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Abstract Penetration test has been a promising technique

for characterizing the surface strength of a crusted surface.

This paper presents an experimental and numerical inves-

tigation of using a flat-ended penetrometer to evaluate the

surface strength of mine tailings (MT) treated with

biopolymer solutions of different concentrations. The

experimental results show that the infiltration depth of

biopolymer solution into dry MT decreases with the

increase in biopolymer concentration. Biopolymer stabi-

lization effectively increases the surface strength and

cracking resistance of MT, and the increase is greater when

the biopolymer concentration is higher. To further explore

how biopolymer stabilization increases the surface strength

and crack resistance of MT, numerical simulations using

discrete element method were carried out to study the

penetration tests on MT treated with biopolymer solutions

of different concentrations. The simulation results show

that the inter-particle tensile and shear strengths both

increase with higher biopolymer concentration, indicating

that more biopolymer induces larger inter-particle bonding

and thus increases the surface strength of MT. The simu-

lation results also confirm the delayed formation of cracks

on MT after biopolymer stabilization from a microscale

perspective, leading to a better understanding of biopoly-

mer stabilization of MT.

Keywords Biopolymer � Discrete element method

(DEM) � Dust control � Mine tailings � Penetration test �
Surface strength

1 Introduction

The mining industry serves to power the growth of economy

but leaves a legacy of destructive landscape covered with

huge amount of mine tailings (MT). One of the growing

environmental concerns related toMT is the wind-borne dust.

The dust from MT could be a nuisance to the neighborhoods

by reducing visibility along roads, degrading air quality, and

contaminating surface water and soil [4]. Besides, the metal-

laden particulates within the fugitive dust could be a severe

health hazard to human beings [3]. A currently commonly

used method to abate the fugitive dust from MT is spraying

dust suppressants. A dust suppressant functions in one of the

following ways to control dust: retaining moisture within the

MT (or soil), transforming smaller particles into larger ones,

forming a protective crust at the MT surface, or working as

adhesive to bind or agglomerate MT particles together [32].

Recently, the authors have shown that biopolymers are an

excellent dust suppressant for mitigating dust from MT

without causing negative impact on the environment [8].

Biopolymers can interact with MT particles to form a pro-

tective crust at the surface of MT.

It has been well recognized that the crust at MT (or soil)

surface plays a crucial role in reducing fine particle

entrainment by wind [9, 14, 26]. Even a weak crust can

significantly reduce the wind erosion rate [14]. Natural

wind-induced shear force seldom directly entrains dust

particles from a crusted surface due to the cohesion among

the fine particles [9]. It is widely accepted that the saltating

particle-induced abrasion and impact disrupt the crust and
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generate the dust [9, 13, 26]. During wind erosion, saltating

particles repeatedly strike the MT surface inducing dis-

turbance around the impact points. They progressively

break the bonding between individual MT particles and

disaggregate the crust, exposing the fine particles to wind

entrainment and thus increasing wind erosion rate. The

erodibility of MT (or soil) depends largely on their

mechanical stability, which is defined as the resistance to

breakdown by mechanical agents such as wind force, til-

lage, or abrasion by saltating particles [9]. The mechanical

stability derives mainly from the inter-particle bonding of

the MT and is closely related to the stress–strain relation-

ship and yield condition of the MT [24].

Rice et al. [28] pointed out that the crust (surface)

