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Abstract The flow behaviours of cohesive particles in

the ring shear test were simulated and examined using

discrete element method guided by a design of experiments

methodology. A full factorial design was used as a

screening design to reveal the effects of material properties

of partcles. An augmented design extending the screening

design to a response surface design was constructed to

establish the relations between macroscopic shear stresses

and particle properties. It is found that the powder flow in

the shear cell can be classified into four regimes. Shear

stress is found to be sensitive to particle friction coefficient,

surface energy and Young’s modulus. A considerable

fluctuation of shear stress is observed in high friction and

low cohesion regime. In high cohesion regime, Young’s

modulus appears to have a more significant effect on the

shear stress at the point of incipient flow than the shear

stress during the pre-shear process. The predictions from

response surface designs were validated and compared

with shear stresses measured from the Schulze ring shear

test. It is found that simulations and experiments showed

excellent agreement under a variety of consolidation

conditions, which verifies the advantages and feasibility

of using the proposed “Sequential Design of Simulations”

approach.

Keywords discrete element method, cohesive materials,

parameter calibration, ring shear cell, design of experiments

1 Introduction

The flow behaviour of cohesive particles has attracted

increasing attention due to a wide range of applications

across diverse areas including pharmaceutical, agriculture,

food and chemical industries. A better understanding of the

effect of the material properties on the flow behaviour of

cohesive particles is beneficial to optimize and improve the

relevant industrial applications. As the computer hardware

and algorithms continue to improve, the discrete element

method (DEM) has become a valuable technique for

addressing powder handling equipment designs [1–3]. In

DEM simulations, the position, velocity and force of

individual particles are calculated directly using classical

Newton’s law. Therefore, DEM allows direct incorporation

of the cohesion forces between particles and can help

understand the underlying mechanisms, which makes it an

attractive tool [4].

The reliability of a DEM model mainly depends on the

accuracy of the force-displacement law used in particle

contacts and the choice of relevant simulation parameters

[5]. One main challenge with DEM is how to select

representative parameters at particle scale that can

accurately reproduce realistic bulk behaviours of the

granular powders. Currently, material properties like

particle size, shape and density can be measured or

estimated directly by experiments with enough confidence.

However, there is still disagreement on the best methods to

measure some rheological parameters required in consti-

tutive contact models, such as the particle surface energy.

Furthermore, experimental measurements usually leads to

scatted values with powder samples. Additional assump-

tions need to be made in DEM simulations such as using a
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representative particle shape, a limit number of discretized

particle size and an averaged coefficient of restitution over

a range of impact velocities. Therefore, a so-called

calibration process is required before DEM can be

employed as a reliable predictive tool for industrial

processes. The calibration process here is referred to as a

procedure of determining simulation parameters at particle

scale for DEM simulations to quantitatively match the bulk

behaviour of powders in experiments.

The angle of repose is one of the most commonly used

tests to calibrate DEM simulation parameters [6]. The

static angle of repose from a powder pile and dynamic

angle of repose in the rotating drum have been simulated

and compared with experimental measurements to find the

optimal parameters [7,8]. However, it is known that the

angle of repose is sensitive to a variety of parameters such

as particle sliding friction, rolling friction and surface

energy [9,10]. It is possible that more than one set of

parameters will produce a similar angle of repose measured

in the experiments, which makes the calibration test

problematic [11]. The shear cell test for powders has

shown potentials to be an effective calibration method for

DEM simulations [12,13]. It has long been used to

characterize the flow properties of bulk solids and has

the advantageous reproducibility for the flow behavious of

cohesive powders. The principle of shear testing is to

measure the yield stress locus of bulk powders under

different consolidation stresses [14]. The ring shear cell

tester can generate several yield stress points under

different normal stresses, which can be used as multiple

responses for calibrating more than one simulation

parameter. Therefore, experiments and simulations of

ring shear cell tester were investigated in this study.

Currently, DEM calibration processes are commonly

carried out at a one-factor-at-a-time approach, where

parameters are varied individually at each time and then

the effects on the simulation responses are monitored.

