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The knowledge and understanding of soil mechanical 
properties is essential for designing agricultural machines. 
However, little information is available regarding shear 
properties of agricultural soil. In this study, triaxial compression 
tests were performed to measure shear properties of a sandy loam 
soil at three moisture levels: low (10.5±0.5%), medium 
(19±1.0%), and high (28±1.0%), and three confining pressures of 
50, 100, and 150 kPa. A discrete element model was developed 
to simulate the triaxial compression tests. The test results showed 
a linear increase in soil shear strength at a decreased soil 
moisture level and an increased confining pressure. The effect of 
moisture level on the modulus of elasticity changed with the 
confining pressure. The highest modulus of elasticity was 
observed for the low moisture level with 150 kPa confining 
pressure. The model results showed that the particle friction 
coefficient was the most influential model micro-parameter to the 
simulated soil shear strength. This model micro-parameter was 
calibrated with the triaxial test data. The calibrated particle 
friction coefficients varied from 0.2 to 1.0, depending on the soil 
moisture content and confining pressure. As compared to the test 
data, the simulated soil shear strengths had relative errors ranging 
from 0 to 6%. Keywords: Calibration, confining pressure, 
moisture, PFC3D, shear, soil, strength, triaxial test.  
 Connaître et comprendre les propriétés mécaniques du sol 
est essentiel pour la conception de machines agricoles. 
Cependant, peu d’information est disponible en ce qui a trait aux 
propriétés de cisaillement des sols agricoles. Dans cette étude, 
des tests de compression triaxiale ont été faits pour mesurer les 
propriétés de cisaillement d’un sol limoneux-sableux à trois 
teneurs en eau : faible (10,5±0,5 %), moyenne (19±1,0 %), et 
élevée (28±1,0 %), ainsi qu’à trois pressions de confinement, soit 
50, 100 et 150 kPa. Un modèle numérique à éléments discrets a 
été développé pour simuler les tests de compression triaxiale. Les 
résultats des tests ont montré une augmentation linéaire de la 
force de cisaillement du sol avec une diminution de la teneur en 
eau et une augmentation de la pression de confinement. L’effet 
de la teneur en eau sur le module d’élasticité changeait avec la 
pression de confinement. Un module d’élasticité plus élevé a été 
observé à la teneur en eau faible et une pression de confinement 
de 150 kPa. Les résultats du modèle montrent que le coefficient 
de frottement des particules était le microparamètre le plus 
sensible pour la simulation de la force de cisaillement du sol. Ce 
microparamètre avait été calibré avec des données d’essais 
triaxiaux. La valeur calibrée du coefficient de frottement des 
particules a varié entre 0,2 et 1,0 selon la teneur en eau du sol et 
la pression de confinement. Les valeurs simulées de la force de 
cisaillement du sol ont présenté des erreurs relatives variant de 0 
à 6 % par rapport aux résultats expérimentaux. Mots clés: 
calibration, pression de confinement, teneur en eau, PFC3D, 
cisaillement, sol, force, essai triaxial. 
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INTRODUCTION 
Soil shear properties are the most important mechanical 
properties, as soil shearing occurs between soil and 
machine in all agricultural field operations. Soil shear 
properties include shear strength, modulus of elasticity, 
and Poisson's ratio. Among these, soil shear strength is the 
most critical property as it represents the resistance 
developed by the soil due to external forces, for example, 
forces from machines. Shear properties of soil varied 
greatly with the moisture content of the soil (Bui et al. 
2014). Mouazen et al. (2002) found that the modulus of 
elasticity increased with an increase in moisture content. A 
study conducted by Gitau et al. (2006) with different soil 
water contents for the hard pan layer and plough layer 
revealed that the presence of water in the hard pan layer 
resulted in a significant increase in shear strength.  

