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Abstract. We investigate the mechanical behavior of wet granular agglomerates composed of spherical par-

ticles by means of molecular dynamics simulations. The capillary cohesion force is modeled as an attraction

force at the contact between two particles and expressed as an explicit function of the gap and volume of the

liquid bridge. We are interested in the effect of the friction coefficient between primary particles. The agglom-

erates are subjected to diametrical compression tests. We find that the deformation is ductile involving particle

rearrangements. However, a well-defined stress peak is observed and the peak stress is used as a measure of

the compressive strength of the agglomerate. The strength increases with friction coefficient but levels off at

friction coefficients above 0.4. Furthermore, the compressive strength is an increasing function of particle size

span.

1 Introduction

Agglomeration of fine particles is used in many sectors

including powder metallurgy [1], chemical engineering

[2], iron-making industry [3] and pharmaceutical indus-

try [4]. Fine granular materials are prepared and mixed

in required proportions, compacted into a green granule

or tablet and finally sintered to reach sufficient mechanical

strength and toughness required to resist subsequent load-

ing. The strength is generally measured by performing di-

ametrical compression on the granules or tablets [5, 6]. It

is crucially dependent on the agglomeration process but

also on the nature of binding mechanism.

For a binding liquid, the important parameters are the

amount, surface tension and viscosity of the liquid [7–9].

However, there are other important parameters that influ-

ence the strength of a green granule. The size distribution

of primary particles controls the structure of the granule

and the capillary force depends on particle size. Further-

more, although capillary attraction force is the main source

of cohesion, the friction force between primary particles

should affect the behavior of granules under loading. None

of these parameters has been investigated in a systematic

way in the past since particle size distribution and homo-

geneous blending of particles with the binding liquid are
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difficult to control in experiments. Numerically, broad size

distributions require large numbers of particles in 3D.

In this paper, we present a numerical investigation of

the effects of particle size distribution and friction on the

strength of granules of spherical shape composed of pri-

mary spherical particles. For the simulations, we use the

molecular dynamics (MD) method [10] and the capillary

cohesion is modeled as an explicite function of the the dis-

tance between primary particles, liquid volume, surface

tension and particle diameters [11–16]. We also assume

that the liquid is homogeneously distributed between all

eligible particle pairs. In the following, we first introduce

numerical procedures. Then we present the a few results

and conclude with a brief discussion.

2 Numerical model

The primary particles interact via normal repulsion force

f e
n , normal damping force f d

n , Coulomb friction force ft
and capillary force f c

n . The total normal force is given by

fn = f e
n + f d

n + f c
n . (1)

The normal repulsion force is modeled as a linear spring:

f e
n = knδn, where δn is the normal elastic deflection ap-

proximated by the overlap between two particles. The nor-

mal damping force is a viscous contribution proportional

to the relative normal displacement: f d
n = γnδ̇n, where γn

is the damping coefficient.

The capillary force is due to the liquid bond and it de-

pends on the gap δn, water volume Vb, surface tension γs,
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and the particle-liquid-gas contact angle θ. The capillary

cohesion force can be determined by integrating Laplace-

Young equations [17], but we use the following explicite

expression [11]:

f c
n =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
−κ R, for δn < 0,
−κ R e−δn/λ, for 0 ≤ δn ≤ δmax

n ,
0, for δn > δmax

n ,
(2)

where R =
√

RiRj is the geometrical mean of particle radii,

κ = 2πγs cos θ, and δmax
n is the debonding distance, dis-

tance beyond which the bond breaks. It is related to liquid

volume by [17]

δmax
n =

(
1 +

θ

2

)
V1/3

b . (3)

The length λ is is a function liquid volume Vb, the

harmonic mean (R′ = 2RiRj/(Ri + Rj)) and the size ratio

r=max{Ri/Rj;Rj/Ri}:

λ = α h(r)
(Vb

R′
)1/2

(4)

where α is a constant prefactor. This form fits the capil-

lary force obtained from direct integration of the Laplace-

Young equation by setting h(r) = r−1/2 and α � 0.9 [18]

The total amount of liquid is evenly distributed among

all pairs of particles that have a gap below δmax
n . When a

bond breaks, the liquid volume is redistributed among the

contacts belonging to the same particles in proportion to

particle sizes [11]. The largest value of the capillary force

occurs when two particles are in contact (δn ≤ 0) [18].

This is the case of most liquid bonds, and the capillary

force at those contacts is independent of liquid volume.

For the tangential force ft, we use a combination of

elastic force and a frictional threshold [11, 19]:

ft = −min
{
(ktδt + γtδ̇t), μ( fn − f c

n )
}

(5)

where kt is tangential stiffness, γt is the tangential damp-

ing parameter, δt is tangential displacement, μ is friction

coefficient, δ̇t is tangential velocity.