Simons et al. [12] studied the sensitivity of various material

properties to the shear cell results by a one-factor-at-a-time

approach. They found the shear results depend on more

than one input parameter and suggest that the calibration

process should include more than one experiment. Huang

et al. [15] simulated and measured the shear resistance of

ballast particles in the direct shear test. Numerous

simulation cases were carried out with various the particle

friction and contact stiffness to match the shear stress

versus displacement curves measured in experiments.

However, the optimal parameters are still obscure. While

it is conceptually simple, the one-factor-at-a-time approach

is often inefficient and of questionable accuracy when there

are interactions between two input variables [16]. By

contrast, the design of experiments (DoE) methodology

allows investigators to systematically vary multiple factors

within the context of one experimental design. It is also

known as a multivariate experimental design and analysis

[17]. DoE is now commonly used in industries as a tool to

achieve quality by design and minimize the cost of various

processes. Although DoE was originally designed for

optimizing the performance of experimental processes,

recently there have been proposals to apply DoE in the

calibration process of DEM simulations [18,19]. To

distinguish the difference between numerical experiments

and lab physical experiments, the DoE methodology is

referred to as the design of simulations (DoS) here.

This paper aims to present a sequential DoS (SDoS)

methodology to computationally investigate the ring shear

test and calibrate the material properties required in DEM

simulations. The remainder of the paper is structured as

follows. The powder material and the experimental

procedure for Schulze ring shear testing in the lab are

described in Section 2. The DEM contact model used in the

simulations and methodology of SDoS are introduced in

Section 3. The design results are then discussed in details

in Section 4. Finally, Section 5 makes a summary of this

work.

2 Experimental

2.1 Powder materials

The Tablettose 100 provided from Meggle (Molkerei

MEGGLE Wasserburg GmbH & Co. KG, Germany) was

used in the ring shear cell experiments. The Tablettose 100

is manufactured by a continuous spray agglomeration

process. Its cumulative particle size distribution is given in

the supplemental file.

2.2 Ring shear testing

The ring shear testing technique is commonly used for the

evaluation of the flow properties of the powder samples.

Each measurement was performed using the ring shear

tester, RST-XS (Dietmar Schulze, Germany). The ring-

shaped shear cell is 13 mm in height, with outer and inner

diameters of 64 and 32 mm, respectively. The lids have

vertical vanes of height 3 mm distributed azimuthally

every 22.5° on the surfaces. At the beginning of the

measurement, the powder sample was filled into the

annular shear cell without applying force to the upper

surface of the powder bed. The powder was then

consolidated under a constant pre-shear normal stress

(�pre) and the lower portion of the cell was slowly rotated

until a steady-state flow had been achieved where the shear

stress becomes constant (τpre). This procedure is hereafter

referred to as the pre-shear process. After the pre-shear

process, the normal stress was first released and a lower

constant normal stress (�sh) was then applied to shear the

powder until the incipient flow occurred in the powder

sample. The shear stress at the incipient flow point is

referred to as incipient flow shear stress (τsh). The layout of

the experimental and simulated ring shear cell tester is

2 Front. Chem. Sci. Eng.



provided in the supplemental file. The fundamental

principles of ring shear tester measurements can be

referred to the textbook of Schulze [14].

3 Models

3.1 DEM model

The Johnson-Kendall-Roberts (JKR) contact model is

implemented in LIGGGHTS 3.7.0 [20,21] and used in this

study for ring shear simulations. The schematic of the JKR

contact force-displacement relationship can be found in the

supplemental file. The contact force in JKRmodel could be

calculated as a function of contact area [22]:

Fn ¼
4E*a3

3R*
–

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16πgE*a3
q

, (1)

where E* is the effective Young’s modulus given by

1

E*
¼

1 – �21

E1

þ
1 – �22

E2

. Ei and �i (i = 1,2) denote Young’s

moduli and Poisson’s ratios of the contacting spheres,

respectively. g is the surface energy. R* is the effective

radius given by
1

R*
¼

1

R1

þ
1

R2

, where R1 and R2 are the

radii of the two spheres, respectively. a is the contact radius

during a collision. The contact radius a can be related to the

overlap between particles, δ, which is provided as follows:

δ ¼
a2

R*
–

ffiffiffiffiffiffiffiffiffiffiffi

4πga

E*

r

: (2)

The contact radius used in Eq. (1) is obtained by solving

the equation of Eq. (2) with the overlap of each time step.