The triaxial compression test is suitable for 
determining the shear properties of agricultural soil 
(Wolfsohn et al. 1998). Challenges of conducting triaxial 
tests include preparation of identical samples because of 
the heterogeneous and unsaturated nature of the soil, and 
the inability to compensate for membrane penetration 
effects (Lade and Hernandez 1977; Zhang 1997). Triaxial 
compression test is also time-consuming and requires a 
special testing device, which is not readily available. 
Numerical modelling methods can overcome such 
disadvantages and have been used for the modeling of 
triaxial tests in the literature. The Discrete Element 
Method (DEM) has been recognised as an effective 
numerical modeling tool to simulate the discontinuous and 
heterogeneous nature of soil, and it has been used to 
simulate soil compression tests (Kulatilake et al. 2001; 
Shao et al. 2013). Most of the existing DEM modeling of 
soil tests have been carried out with cohesionless soil. A 
knowledge gap exists as little work has been done on 
simulations of triaxial compression tests of agricultural 
soil that is cohesive. The purpose of this research was to 
simulate triaxial compression tests for an unsaturated, 
agricultural soil using common DEM software, Particle 
Flow Code in Three Dimensions (PFC3D; Itasca Consulting 
Group, Inc., Minneapolis, MN, USA). The research was 
focused on effects of soil moisture content and confining 
pressure, which are relevant to agricultural applications. 

In PFC3D, the soil was modeled as an assembly of 
discrete particles. Several models were implemented in 
PFC3D to describe different behaviours of particle contacts 
for soil. The nonlinear Hertz-Mindlin model was used to 
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simulate triaxial test for coarse aggregates (Yang et al. 
2011) and dry sands (Lu and Frost 2010). The parallel 
bond model was used to simulate direct shear tests for 
agricultural soil (Sadek et al. 2011; van der Linde 2007). 
This model allowed the addition of bonds between 
particles to mimic the cohesive behaviour of soil. The 
parallel bond model required eight micro-parameters. In 
PFC3D, the macroscopic properties of soil such as strength 
and deformation were reproduced by the micro-parameters 
of model particles, such as particle stiffness and friction.  

Micro-parameters should be calibrated through 
matching the microscopic properties of model particles 
and measurements of real soil. In simulating a triaxial test 
for coarse aggregates using PFC, Yang et al. (2011) varied 
the micro-parameters such as shear modulus, the 
coefficient of internal friction, and Poisson’s ratio, to 
match Young’s modulus of elasticity and peak pore water 
pressure. In another study, Belheine et al. (2009) calibrated 
particle stiffness to match the modulus of elasticity and 
Poisson’s ratio. In these existing calibrations, the micro-
parameters to be calibrated were arbitrarily picked, 
because the effect of each micro-parameter on model 
outputs has not been well documented for soil tests. In the 
simulation of triaxial tests for dry sands, Lu and Frost 
(2010) found that friction coefficient of particles affected 
the stress significantly. In the simulation of direct shear 
tests for a sandy soil, Sadek et al. (2011) reported that 
particle stiffness was the most influential micro-parameter. 
Sensitivity analysis is required to understand the effects of 
these parameters in simulating triaxial tests of agricultural 
soil.  

Agricultural fields have different soil moisture 
conditions, and they are subjected to different confining 
pressures, depending on the type of soil and machinery 
used for field operations. However, little research has been 
done in this regard. Effects of each micro-parameter on the 
model outputs of triaxial test are unknown, and no robust 
methods have been established in literature for calibration 
of the model micro-parameters in the simulation of the 
triaxial test. The objectives of this study were to: (1) 
measure the shear properties of an agricultural soil under 
different moisture levels and confining pressures using 
triaxial compression tests, (2) develop a numerical model 
using PFC3D to simulate the triaxial tests, (3) carry out a 
sensitivity analysis for the model micro-parameters, and 
(4) calibrate the most critical model micro-parameter using 
the test data. 