strength is a good measure to characterize the erodibility of

crusted surfaces. Different methods have been proposed to

measure the crust strength of soil in order to evaluate its

resistance to abrasion by saltating particles. For example,

Richards [30] conducted modulus of rupture tests to mea-

sure the tensile strength of remolded specimens. However,

it is difficult to apply this method in the field. Skidmore and

Power [31] proposed an aggregate stability test to measure

the crust strength, in which the energy required to crush

soil aggregates can be estimated. However, it is difficult to

use this method on weak crusts. Previous researches [20,

28, 29] and our study [8] have shown that penetration test is

a promising technique for characterizing the surface

strength and the surface strength measured by the pene-

tration test shows a good correlation with the dust resis-

tance. For example, Rice et al. [28] studied the erosion of

three artificially crusted sediments with varied strength

caused by the impact of saltating particles. The strength of

each crust was measured using a flat-end cylindrical pen-

etrometer with a diameter of 6 mm prior to wind tunnel

test. The flat-ended penetrometer method was preferred to

other methods because it applies load to a known area

covering many grains and can be easily adapted for use in

the field. Their results show that the erosion rate decreases

with increasing crust strength measured by the flat-ended

penetrometer. Langston and Neuman [20] carried out a

series of penetrometer and wind tunnel tests to study the

susceptibility of biotic and salt-crusted surfaces to wind

erosion. The results show that the crust strength decreases

exponentially with increasing number of particle impacts

and the penetration test results correlate well with the wind

tunnel test results. The authors concluded that the pen-

etrometer test is superior to the portable wind tunnel test

because it is easier to perform and less expensive. There-

fore, this paper conducts a systematic experimental and

numerical investigation on penetration tests of MT in order

to better understand how biopolymer stabilization increases

the surface strength and the dust resistance of MT.

2 DEM simulation of penetration tests

Penetration into soil (or MT) is a large-strain problem

involving flow of soil particles and presence of cracks which

are difficult to be simulated using continuum theory-based

techniques, such as finite difference and finite element

methods [15, 25]. Discrete element method (DEM) is a good

alternative to solve the large-strain problem, considering that

it does not require complex stress–strain laws for the simu-

lated material and fractures are naturally formed at the dis-

crete points, and hence, the nucleation and propagation of the

fractures can be investigated without additional effort to

reproduce the effect of cracks [11]. DEM has been used to

investigate different engineering problems involving large

strain such as cone penetration [1, 6, 15], pile penetration [16,

21–23], and soil–tool interaction [25].

Huang and Ma [15] used two-dimensional (2D) DEM

combined with boundary-element method (BEM) to

explore cone penetration mechanism in sands. The soil near

the penetrometer was modeled by an assembly of disks

using DEM, and the soil in the far field was simulated using

BEM. They found that the soil failure and dilatancy are

affected by the loading history. Lobo-Guerrero and Vallejo

[22, 23] conducted 2D DEM simulations to investigate the

penetration resistance of driven piles in crushable weak

sands. The crushable granular particles were simulated by

replacing the original particle with an equivalent group of

finer particles. When the predefined failure criterion is

fulfilled, the particle breaks into a group of smaller ones.

The DEM simulation results show that the penetration

resistance in the crushable soil is smaller than that in the

uncrushable soil. The shape of the driven pile also has a

great effect on the penetration resistance and the crushing

of the particles. Jiang et al. [16] carried out a numerical

study to investigate the deep penetration mechanisms in

granular soils using 2D DEM. They found that the tip

resistance increases with the penetration depth and the tip-

soil friction. The penetration causes the soil near the pen-

etrometer to experience a loading and unloading process,

exhibit a complex displacement path, and undergo large

rotation of principal stresses.

Simulation of soil penetration problems using 2D DEM

is attractive to the researchers, but it may not reflect the real

penetration process which is three dimensional (3D) [15].

Few investigations have been performed to simulate the

soil penetration problem using 3D DEM. Arroyo et al. [1]

performed numerical simulations of cone penetration tests

using 3D DEM. The simulated cone resistance showed

good agreement with the physical experimental results. Lin

and Wu [21] reported a numerical study of driving a pen-

etrometer into granular materials using 3D DEM. It is

found that the geometry of the penetrometer has a
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significant effect on the tip resistance. Butlanska et al. [6]

presented a numerical study of cone penetration tests at

micro-, meso-, and macroscale levels using 3D DEM. The

numerical results show qualitative agreement with the

macroscale observations in the physical tests in sands.