Furthermore, a dashpot was added in the normal force to

dissipate kinetic energy in the particle materials. The

damping force in normal direction can be calculated as

follows:

Fnd ¼ ηnun,ij, (3)

ηn ¼ – 2

ffiffiffi

5

6

r

β

ffiffiffiffiffiffiffiffiffiffi

Snm
*

q

, (4)

Sn ¼ 2E*a, (5)

β ¼
ln e

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ln2eþ π2
p (6)

Likewise, the tangential force is calculated as a sum of

the tangential spring force and damping force:

Ft ¼ Fts þ Ftd, (7)

Fts ¼ Ftsðn – 1Þ
þ ΔFts, (8)

Ftd ¼ – 2

ffiffiffi

5

6

r

β

ffiffiffiffiffiffiffiffiffi

Stm
*

q

ut,ij, (9)

ΔFts ¼ – Stδt, (10)

where δt is the incremental tangential overlap and ut,ij is the

tangential component of relative velocity. St is the

tangential stiffness given as:

St ¼ 8G*a, (11)

1

G*
¼

2 – vA

GA

þ
2 – vB

GB

, (12)

where G* is the equivalent shear modulus and v is the

Poisson’s ratio. The tangential force is limited by the

Coulomb law of friction ðFt,max ¼ �sFnÞ, where �s is the

static friction coefficient.

3.2 Design of simulations

The schematic diagram of the SDoS proposed in this work

is shown in Fig. 1. The sequential design of the simulations

approach can be broken down into three steps. A screening

design is first performed to understand the ring shear

process and extract significant factors that affect the shear

stresses at pre-shear and shear processes. Subsequently, the

screening design is augmented to be a response surface

design supplemented with more runs on the significant

factors. Predictions on the material properties can be made

from the results of response surface design. New

simulation cases would be carried out to verify the

predictions and comparisons between experimental mea-

surements and the simulations using the calibrated input

parameters are made to test the performance of the model.

If the performance is not satisfactory, it is possible to add

the prediction point back to the enhancement design and

make a new estimation on the optimal input parameters.

All the design tables and analysis of the design results are

generated using JMP® JMP [23].

A screening design is carried out as the early step of the

present SDoS, which is intended to facilitate the under-

standing of the process and determine a few significant

factors from a list of many potential ones. The analysis of

screening designs depends on the principle of effect

sparsity. It is assumed that most of the variations in the

responses can be explained by a small number of effects.

Under this principle, hypothesis tests are performed to test

whether the effects are active. A good screening design

ensures that the main effects are orthogonal and uncorre-

lated with two-factor interactions. A two-level full factorial

design is constructed in this work for screening design

since it can identify major trends and easy to be augmented

in a followed-up design. In the current full factorial design,

each simulation factor has two levels, i.e., low and high

Xizhong Chen et al. Sequential design of simulations for discrete element modelling 3



values. The simulation runs include all combinations of

these factor levels. In this study, we are going to investigate

five input simulation parameters. Therefore, a total of 32

simulation cases will be conducted.

After screening experiments, an enhancement design

can be followed up to provide more details on the

relationships among the critical factors and the response

variables. A central composite response surface design is

adopted in this study. Each factor is set at three levels so

that any nonlinear relationships between factors and

responses can be detected. As shown in Fig. 1, the central

composite design can be constructed by augmenting the

existing two-level factorial design. This means that parts of

the simulation results from the previous screening design

can be re-used in the augmentation design, which can

reduce the total computational costs. The response surface

design uses an I-criterion optimality which minimizes the

average variance of prediction over the design space. It is

more appropriate than the factorial design if the primary

design goal is to predict responses or determine regions in

the design space where the response falls within an

acceptable range. After performing the response surface

design, a relationship between factors and responses is

established and predictions on the optimal input parameter

can be made. Finally, new simulation cases will be carried

out to verify the predictions. Comparisons between

experiment measurements and the simulations using the

calibrated input parameters are made to test the perfor-

mance of the model. If the performance is not satisfactory,

it is possible to add the prediction point back to the

enhancement design and make a new estimation on the

optimal input parameters. Subsequently, simulations with

the calibrated input parameters were followed up to verify

the predictions and further validated with experiment target

responses. In this work, additional cases with different

consolidation conditions were also simulated and com-

pared with the experimental measurements to test the

feasibility of the proposed workflow.