MATERIALS AND METHODS 
Triaxial lab experiment 
Experimental design Triaxial compression tests were 
carried out using a 3x3 factorial experimental design with 
factors being soil moisture content and confining pressure. 
The moisture content had three levels: low (10.5±0.5%), 
medium (19±1.0%), and high (28±1.0%). The confining 
pressures were 50, 100, and 150 kPa. Four replicates were 
performed for each combination of moisture level and 
confining pressure, giving a total of 36 tests (3 moisture 
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levels x 3 confinement pressures x 4 replicates). The 
experiments followed the ASTM Standard (2007) for an 
unconsolidated-undrained triaxial compression test on 
cohesive soils. 
Soil specimen preparation The soil used in the 
experiments was a sandy loam soil (70% sand, 14% clay, 
and 16% silt) obtained from an agricultural field in 
Manitoba, Canada. The liquid and plastic limits of the soil 
were 29.6 and 27.7% respectively. Before the tests, the soil 
was divided into groups and mixed with different amounts 
of water to obtain three different moisture levels. After 16 
hours, the moisture content of the soils was measured by 
oven-drying at 110ºC for 24 hours (ASTM 2010). The test 
specimens were prepared by filling a mould with soil 
followed by compaction using a hydraulic compactor. The 
final dimensions of the cylindrical soil specimen were 110 
mm high and 50 mm in diameter, giving a height to 
diameter ratio of 2.2 to avoid failure due to buckling 
(Wolfsohn et al. 1998). The specimen was weighed to 
calculate the bulk density. 
Test description Confined triaxial tests were performed in 
the Geotechnological Engineering Laboratory at the 
University of Manitoba using a soil triaxial testing device 
(Fig. 1; Geocomp Corporation Loadtrac-III Load Press 
Apparatus, MA, USA). A rubber membrane was used to 
seal the soil specimen, which was placed in a transparent 
triaxial pressure chamber. The soil specimen was 
subjected to a controlled water pressure in the chamber. 
The axial loading platen was operated at a speed 
corresponding to a strain rate of 1% min-1 in accordance 
with the ASTM Standard (2007). The loading was stopped 
after the maximum strain capacity (20% strain) of the 
equipment was reached.  