Although DEM has been applied to investigate the

penetration into soils, no study has been carried out on

using DEM to simulate penetration into MT for evaluating

the surface strength. Therefore, this paper uses 3D DEM to

simulate the penetration test on MT stabilized with

biopolymer solutions of different concentrations, aiming to

better understand how biopolymer stabilization increases

the surface strength and thus dust resistance of MT.

3 Experimental study

3.1 Materials

The MT were obtained from a mine site in Southern Ari-

zona and consisted of about 69 % (wt%) of alumina sili-

cate, 30 % quartz, and 1 % pyrite. Figure 1 shows the

particle size distribution curve of the MT, indicating that

57.6 % of the MT particles is finer than mesh #100

(150 lm) and 36.4 % is finer than mesh #200 (75 lm).

According to ASTM [2], the MT are classified as silty

sand.

Xanthan gum was the biopolymer used in this study and

was obtained from Gum Technology Corporation in Tuc-

son, Arizona. Xanthan gum was chosen not only because of

its low price and well-documented physical and chemical

properties, but also because of its capacities to improve the

strength of soil and immobilize heavy metals [17, 19].

3.2 Specimen preparation

The specimens for penetration tests were prepared using

steel trays (22.86 9 22.86 9 5.08 cm). Dry MT were first

thoroughly mixed with water at a water content of 25 %.

Then, the homogeneous slurry was placed into the steel

trays, and each tray contained about 3500 g of wet MT.

This process simulates the field operation for pumping the

MT slurry into the tailings pond. After the MT in the trays

were sun-dried, a sprayer was used to spray biopolymer

solution at a concentration of 0 (water only), 0.3, 0.5, or

0.8 %, respectively, on the dry MT surface at an applica-

tion rate of 1.9 L/m2. The MT specimens treated with

water were used as a control. The application rate of 1.9 L/

m2 was selected based on the typical application rate from

0.5 to 4.5 L/m2 used in practice [5]. The biopolymer

solutions were prepared by dissolving xanthan gum powder

in tap water at a specified concentration and stirring the

solution for about 10 min until a homogeneous solution

was obtained. After spraying the biopolymer solution, all

specimens were exposed to sunshine until they were totally

dry before tested. For each biopolymer concentration, two

specimens were made and tested.

3.3 Measurement of infiltration depth of biopolymer

solution into dry MT

There are many factors that affect the performance of a

dust suppressant in achieving effective dust abatement,

including the physical and chemical properties of the dust

suppressant, the application rate and frequency of the dust

suppressant, the properties of the treated MT (or soil), the

environmental conditions, the infiltration depth of the

suppressant, and the longevity of the suppressant [10, 18].

Bolander and Yamada [5] suggested that maximum dust

control effect can be achieved by ensuring sufficient infil-

tration depth of the liquid dust suppressant because ade-

quate suppressant infiltration depth helps to resist surface

wear, prevent leaching, impart cohesion, and prolong ser-

vice life. They suggested that the suppressant infiltration

depth should be 10–20 mm for road dust control. Copeland

et al. [10] also suggested that the suppressant infiltration

depth is the most critical factor in achieving effective dust

control. Therefore, in this study, the infiltration depth of

biopolymer solution into the dry MT was measured. The

MT specimens used for measuring the infiltration depth of

biopolymer solution were prepared in the same way as

those for the penetration tests. After the sun-dried MT

specimens were sprayed with biopolymer solutions of

different concentrations (0, 0.3, 0.5, and 0.8 %), they were

allowed to cure for 30 min and then cut vertically into

several pieces with care to measure the infiltration depth

of biopolymer solution. The same biopolymer solution
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Fig. 1 Particle-size distribution curve of MT
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application rate of 1.9 L/m2 as that for the penetration tests

was used.