4 Results and discussion

In this work, all the simulations were carried out using the

DEM particle simulation code LIGGGHTS 3.7.0 [20].

Note that the default JKR model in LIGGGHTS is a

simplified version that defines the cohesion force linearly

proportional to the contact area. In this work, we did not

use the simplified version because it was not sufficient to

satisfactorily predict incipient flows in highly consolidated

bulk powders [24,25]. Therefore, a full JKR contact model

is implemented in all the simulations. The ring shear test in

the DEM simulation performs the same procedures as the

experimental setup. A normal force servo control is applied

to the upper lid and rotation is set to the bottom cell.

Following the ASTM standard [26], the shear stress in the

simulation is calculated as follows:

τ ¼
M

rmA
, (13)

rm ¼
2ðr3out – r

3
in Þ

3ðr2out – r
2
in Þ

, (14)

whereM is the torque on the top lid due to particles and rm
is the moment arm, with rin and rout being the inner and

outer radii of the top lid, respectively. A is the area of the

top lid.

The material properties of the particle and the shear cell

are shown in Table 1. The simulation time step is set to be

20% of the Rayleigh time step. Unless stated otherwise, the

normal stress at the pre-shear process �pre is set at 2000 Pa

and the normal stress at the shear process �sh is set at

400 Pa for the simulations carried out in this work. Further

details of optimal numerical setup to accelerate the

simulations are supplemented in the appendix.

4.1 Screening design

As stated in the modelling section, screening design is an

Fig. 1 A SDoS approach for studying and calibrating DEM simulations.
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effective tool to identify a small number of highly

influential factors that affect process responses. In this

study, the numerical parameters in DEM simulation

considered were the following: Young’s modulus (0.13–

1.3 GPa); Poisson’s ratio (0.1–0.5); particle surface energy

(0.0001–0.1 J$m–2); particle restitution coefficient (0.3–

0.9) and particle friction coefficient (0.1–0.8). The values

are chosen to cover a relatively large parameter space for

targeting typical pharmaceutical excipient powders includ-

ing different types of lactose and microcrystalline cellulose

particles. Note that the range of the values may need to be

extended if the targeting material is active pharmaceutical

ingredient poweders. The responses of the design are the

predictions of the shear stress at the pre-shear process and

shear stress at the incipient flow. The full factorial design is

constructed and the generated numerical experimental

design table is listed in Table 2. A total of 32 simulation

cases were conducted. The simulated strain-stress results

of all the full factorial design cases are shown in Fig. 2. It

can be observed that the shear stresses at the pre-shear

process and shear process significantly vary after changing

the input parameters. More specifically, there are very large

amplitudes of stress fluctuation in some of the cases.

Table 3 presents the effect summary for the shear stress

at the pre-shear process by performing a significant test

based on the simulation results of the full factorial design

cases. The null hypothesis here is that the effect of a term is

not important. Given the null hypothesis is true, a p-value

is the probability of getting a result at least as extreme as

the sample result assuming that the null hypothesis is

correct. The p-value is calculated as:

p-value ¼ PðX£χ j H0 is tureÞ ¼ cdf ðχÞ, (15)