Fig. 1. Triaxial test equipment. 
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Measurements The axial load was measured by a high 
precision load cell located on the loading platen. The axial 
load and the displacement were recorded by a data 
acquisition system. A plot of deviatoric stress (s1-s3), 
defined as the difference of compression stress and 
confining stress, versus axial strain (e) was obtained from 
each test. Soil shear strength (ts) was taken as the s1-s3 at 
15% axial strain, as a well-defined peak was not observed 
on the stress-strain curve (ASTM 2007). Modulus of 
elasticity (E) was taken as the slope of the line from the 
origin to the point corresponding to 50% of the ts on the 
stress-strain curve (Yang et al. 2011). The change in the 
water level in the burette on the triaxial test apparatus was 
used to determine the Poisson's ratio (ν). 
Data analysis The GLM (General Linear Model) 
procedure was used to determine the level of significance 
of the experimental factors (soil moisture level and 
confining pressure). Duncan’s multiple range tests were 
carried out to compare the means of each level of the 
factors at a significance level of 5%. When the interaction 
of the two factors was not significant, the main effects of 
the experimental factors were presented; otherwise, the 
simple effects (i.e. effects of all combinations of moisture 
levels and confining pressures) were presented. 
Model development  
Model particles A numerical model was developed using 
PFC3D to simulate the triaxial tests. Soil particles were 
represented by 5 mm spherical model particles (Fig. 2). To 
mimic the cohesive behaviour of agricultural soil, bonds 
were added between particles using the Parallel Bond 
Model (PBM) implemented in PFC3D. The model 
specimen consisted of a total of approximately 1914 model 
particles confined by a cylindrical “wall” and two flat 
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walls. The particles were allowed to settle and reach 
equilibrium with the unbalanced force less than 1.0x10-3 
N. The final model specimen size was 50 x 110 mm that 
was the same as the specimen used in the tests. The 
particle density was adjusted to match the bulk density of 
the specimen used in the tests. 
Control of loading and confining pressure The loading 
of the model specimen took place by specifying a velocity 
to the bottom wall. The velocity was set to achieve the 
same strain rate of 1% min-1 used in the lab tests. The 
constant confining pressure (s3) on the specimen was 
simulated by a servo mechanism, which allowed a 
continuous adjustment of the radial velocities of the 
cylindrical wall to maintain the constant s3. A preliminary 
simulation was performed using the model. Figure 3 shows 
an example history of s3 for the simulation of a target 
confining pressure of 100 kPa. The curve had little 
variation in s3 over the entire course of compression. The 
highest and the lowest points of s3 were 100.3 and 99.9 
kPa, respectively, which corresponded to errors of 0.3% 
and 0.1% relative to the target s3. This proved that the 
triaxial compression model was successful at maintaining 
s3 at a specified constant value.  
Monitoring soil shear properties The normal stress 
(s1) was computed as the ratio of average wall forces to the 
corresponding compression area, and was calculated for 
every ten time-steps. The axial strain (e) was computed as 
the ratio of change in length to the original length of the 
specimen. The radial strain was computed as the ratio of 
change in radius to the original radius. The s1-s3 at 15% e 
was taken as the simulated ts. In the simulation, s1-
s3 versus e was monitored after e surpassed 15%, and the 
s1-s3 at 15% e was read as ts.  
Sensitivity analysis The micro-parameters of the model 
included particle and bond parameters. Particles are 
defined by their normal and shear stiffness (Kn and Ks), 
and coefficient of friction (µ). Bonds between particles can 
be envisioned as cement that connects particles in contact. 
Bonds are described with normal and shear stiffness (kn 
and ks) that determine the forces of bonds. Bonds also 
have strengths, reflected by two parameters: bond normal 

Fig. 2. Screenshots of model specimen, model particles, 
bonds, and compression curve of deviatoric 
stress (s1-s3) versus axial strain (e). 

Fig. 3. An example of confining pressure (s3) versus 
axial strain (e) monitored during a simulation 
for the target s3 of 100 kPa. 
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and shear strength (σn and σs). Bonds break when the 
external force exceeds the respective strength. The size of 
the bond is defined by the ratio (l) of bond radius  and the 
smaller radius of two particles which are in contact. The 
wall stiffness was assumed to be equal to the Kn. 
Sensitivity analysis was carried out to observe the effect of 
each micro-parameter on the model output, ts. When one 
micro-parameter was varied, the others were kept constant 
during the simulation. The s3 used for the sensitivity 
analysis was 100 kPa. 
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Model calibration The sensitivity analysis demonstrated 
that coefficient of friction (µ) was the most crucial micro-
parameter affecting ts, as discussed later in the paper. 
Hence, this micro-parameter was calibrated using the test 
results for the combinations of three confining pressures 
(50, 100, and 150 kPa) and three soil moisture contents 
(low, medium, and high levels). 

RESULTS AND DISCUSSION 
Experiment results 
Stress-strain curves Figure 4 shows a soil specimen after 
compression was completed. The specimen failed in a 
barrelling fashion and no shear failure planes were 
observed on the specimen. The dilation of soil particles 
originated around the centre of the specimen during 
barrelling failure. This phenomenon was corroborated by 
Niyamapa et al. (1992) for a sandy loam soil at low strain 
rates.  
Due to the fact that no clear shear failure lines occurred in 
the specimens, obvious peaks of s1-s3 were not observed 
over the course of compression (Fig. 5). This was 
consistent with the study conducted by Belheine et al. 
(2009) who reported no peaks in the stress-strain curves 
from triaxial tests of sand. For all the moisture levels, the 
s1-s3 increased during compression under all the confining 
pressures. For the low moisture level, smooth curves were 
observed (Fig. 5a). The s1-s3 increased rapidly at the 
beginning of the compression, which occurred over a small 
range of e. The initial slope of the curve was steeper for 
the higher confining pressure. Zhao et al. (2011) reported 
similar findings for compression of sand. For the 
remainder of the test, a gradual increase in s1-s3 was 
observed. For the medium moisture level, the rapid 
increase in s1-s3 at the beginning was much shorter than 
that observed for the low moisture level (Fig. 5b). The 
overall shapes of the curves at high moisture level were 
flatter (Fig. 5c). For both the low and medium moisture 

