the force prediction from the DEM-MBD simulation of

the soil-to-pendulum system. New experiments should be evaluated for calibration of DEM soil

model that have high strain rate. Other DEM contact models can also be explored to improve

the prediction of forces. For instance, contact models that capture the elasto-plastic and dynamic

damping behavior of soil may be needed. The soil-to-pendulum interaction can be integrated into

a DOE calibration methodology to account for high strain rate effects. A machine scale size such

as tillage tools (like rotary tillers), planters (especially the furrow opener section), construction

machinery (loader bucket), tire-to-soil interaction, and turf grass aeration equipment can be used

as a validation application.
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González-Montellano, C., Fuentes, J. M., Ayuga-Téllez, E., and Ayuga, F. (2012). Determination
of the mechanical properties of maize grains and olives required for use in DEM simulations.
Journal of Food Engineering, 111(4):553–562.



75

Hertz, H. (1882). On the contact of elastic solids. Journal für die reine und angewandte Mathematik,
92:156–171.

Hettiaratchi, D. R. and Reece, A. R. (1967). Symmetrical three-dimensional soil failure. Journal
of Terramechanics, 4(3):45–67.

Hettiaratchi, D. R. P., Witney, B. D., and Reece, A. R. (1966). The calculation of passive pressure
in two-dimensional soil failure. Journal of Agriculture Engineering Research, 11:89–107.

Hogue, C. (1998). Shape representation and contact detection for discrete element simulations of
arbitrary geometries. Engineering Computations, 15(3):374 – 390.
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