where H0 is the null hypothesis, X is the Chi-square, χ is

the value of the test statistic cacluated from the sample,

and cdf ðχÞ is the cumulative distribution function of the

Chi-square distribution under the null hypothesis [27]. If

the p-value is lower than a pre-defined significance level,

we reject the null hypothesis. If not, we conclude that it

fails to reject the null hypothesis; namely, the term is not

significant than a random guess. If the p-value is smaller

than 0.05, it is referred to as statistically significant [28]. If

the p-value smaller than 0.001, it is referred to as

statistically highly significant. Table 3 illustrates that the

effect of friction coefficient and surface energy on the

pre-shear shear stress is statistically highly significant. The

effect of Young’s modulus, Poisson ratio and coefficient of

restitution are not statistically significant. To make it

clearer, the LogWorth of the effect is also plotted in

Table 3. The LogWorth is defined as –log10(p-value). This

transformation adjusts p-values to provide an appropriate

scale for graphing and comparisons. A LogWorth value

that exceeds 2 is significant at the 0.01 level which is

indicated as a blue line in Table 3. It can be clearly seen

that the particle friction dominates the determination of the

pre-shear shear stress in the simulation cases. This is

confirmed in the box plot as shown in Fig. 3 which divides

all the simulation cases into two groups. Increasing particle

friction significantly increase pre-shear shear stress. The

variation of the pre-shear shear stress within each group

can be attributed to the additional effect of surface energy,

which is shown in different colors of the points.

It can be observed that the shear stress at incipient flow

can be divided into six levels and thus it is divided into six

groups shown in Fig. 4. Compared with the number of

groups that appeared in the pre-shear shear stress, it

indicates that there may be more than one factor that

dominates the prediction of shear stress at incipient flow.

The effect summary for shear stress at the incipient flow

from full factorial design cases is shown in Table 4. It is

identified that the surface energy, particle friction and

Young’s modulus effects are statistically highly significant.

Among them, the surface energy is the most important

effect on the prediction of shear stress at incipient flow.

Based on the fact that both particle friction and surface

energy are statistically highly significant for the responses

of pre-shear shear stress and shear stress at incipient flow,

we classify the simulations cases into four flow regimes as

shown in Fig. 5. It can be observed that the strain-stress

behaviours are similar within each regime whereas

distinctions are noticeable between different regimes. In

particular, considerable fluctuations of stress are found in

the high friction and low cohesion regimes. This is because

frequent stick-slip is likely to occur in the fictional dry

powder, as also confirmed in the literature [29,30]. The

underlying mechanisms have not been fully clear, although

some researchers believe it may be due to friction

mobilization and shear band propagation [31,32]. It is

found that the amplitude of fluctuation is larger at a higher

particle restitution coefficient while adding cohesion will

suppress the amplitude of the fluctuation. By comparing

Fig. 5(a) with Fig. 5(b), it is clear that the pre-shear shear

stress increases significantly with the increase of particle

Table 1 Simulation parameters used in ring shear test

Property Value

Particle density/(kg$m–3) 1600

Number of particles ~80000

Particle radius/μm 125 (30%), 75 (61%), 60 (9%)

Surface energy/(J$m–2) 0.0001–0.1

Young’s modulus/GPa 0.13–1.3

Poisson’s ratio 0.1–0.5

Particle-particle friction coefficient 0.1–0.8

Particle-particle restitution coefficient 0.3–0.9

Wall Young’s modulus/GPa 1.3

Wall Poisson’s ratio 0.3

Particle-wall friction coefficient 0.1

Particle-wall restitution coefficient 0.6

Xizhong Chen et al. Sequential design of simulations for discrete element modelling 5



friction. By comparing Fig. 5(a) with Fig. 5(c), it can be

seen that the surface energy have a significant effect on the

shear stress at incipient flow. It is also noted that there are

apparently two differential layers for the shear stresses at

incipient flows in Figs. 5(c) and 5(b). By matching the case

id, it is found that is caused by the effect of Young’s

modulus. A higher Young’s modulus will result in smaller

shear stress at incipient flow under high cohesion regimes.

On the other hand, Young’s modulus shows minimal

effects under low cohesion regimes as shown in Figs. 5(a)

and 5(b). This highlights the advantage of using the DoE

for facilitating analysis of the ring shear cell testing since

the effect of Young’s modulus could be difficult to

discover if a varying one-factor-at-a-time approach is

applied.

4.2 Enhancement design

After identifying the influencing factors, an enhancement

design is followed up to explore more details on the

relationships among the factors and the response variables.