Fig. 5. Deviatoric stress (σ1-σ3) versus axial strain (ε) under different confining pressures at (a) Low moisture level, 
(b) Medium moisture level (c) High moisture level. 

Fig. 4. Barrelling failure of a soil specimen after a 
compression test. 
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levels, over the course of compression, the s1-s3 always 
followed the same ranking: the highest for the 150 kPa 
confining pressure, intermediate for the 100 kPa, and the 
lowest for the 50 kPa. However, for the high moisture 
level, the curves were close for the 100 kPa and 150 kPa 
confining pressures. This could be attributed to the fact 
that the higher moisture level was closer to the soil liquid 
limit, and the liquid state would prevent the soil from 
further compression at the higher confining pressure. 
Soil shear strength The ts for the 50 kPa confining 
pressure was 93 kPa (Fig. 6a). Increasing the confining 
pressure to 150 kPa, ts was increased by 80%. This nearly 
linear increasing trend was consistent with the results 
observed by Wolfsohn et al. (1998). Statistically, ts was 
found to be significantly higher for the confining pressure 
of 150 kPa, compared to the 50 and 100 kPa pressures 
which resulted in statistically similar ts. In contrast, ts 
decreased linearly with the increase in moisture level (Fig. 
6b), which was in agreement with the study conducted by 
Toll (2000) who reported that drier soil had coarse 
aggregates which caused higher ts.  
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Soil modulus of elasticity The E values varied from 1 to 9 
MPa. The interaction effect of soil moisture level and 
confining pressure on E was significant. Thus, the simple 
effects are presented here. For the low and medium 
moisture levels, higher confining pressure resulted in 
larger E (Fig. 7). This increasing trend was expected and 
has been reported in the literature for cohesionless 
materials (Yang et al. 2011). A reverse trend was observed 
for the high moisture level where the lower compression 
pressure resulted in a larger E. The possible explanation 
for the reverse trend was that at the high moisture content 
(28%), the soil reached its plastic limit (27.7%), leading to 
different behaviours under different confining pressures. 
Among the nine combinations of confining pressure and 
soil moisture levels, the combination of the low moisture 
level with the 150 kPa pressure had the largest E, while the 
combination of the medium moisture level with the 50 kPa 
pressure had the smallest E. 
Soil Poisson's ratio Neither the confining pressure nor the 
moisture level affected v (Fig. 8). Numerically, the values 
of v were similar among all the confining pressures and all 
the moisture levels. In theory, the value of v varies from 0 
to 0.5, where the minimum value of 0 describes the 
compressibility, and the maximum value of 0.5 describes 
the incompressibility. In this study, the range of v for the 
sandy loam soil was from 0.45 to 0.48, which illustrated 
the incompressibility of the sandy loam soil. The small 
variations of this range also showed a minimal variation in 
v among all the soil specimens tested. 
Simulation results  
Model sensitivity In the sensitivity analysis, simulations 
were run using a set of base values of model micro-
parameters. These values were taken from the literature 
(Sadek and Chen 2015; Mak et al. 2012). When a micro-
parameter was varied in a range, the other micro-
parameters were kept constant, and the interactions 
between the micro-parameters were not investigated. The 
base values and the ranges are listed in Table 1. 