3.4 Penetration tests

A flat-ended cylindrical penetrometer with a diameter of

6 mm was manufactured and mounted to an ELE Tri Flex 2

loading machine in order to perform the penetration tests

[8]. Figure 2 shows the location and sequence of the pen-

etration tests for each specimen. The first penetration (P1)

was at the center, and the rest four were on the diagonals

and approximately 6 cm from the center, ensuring a dis-

tance of at least ten times the penetrometer diameter

between the penetration locations and between a penetra-

tion location and the tray edge. To perform the penetration

test, the prepared MT specimen tray was placed on the

loading platform and the penetrometer was adjusted so that

its flat end just touches the MT surface. Then, the pen-

etrometer was driven into the MT specimen at a constant

loading rate of 0.1 mm/min, until reaching a total pene-

tration of 4.0 mm. The force and penetration were recorded

during the penetration test. Pictures were also taken before

and after each penetration test.

4 Experimental results

Figure 3 presents the typical pictures showing the infiltra-

tion depth of biopolymer solution at a concentration of 0,

0.3, 0.5, and 0.8 %, respectively, into the dry MT speci-

mens 30 min after the spraying. It can be seen that the

infiltration of biopolymer solution is not even due to the

heterogeneity of the MT. A biopolymer solution at lower

concentration shows greater infiltration depth into the dry

MT, simply because of its lower viscosity. Based on eight

measurements for each biopolymer concentration, the

infiltration depths are 21–27, 15–20, 13–17, and 11–15 mm

for the biopolymer solution at a concentration of 0, 0.3, 0.5,

and 0.8 %, respectively. Fuller and Marsden [12] con-

ducted a study on using guar gum to mitigate dust gener-

ation in dry playa areas. They used a biopolymer

concentration of 0.9 % and an application rate of

1.9–3.8 L/m2. They found that the infiltration depth was

between 4 and 7 mm 30 min after the application of the

guar gum solution. The infiltration depth in the current

study is larger than that in the study by Fuller and Marsden

[12], simply because the xanthan gum solution used in the

current study has lower concentration and much lower

viscosity than the guar gum solution used in their study.

Figure 4 compares the surface condition after each

penetration test on the MT specimens treated with 0 (wa-

ter), 0.3, and 0.8 % biopolymer solutions, respectively.

After the first penetration test (P1), a crack is generated on

the water (0 %)-treated specimen but not on the 0.3 or

0.8 % specimen. The second penetration test (P2) extends

the previously generated crack and generates new cracks

coalescing it on the 0 % specimen, but it generates only

two small cracks on the 0.3 % specimen or no crack on the

0.8 % specimen. After more penetration tests, new cracks

and/or crack coalescences are observed on both the 0 and

0.3 % specimens, with the 0 % specimen showing more

cracks than the 0.3 % specimen. However, only a single

small crack is observed on the 0.8 % specimen after the

fourth penetration test (P4). Figure 4 clearly indicates the

increase in cracking resistance (related to tensile strength

and thus dust resistance) of MT after biopolymer stabi-

lization, higher biopolymer concentration leading to

greater increase in the cracking resistance. Figure 4 also

suggests that with the increase in penetrations, which

corresponds to the increase of saltation duration in the

field, the crust is progressively degraded due to the accu-

mulation of micro-cracks.

Figure 5 shows the typical penetration force versus

penetration depth curves from the penetration tests. Curve

a shows steady increase in penetration force with pene-

tration depth with no drop. This type of curve was gener-

ally observed during the first penetration test (P1) on

biopolymer-treated specimens, in which the force first

increases with penetration up to a certain level and then

remains nearly unchanged until the end of the test, sug-

gesting no obvious surface crack (drop of force) or

stable crack propagation during the penetration. Curve

b shows one obvious drop during the penetration, as

observed during the first penetration test (P1) on the 0 %

specimen or the second (P2) and/or third (P3) penetration

test on the 0.3 and 0.5 % specimens, indicating the for-

mation of one crack. After several penetration tests, the

force–penetration curves may show multiple drops, as

observed during the fourth (P4) and/or fifth (P5) penetra-

tion test on the 0, 0.3, and 0.5 % specimens (Curve c). This

P3P2

P1

P4P5

6 cm

Fig. 2 Location and sequence of penetration tests
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is because of the generation, propagation, and interaction

of multiple cracks during penetration.