From the previous screening design, we know that particle

friction, surface energy and Young’s modulus are sig-

nificant effects on the prediction of the shear stress in ring

shear cell simulations. The designs so far are a parametric

study on the sensitivity of the effects of material properties

Table 2 Design table of the full factorial design used in this study

Pattern Case ID Young’s modulus/GPa Poisson ratio Friction coefficient Restitution coefficient Surface energy/(J$m–2)

++++ –
1 1.3 0.5 0.8 0.9 0.0001

+ – –++ 2 1.3 0.1 0.1 0.9 0.1

++ –++ 3 1.3 0.5 0.1 0.9 0.1

++ – – –
4 1.3 0.5 0.1 0.3 0.0001

+ –+ – –
5 1.3 0.1 0.8 0.3 0.0001

–++ – –
6 0.13 0.5 0.8 0.3 0.0001

–+++ –
7 0.13 0.5 0.8 0.9 0.0001

– –+ –+ 8 0.13 0.1 0.8 0.3 0.1

– – –+ –
9 0.13 0.1 0.1 0.9 0.0001

–+ – – –
10 0.13 0.5 0.1 0.3 0.0001

+ – – – –
11 1.3 0.1 0.1 0.3 0.0001

+ – –+ –
12 1.3 0.1 0.1 0.9 0.0001

++ – –+ 13 1.3 0.5 0.1 0.3 0.1

+ –+ –+ 14 1.3 0.1 0.8 0.3 0.1

– – –++ 15 0.13 0.1 0.1 0.9 0.1

– – – –+ 16 0.13 0.1 0.1 0.3 0.1

+ –++ –
17 1.3 0.1 0.8 0.9 0.0001

+ –+++ 18 1.3 0.1 0.8 0.9 0.1

–++++ 19 0.13 0.5 0.8 0.9 0.1

–+ –+ –
20 0.13 0.5 0.1 0.9 0.0001

+ – – –+ 21 1.3 0.1 0.1 0.3 0.1

+++++ 22 1.3 0.5 0.8 0.9 0.1

++ –+ –
23 1.3 0.5 0.1 0.9 0.0001

–+ – –+ 24 0.13 0.5 0.1 0.3 0.1

+++ –+ 25 1.3 0.5 0.8 0.3 0.1

– – – – –
26 0.13 0.1 0.1 0.3 0.0001

– –++ –
27 0.13 0.1 0.8 0.9 0.0001

– –+ – –
28 0.13 0.1 0.8 0.3 0.0001

–+ –++ 29 0.13 0.5 0.1 0.9 0.1

+++ – –
30 1.3 0.5 0.8 0.3 0.0001

– –+++ 31 0.13 0.1 0.8 0.9 0.1

–++ –+ 32 0.13 0.5 0.8 0.3 0.1
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on the ring shear test results, the conclusions can be

applied to any test materials. In this session, we would like

to calibrate the material properties for Tablettose 100

powders which have been used in our ring shear

experiment in the lab. The Young’s modulus of the particle

is set to be 1.3 GPa based on the micro-indentation test

results [33]. A response surface design is carried out to find

the optimal values of the particle friction coefficient and

surface energy. The design table of the simulation cases is

listed in Table 5.

After performing the simulations, two response surfaces

can be constructed based on the simulation results.

Figure 6 shows the surface plots of the shear stress at pre-

shear and shear stress at incipient flow with varying surface

energies and particle friction coefficients. The black mesh

Fig. 2 The simulated shear strain-stress results by the full

factorial design.

Table 3 The effect summary for pre-shear shear stress predicted by the

full factorial design

Effect p-Value LogWorth

Friction coefficient 4.2e – 26 25.37

Surface energy 2.23e – 9 8.65

Young’s modulus 7.13e – 2 1.14

Restitution coefficient 4.04e – 1 0.39

Poisson ratio 9.55e – 1 0.02

Fig. 3 The simulated pre-shear shear stresses by the full factorial

design.