To create the granules, we first prepare a large sam-

ple under isotropic compaction in a box. The distribution

of particle diameters is either monodisperse or uniform in

particle volume fractions between dmin and dmax. This dis-

tribution generally leads to high packing fraction. The size

ratio α = dmax/dmin was 1 (monodisperse), 2 or 5. The

largest particle size was kept to a constant value and the

size of the smallest size was decreased. We extract spheri-

cal agglomerates from this sample comprising nearly 5000

particles. The cohesion forces are activated when the gran-

ule is subjected to diametrical compression between two

platens. The friction coefficient was varied from 0 to 1.

For each value of μ, several independent samples are sim-

ulated. Table 1 displays the values of all parameters used

in the simulations.

3 Compression of a granule

Figure 2 shows three snapshots of a granule during dia-

metrical compression. During diametrical compression at
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Figure 1. Geometry of the capillary bridge (a) and capillary

force f c
n for different values of parameters as a function of the

gap δn, liquid volume Vb and size ratio (b).

Table 1. Parameters used in these simulations

Parameter Symbol Value

Maximum diameter dmax 10.0 μm
Size ratios α [1; 2; 5]

No. of primary particles Np 5000

Friction coefficient μ [0,1]

Normal stiffness kn 1000 N/m

Tangential stiffness kt 800 N/m

Normal damping γn 5.10−5 Ns/m

Tangential damping γt 5.10−5 Ns/m

Capillary force prefactor κ 0.45 N/m

Surface tension of water γs 0.072 N/m

Density of primary particles η 2600 kg.m−3
Time step dt 10−9 s

slow constant downward velocity, we measure the vertical

force F between the top mobile wall and the granule. By

dividing this force by the sectional area of the granule, we

get the mean vertical stress inside the granule, which can

also be calculated by using the values of forces

σzz =
4F
πD2

≈ 1

V

Nc∑
k=1

f k
z �

k
z (6)

where D is granule diameter, V is the total volume of the

granule, Nc is the number of contacts, f k
z and �k

z are the z-
components of the contact force vector and branch vector,

respectively, at contact k. This stress can be normalized by

the reference stress

σc =
γs〈
R
〉 (7)
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(a)
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Figure 2. Three snapshots of a granule under diametrical com-

pression. The lines represent force chains.

The vertical strain ε is calculated from the initial hight

h0 = D of the granule and the total downward displace-

ment Δh.
ε = ln

(
1 +

Δh
h0

)
(8)
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Figure 3. Vertical strength normalized by the reference stress

σc for values of friction coefficient μ as a function of cumulative

vertical strain.

Figure 3 shows the vertical stress as a function of ε for

11 different values of μ and α = 1. We see that the stress

increases to a peak value with strain all the more rapidly

that the friction coefficient is higher. After the peak, the

stress declines quite smoothly with cumulative strain to-

wards zero. This ductile behavior is a consequence of

particle rearrangements and dissipation due to friction and

debonding. The debonding events between primary par-

ticles do not lead to spontaneous formation of a fracture

surface. The particles are well-connected and the loss of

one or two bonds of a particle does not lead to macroscopic

rupture. Furthermore, the cohesion is reversible as the liq-

uid is redistributed at each step homogeneously between

particles within the debonding distance.

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 0  0.2  0.4  0.6  0.8  1

σ
p/

σ
c

μ

α = 1
α = 2
α = 5

Figure 4. Normalized peak strength as a function of friction co-

efficient between primary particles for three different values of

size ratio α.

The peak stress σp increases with friction coefficient.

Fig. 4 shows σp/σc as a function of friction coefficient for

three different values of size ratio. It is a rapidly increasing

function of μ but levels off beyond μ = 0.4. This means

that the granule strength for most geomaterials, which gen-

erally have friction coefficients above 0.4, has practically

no effect. But lubrication forces reducing friction coeffi-

cient may substantially reduce the granule strength. For

example, during agglomeration in a rotating drum, the liq-

uid lubrication forces activated by collisions between pri-

mary particles may affect the process [7, 8].

We also observe that the peak strength at high friction

coefficient increases with size ratio for all values of fric-

tion coefficient. As shown in Fig. 5(a), it is nearly a linear

function that may be a consequence of the uniform dis-

tribution by particle volume fractions. Its value is nearly

doubled for a size ratio α = 5 as compared to the monodis-

perse case. Both the packing fraction Φ and wet coordina-

tion number Z (including all capillary bonds) increase with

size ratio α.

4 Conclusions

In this paper, we used molecular dynamics simulations

to investigate the effects of friction coefficient and size

polydispersity on the mechanical strength of agglomer-

ates (granules) composed of spherical particles interacting
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Figure 5. Normalized compressive strength (a), packing fraction

Φ (b) and coordination number Z (c) of the granules as a function

of size ratio α.

via capillary cohesion and Coulomb friction. The stress-

strain behavior under diametrical compression is ductile

and shows no abrupt rupture of the granule. The peak

strength is of the order of the liquid-gas surface tension

divided by the mean particle size, but increases consid-

erably with both friction coefficient and size ratio. For a

uniform size distribution in particle volume fractions, this

increase of the mechanical strength as a function of size

ratio can be attributed to the larger connectivity of the par-

ticles, which increases nearly in the same proportion. A

more detailed analysis of the microstructure should later

allow us to better understand the effect of different particle

size classes inside the granule.
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