The average, standard deviation (SD), and coefficient of

variation (COV) of the ten measured maximum penetration

forces for each biopolymer concentration are summarized

in Table 1, and the average of measured maximum pene-

tration forces from the two first penetration tests for each

biopolymer concentration is shown in Fig. 6. One can

clearly see that the surface strength of MT increases with

higher biopolymer concentration. The increase in the sur-

face strength of MT can be attributed to the coating and

binding of MT particles by the cross-linking biopolymer

network. Xanthan gum is an anionic polysaccharide with a

long-chain structure containing numerous hydroxyl groups,

enabling it to form ionic bonds and hydrogen bonds with

MT particles, causing a high degree of aggregation at the

surface of MT [7]. Also, the cross-linking biopolymer

network can bind detached particles and fill the voids

between them, leading to formation of a denser structure

and hence higher surface strength. The surface strength

reflects the bonding strength between the MT particles and

the amount of energy required to break down the crust [28].

A stronger crusted surface means more energy required

from the saltation impacts to release the fine particles (dust)

and thus higher resistance to wind erosion.

5 Numerical simulations

The experimental study indicates that biopolymer treat-

ment can effectively increase the surface strength of MT.

To better understand biopolymer stabilization of MT, DEM

simulations were performed to simulate the first penetra-

tion test (P1) on MT specimens treated with biopolymer

solutions of different concentrations.

5.1 Model description

The DEM simulations were performed using PFC3D v4.0.

The bonding between MT particles was simulated using the

default parallel bond model provided in the PFC3D [27].

Figure 7 shows the numerical model used in the DEM

simulations. The flat-ended penetrometer with a diameter

of d = 6 mm, the same size as that used in the physical

experiments, was simulated using two walls—a horizontal

disk wall and a vertical sleeve wall. Since the penetration

depth is only 4 mm, the resistance derived from the sleeve

wall of the penetrometer is expected to be very small and

negligible. So it is assumed that the sleeve wall is fric-

tionless and the flat end is frictional with a friction coef-

ficient of 0.45 between it and the MT particles. The

cylindrical box containing MT particles has a height of

(b)

17 mm

(c)

15 mm 13 mm

(d)

(a)

23 mm

Fig. 3 Typical pictures showing infiltration depth of biopolymer solution into dry MT 30 min after spraying: a 0 % (water only), b 0.3 %,

c 0.5 %, and d 0.8 % concentrations
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H = 60 mm and a diameter of D = 120 mm. A friction

coefficient of 0.45 was assumed between the wall of the

box and the MT particles. The normal and shear stiffnesses

were set as 1 9 109 N/m for all walls. The simulated MT

specimens were divided into two layers: the top-crusted

layer with biopolymer stabilization and the bottom layer

with no biopolymer stabilization. The thickness of the top-

crusted layer (h) was set as 24, 17.5, 15, and 13 mm for the

MT specimens treated with biopolymer solution at a con-

centration of 0, 0.3, 0.5, and 0.8 %, respectively, based on

the measured infiltration depth at each condition in the

previous section. The MT particles were represented by

balls with diameters following a uniform distribution from

0.5 to 1.0 mm for the top layer and 0.8 to 1.6 mm for the

bottom layer, respectively. Larger particle size was used

for the bottom layer aiming to reduce the total number of

particles and thus the calculation time.

The expansion method was adopted to generate the

particle assembly with a target porosity of 0.35 for both the

top and bottom layers. After generation of all particles,

crack

Crack
P1

P2

P3

P4

P5

0.0% 0.3% 0.8%

crack

Fig. 4 Comparison of surface conditions after each penetration test on MT specimens treated with biopolymer solution at a concentration of 0,

0.3, and 0.8 %, respectively
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different micro-properties were assigned to the top and

bottom layers. All the MT particles were assigned the same

density of 2650 kg/m3. The flat-ended penetrometer was

set at 2 mm above the surface of the specimen before

testing. And then the top wall of the box was deleted, and

the penetrometer was driven at a vertical velocity of 4 mm/

s up to a penetration depth of 4 mm. The time step used

was 2 9 10-5 s. The tip resistance of the penetrometer and

the number of cracks were recorded during the penetration

process.