Table 4 The effect summary for shear stress at the incipient flow

predicted by the full factorial design

Effect p-Value LogWorth

Friction coefficient 9.0e – 22 14.85

Surface energy 1.4e – 15 21.05

Young’s modulus 8.07e – 4 3.09

Restitution coefficient 7.42e – 1 0.13

Poisson ratio 7.5e – 1 0.12

Fig. 4 The simulated shear stress at the incipient flow by the full

factorial design.

Table 5 Design table of the response surface design used in this study

Pattern Case ID Friction coefficient Surface energy/(J$m–2)

– 1 0.1 0.0001

0a 2 0.45 0.0001

+ – 3 0.8 0.0001

a0 4 0.1 0.05005

00 5 0.45 0.05005

A0 7 0.8 0.05005

–+ 8 0.1 0.1

0A 9 0.45 0.1

++ 10 0.8 0.1

Xizhong Chen et al. Sequential design of simulations for discrete element modelling 7



planes represent the experimental measurement values of

the shear stresses. It can be seen from Fig. 6(a) that there

are many combinations of friction coefficient and surface

energy values given a pre-shear shear stress, which could

be obtained through the intersection of black mesh plane

and the response surface. However, there is one unique

combination of the surface energy and friction coefficient

if we combine both response surfaces of pre-shear shear

stress and shear stress at incipient flow. The prediction

formulas for the pre-shear shear stress and shear stress at

the incipient flow can be obtained by fitting the response

surfaces and removing the insignificant terms. The final

prediction expressions are given as follows:

τpre ¼ 1020þ 1908� – 1248�2
– 1690g

þ 28031g2, (16)

τsh ¼ 172þ 577� – 381�2 þ 2326gþ 4685g2, (17)

Figure 7 shows the DEM simulated stresses and

predicted stresses based on the prediction expressions

fitted by the response surface design. It can be seen that

both the predictions for pre-shear shear stress and shear

stress at the incipient flow are very good and with a very

high coefficient of determination (R2
> 0.9), which means

that most of the variations in the responses have been

explained by the model. Normality tests for the residuals

were also performed and results show that the distribution

of residuals is a normal distribution with the mean close to

zero.

Figure 8 shows the prediction profiler based on the

response surface design. It can be observed that the

conclusions on the effects are the same as for the screening

design. The interparticle friction coefficient is the most

important factor for the prediction of pre-shear shear stress,

which shows a steep slope. The effects of interparticle

friction on the shear stress during pre-shear and under

incipient flow are also confirmed to be non-linear. The

shear stress initially increases with the increase of friction

Fig. 5 Four different flow regimes extracted from the full factorial design. (a) Low particle friction and low cohesion; (b) high particle

cohesion and low cohesion; (c) low particle friction and high cohesion; (d) high particle friction and high cohesion.

8 Front. Chem. Sci. Eng.



coefficient and then asymptotes to an upper limit. This

asymptotic behaviour is also reported for the simulations

of non-cohesive particles in the literature [12,34–36]. The

optimal combination of the surface energy and particle

friction can be calculated by solving the equation system

shown above and is also shown in the prediction profiler.

The calibrated particle friction for Tablettose 100 particles

is 0.26 and surface energy is 0.052 J$m–2.

4.3 Experimental validation

DEM simulations are carried out based on the estimation of

the values of particle friction and surface energy to validate

the model built from the response surface design. Figure 9

shows the overall validation results. Figure 9(a) presents

the comparison between the experimental measurements

and the DEM simulation results with the calibrated

material properties. Good agreement has been achieved

both for the predictions of the pre-shear stress and shear

stress at the incipient flow. Note that if one is not satisfied

with the predictions, it is possible to further refine the

response surface design by adding this validation point to

make a new estimation. Currently, the relative errors

between the experimental measurements and simulation

results are less than 10%. The validity of the calibrated

material properties is further tested for the predictions of

shear stress at the incipient flow under different normal

stresses (the pre-shear normal stresses are kept the same). It

Fig. 6 The surface plots predicted by the response surface design (a) response surface of pre-shear stress by varying particle friction and

surface energy (b) response surface of shear stress at incipient flow by varying particle friction and surface energy. The black mesh planes

represent the experimental measurement values.