Fig. 6. Soil shear strength (ts) for: (a) different 
confining pressures (s3), (b) different moisture 
levels (Error bars represent the standard 
deviation; different letters means significant 
difference at p<0.05). 

Fig. 7. Soil modulus of elasticity (E) under different 
confining pressures and different moisture 
levels (Error bars represent the standard 
deviation; different letters means significant 
difference at p<0.05). 

Fig. 8. Soil Poisson’s ratios (ν) for: (a) different 
confining pressures (σ3), (b) different moisture 
levels (Error bars represent the standard 
deviation; different letters means significant 
difference at p<0.05). 
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Kn had non-linear effects on the model output (Fig. 10b). 
Initially, ts had a rapid increase when Kn was increased 
from 1.0x104 to 3.3x104 N m-1. This could be explained by 
the assumption that stiffer particles would generate higher 
reaction forces between particles while being compressed 
and therefore higher ts was observed. However, a further 
increase in Kn did not follow the increasing trend. Instead, 
the ts was stable for Kn values between 3.3x104 and 
9.0x104 N m-1, and then decreased when Kn was further 
increased to 3x105 N m-1. There were no further changes in 
ts up to the maximum stiffness of 6x105 N m-1.  
As demonstrated by the rapid increase in the simulated ts 
(Fig. 11), particle friction coefficient (µ) was the most 
influential micro-parameter to the simulated ts. This may 
imply that there was sliding movement between particles 
during compression, where friction between particles was 
most prominent. As a result, the model generated higher 
shear forces between particles. This finding was consistent 
with Zhao et al. (2011) in simulations of triaxial tests of 
sand using PFC. The simulated results showed a non-
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The simulated ts was found to be fairly constant regardless 
of the value of kn with an average ts of 104 kPa (Fig. 9a). 
This means that the triaxial test model was not sensitive to 
kn. The simulated ts was plotted with the logarithmic scale 
of σn (Fig. 9b). It was expected that stronger bond between 
soil particles would result in a higher ts of the soil. 
However, values of ts did not vary at the beginning when 
the σn was increased from 100 to 10,000 Pa. At higher σn, 
the simulated ts increased slightly. There was small particle 
deformation during the compression, as the shear strength 
was recorded at 15% of the strain. The small deformation 
might have caused little breakage of bonds between 
particles. This may explain the insignificant effect of bond 
strength on the ts. 
The simulated ts was slightly sensitive to l (Fig. 10a). The 
soil had higher ts when larger bonds existed between 
particles. It was interesting to find that the relationship 
between ts and l was relatively linear (R2 = 0.93). The 
sensitivity analysis of the model was performed in a wide 
range of the particle stiffness (Kn). The results showed that 

Fig. 10. Simulated shear strengths (τ s) as affected by (a) ratio of bond radius (λ ), (b) particle stiffness (Kn). 

Fig. 9. Simulated shear strengths (τs) as affected by (a) bond stiffness (kn), (b) bond strength (σn) of the particle. 