5.2 Calibration of micro-parameters

The micro-parameters used in the DEM simulations are

listed in Table 2. To reduce the effort of calibration, some

of the micro-parameters that only have minor effect on the

mechanical response of the simulated material were pre-

determined based on experience and the information from

the literature: kn/ks = 1, k = 1 and kn=ks = 2.

It is assumed that the elastic moduli of the parallel bond

and the particle (Ec, Ec) are equal to each other [27]. So the

normal stiffnesses of the parallel bond (kn) and the particles

(kn) can be calculated using the following equations [27]:

kn ¼ 4REc ð1Þ

kn ¼ Ec= RA þ RBð Þ ð2Þ
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from penetration tests: (a) the penetration force increases steadily
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penetration; and (c) multiple drops during the penetration

Table 1 Average, standard deviation (SD), and coefficients of vari-

ation (COV) of measured maximum penetration forces for MT

specimens treated with biopolymer solutions of different

concentrations

Concentration (%) Average (N) SD (N) COV (%)

0.0 213.8 62.0 29.0

0.3 278.4 58.9 20.8

0.5 312.5 82.4 26.4

0.8 331.8 65.9 19.9
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Fig. 6 Average maximum penetration force of the two first penetra-

tion tests on MT specimens treated with biopolymer solution at a

concentration of 0, 0.3, 0.5, and 0.8 %, respectively

h

D = 120

D = 6 mm

H = 60 mm

Fig. 7 Numerical model of penetration test

Table 2 Micro-parameters used in DEM simulations

Micro-parameters Description

Particle

kn Normal stiffness of the particle

ks Shear stiffness of the particle

l Particle friction coefficient

Parallel bond

kn Normal stiffness of the parallel bond

ks Shear stiffness of the parallel bond

k Radius multiplier

rc Tensile strength of the parallel bond

sc Shear strength of the parallel bond
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where R is particle radius, and A and B represent two

adjacent particles A and B. The normal stiffnesses of the

parallel bond and the particles were calibrated to match the

Young’s modulus.

The friction coefficient l and the parallel bond strengths

(rc; sc) were calibrated to match the peak force obtained

from the penetration test. The calibration was carried out

by trial and error to adjust the input micro-parameters so

that the simulation results match the experimental results.

First, the micro-parameters were calibrated to match the

penetration force–penetration depth response of the MT

specimen treated with only water. Then, the obtained

micro-parameters were assigned to the particles in the

bottom layer, and the micro-parameters for the particles in

the top layer were further calibrated to match the pene-

tration force–penetration depth responses of the MT treated

with biopolymer solution at a concentration of 0.3, 0.5, and

0.8 %, respectively.

Table 3 Calibrated micro-parameters for MT treated with biopoly-

mer solutions of different concentrations

Top layer/concentration Micro-parameter Value

0.0 % l 0.40

rc 2.5 MPa

sc 1.25 MPa

kn = ks 0.12 MN/m

kn ¼ 2ks 26 GPa/m

0.3 % l 0.45

rc 3.0 MPa

sc 1.40 MPa

kn = ks 0.15 MN/m

kn ¼ 2ks 30 GPa/m

0.5 % l 0.50

rc 3.6 MPa

sc 1.6 MPa

kn = ks 0.17 MN/m

kn ¼ 2ks 36 GPa/m

0.8 % l 0.55

rc 4.0 MPa

sc 2.0 MPa

kn = ks 0.216 MN/m

kn ¼ 2ks 48 GPa/m

Bottom layer All micro-parameters are the same as those

at 0.0 % concentration
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friction coefficient, used in DEM simulations
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6 Results of numerical simulations

Table 3 summarizes the micro-parameters used in the

PFC3D simulations to reproduce the penetration force–

penetration depth curves from physical experiments. Fig-

ure 8 shows the comparison of penetration force–penetra-

tion depth curves from DEM simulations with those from

experiments for MT treated with 0, 0.3, 0.5, and 0.8 %

biopolymer solutions, respectively. It can be seen that the

DEM simulations can capture the force–penetration

response of the tested MT specimens very well.