Fig. 7 The actual and predicted stress fitted by the response surface design (a) shear stress at pre-shear (b) shear stress at incipient flow.

The line of fit is solid red and the confidence bands (95%) are shaded red. The dashed horizontal blue line is the mean stress of the

simulation cases.

Xizhong Chen et al. Sequential design of simulations for discrete element modelling 9



can be seen from Fig. 9(b) that there is good agreement

between the experimental measurements and simulation

results.

In previous designs, all the simulations are performed

under a 2 kPa pre-consolidation normal stress. It would be

useful to test the performance of the model under a

different pre-consolidation normal stress which has not

been trained by the design models. Figure 10 shows

comparisons of the shear stresses from experimental

measurements and DEM simulations using calibrated

material properties under a 5 kPa pre-consolidation normal

stress. It is very encouraging that the calibrated material

properties brought the DEM simulation results for shear

stress quite close to the experimental data, which further

verifies the feasibility of using the proposed SDoS method

for calibrating DEM simulation parameters.

5 Conclusions

In this work, a SDoS approach has been proposed to

systematically examine the effect of the material properties

on measurements from the ring shear test and further used

for calibrating the simulation parameters for cohesive

lactose powder. JKR model was used in DEM to simulate

the effect of cohesion at the interparticle level and shear

Fig. 8 The prediction profiler from the fitting of response surface design results.

Fig. 9 (a) Validation of the pre-shear shear stress and shear stress at the incipient flow predicted from response surface design; (b) test of

the validity of the calibrated material properties for the predictions of shear stress at the incipient flow under different normal stresses.

10 Front. Chem. Sci. Eng.



stress calculated in the numerical simulation was compared

with shear stress measured experimentally from ring shear

test. The effects of Young’s modulus, surface energy,

particle friction, Poisson ratio and restitution coefficient

were used as the factors in SDoS. The shear stresses at the

pre-shear process and the incipient flows were used as

responses to characterize the ring shear tester simulations.

The workflow of the SDoS approach includes three phases,

namely, screening design, enhancement design and

validations. This strategy draws lessons from the divide

and conquers principle, that is, break a complicated

problem into two or more sub-problems and established

primary goals before establishing secondary goals.

As the first phase of the SDoS, a full factorial design is

used as a screening design to identify a small number of

influential factors that profoundly affect process responses.

The design results indicate that the shear stress results from

ring shear cell tester are sensitive to particle friction,

surface energy and Young’s modulus. In particular, particle

friction dominates the shear stress at the pre-shear process

and surface energy is the most influencing factor on the

shear stress at incipient flows. There is an interaction effect

on the particle Young’s modulus and surface energy on the

shear stress at incipient flow. Based on the simulation

results of full factorial design, it is found that the

simulation results can be divided into four flow regimes.

Large fluctuation of shear stress is only observed in the

high friction and low surface energy regime. The effect of

Young’s modulus appears to have a more significant on the

shear stress at incipient flow than the pre-shear process

under high surface energy regime.

After identifying the influential factors from the screen-

ing design, an augment design converting existing screen-

ing design to a response surface design has been

constructed to investigate a more detail relationship

between the factors and the responses for a lactose powder

used in the experiments. The optimal material properties

were predicted from the response surface fitting and

validated with the numerical simulation results. It is shown

that the simulations with calibrated parameters can

successfully predict the experimental shear stress locus

under the training pre-consolidation normal stress. More-

over, additional test cases using the calibrated material

properties to predict a different pre-consolidation normal

stress condition have been performed and compared with

experimental measurements. Good agreement has been

achieved between simulations and experiments, which

verifies the proposed SDoS workflow for studying and

calibrating of cohesive particles. Further works on

investigating the performance of using the calibrated

material properties to predict the fluidization and entrain-

ment behaviours of dry powder inhalation process are

ongoing in our group. Finally, it is shown that a

combination of dimesionless Bond number and Tabor

number could help scale the DEM simulations of coarse-

grained cohesive particles [21]. In the future, it would be

interesting to investigate the strategy of using a group of

dimesionless numbers for calibration of DEM simulations.
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