Table 1. Values of micro-parameters used for sensitivity analysis. 
Micro parameter Symbol and unit Base value Range 
Particle normal stiffness Kn (N m-1) 3.5x105 9x103 – 6x105 
Particle friction coefficient � 0.5 0.1 – 1.0 
Bond normal stiffness kn (Pa m-1) 2.5 x105 5 x102 – 5 x107 
Bond normal strength �n 2x104 1x102 – 2x109 
Bond radius multiplier � 0.5 0.0 – 1.0 
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linear, but a well predictable trend of ts, as µ was varied 
from 0.1 to 1.0. Over this range of µ, ts increased 
dramatically from 45 to 180 kPa. This could be described 
by a logarithmical relationship with an R2 of 0.99. 
Model calibration The micro-parameter µ was chosen for 
calibration, due to the high sensitivity and good 
predictability. Preliminary simulations showed that values 
of Kn derived from E ensured appropriate model 
behaviour. Thus, the measured E was used to calculate Kn 
using the equation (Kn = 4 R·E, where R is the particle 
radius; Itasca 2015). The ratios of ks to kn, and Ks to Kn 
were assumed to be the Poisson's ratios measured in the 
experiment. The other micro-parameters were assigned to 
the base values mentioned above. The calibration was 
performed using the test data for nine combinations of 
three moisture levels and three confining pressures. For 
each combination, ts were simulated with the triaxial 
compression model using assumed values of µ. For each 
assumed value of µ, a curve of s1-s3 vs. e was generated 
and the simulated ts was read from the curve. The value of 
µ was adjusted until the best match was found between the 
simulated ts and the measured ts. This calibration 
procedure was illustrated by the results from the 
combination of 100 kPa confining pressure and the high 
moisture level. Compared with the measured ts for this 
combination, 137 kPa, the relative errors (RE) were 
calculated (Fig. 12). The best match occurred at µ = 0.4 
where the RE was the lowest at 1.0%. Thus, 0.4 is the 
calibrated value for µ for the sandy loam soil under the 
high soil moisture level and 100 kPa confining pressure. 
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Using the same procedure µ was calibrated for the other 
combinations of confining pressure and moisture levels 
and the results are summarised in Table 2. The calibrated µ 
values varied for all combinations of soil moisture level 
and confining pressure. Within the same confining 
pressure, calibrated µ ranged from very high to very low 
when the soil moisture level was changed, especially for 
the 50 and 150 kPa pressures. In contrast, with the same 
confining pressure of 100 kPa, the calibrated µ had little 
difference among the three moisture levels. 

CONCLUSIONS 
In this study, triaxial compression tests were carried out 
for a sandy loam soil. Shear properties of the soil were 
measured under three different soil moisture levels: low 
(10.5 ± 0.5%), medium (19 ± 1.0%), and high (28 ± 1.0%), 
and three confining pressures: 50, 100, and 150 kPa. The 
following conclusions were drawn. 
1. Soil shear strength data indicated that the sandy loam 

soil was more susceptible to failure as the moisture 
content increased and the confining pressure decreased. 

2. The low moisture level with the 150 kPa confining 
pressure provided more resistance to deformation, as 
demonstrated by the highest modulus of elasticity. 

3. The model developed using PFC3D successfully 
simulated confined triaxial compression tests. 

4. Particle friction coefficient was the most influential 
micro-parameter affecting the simulated shear strength, 

Table 2. Calibrated values of particle friction coefficients (µ) for different confining pressures and moisture levels. 
Confining 
pressure, kPa 

Moisture Level Measured ts, kPa Simulated ts, kPa RE, % Calibrated µ 
50 Low 118 115 2.2 1.0 
50 Medium 96 100 5.1 0.7 
50 High 66 62 6.4 0.2 
100 Low 171 170 1.3 0.6 
100 Medium 146 147 1.0 0.5 
100 High 137 135 1.5 0.4 
150 Low 226 225 0.0 0.9 
150 Medium 164 168 2.7 0.4 
150 High 112 105 6.8 0.2 

Fig. 11. Simulated shear strengths (τ s) as affected by 
the particle friction coefficient (µ ). 

Fig. 12. Relative errors (RE) between simulated and 
measured shear strengths for different 
particle friction coefficients (µ) for 100 kPa 
confining pressure and high moisture level. 
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based on the sensitivity analyses of all model micro-
parameters. 

5. The calibrated particle friction coefficients for different 
soil moisture levels and confining pressures varied 
from 0.2 to 1.0.  

It should be noted that the results from this study were 
obtained from the given sandy loam soil, and the 
calibrated parameters were obtained for the given 
combinations of confining pressures and soil moisture 
contents. Caution should be taken when the results are 
applied to other conditions. 
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