Figure 9 presents the obtained rc; sc and l values from

DEM simulations for MT treated with biopolymer

solutions of different concentrations. Figure 9a, b shows

that the parallel bond tensile and shear strengths both

increase with higher biopolymer concentration, indicating

that more biopolymer induces larger inter-particle bonding.

This is beneficial to the enhancement of dust resistance

because more energy is required to break the stronger

bonding. Figure 9c shows that the inter-particle friction

coefficient also increases with higher biopolymer concen-

tration, which may be attributed to the aggregation of MT

particles due to the presence of biopolymer.

Figure 10 shows the effect of biopolymer concentration

on the penetration depth when the first micro-crack forms

during the simulated penetration test. With the increase in

biopolymer concentration, simulated by increasing the

inter-particle bonding, larger penetration depth is required

for the formation of the first micro-crack. This indirectly

confirms the experimental results shown in Fig. 4, which

indicates that crack develops on the water-treated MT but

not on the biopolymer-treated MT during the first

penetration.

Figure 11 shows the contact force chains within the top

2 cm of the middle section slices of 10 mm thickness of the

different numerical specimens at a penetration depth of

4 mm. The thickness of the lines represents the magnitude

of the contact forces. A non-uniform distribution of the

contact forces can be clearly seen. The contact force con-

centrates at the base of the penetrometer and branches out

in a tree-like pattern to the base of the specimen. The

maximum contact forces are 37.0, 54.6, 60.3, and 83.9 N
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Fig. 10 Effect of biopolymer concentration on the penetration depths

when the first micro-crack forms during penetration

(a) 0.0% biopolymer

(c) 0.5% biopolymer

(b) 0.3% biopolymer

(d) 0.8% biopolymer

Max contact force= 54.6 N

Max contact force= 60.3 N

Max contact force= 83.9 N

Max contact force = 37.0 N

Fig. 11 Contact force chains and maximum contact force within simulated MT treated with a 0 %, b 0.3 %, c 0.5 %, and d 0.8 % biopolymer

solutions, respectively, at a penetration depth of 4 mm
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for the MT specimens treated with 0, 0.3, 0.5, and 0.8 %

biopolymer solutions, respectively. Higher biopolymer

concentration leads to stronger bonding between MT par-

ticles and thus larger contact force that can be tolerated

within the specimen and greater macroscale maximum

penetration force.

7 Conclusions

The following conclusions can be drawn based on the

experimental and numerical investigations of the surface

strength of MT after biopolymer treatment:

a. The infiltration depth of biopolymer solution into dry

MT decreases with higher biopolymer concentration.

The infiltration depth of xanthan gum solution at a

concentration of 0.8 % into dry MT is still large

enough for effective crust formation and dust resis-

tance enhancement.

b. Biopolymer stabilization effectively increases the

surface strength and thus the dust resistance of MT,

higher biopolymer concentration leading to greater

increase.

c. The first penetration generates cracks on the water-

treated MT specimen but not on the biopolymer-treated

MT specimens. With increasing number of penetra-

tions, more new cracks and crack coalescences are

observed on the water-treated MT specimen than on

the biopolymer-treated specimens, suggesting that

biopolymer stabilization effectively increases the

cracking resistance (related to tensile strength and thus

dust resistance) of MT.

d. The DEM simulations using the parallel bond model

can satisfactorily capture the measured penetration

force versus penetration depth curves of MT treated

with biopolymer solutions of different concentrations.

The DEM simulations show that the parallel bond

tensile and shear strengths both increase with higher

biopolymer concentration, indicating that more

biopolymer induces larger inter-particle bonding and

thus increases the dust resistance of MT.
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