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ABSTRACT 

Effect of Wetting and Contamination of Granular Beds During Sphere Impact  

Nadia Kouraytem 

 

 

 

 

This thesis presents results from an experimental study of the impact of dense solid 

spheres onto granular beds. The overall aim is to further our understanding of the 

dynamical response of granular materials to impact. In order to do this, we will 

study both the initial penetration stages and peak acceleration exerted on the 

sphere by using high-speed imaging. Another critical part is to measure the 

penetration depth of the sphere and calculate the corresponding depth-averaged 

stopping force. Both of these main focal points will be assessed for not only dry, but 

wet and “contaminated” grains, whereby the granular bed will be comprised of two 

distinct size ranges of base grains. In doing so, we aim to broadly determine 

whether contaminated grains or wet grains are more effective at increasing the 

tensile strength of granular materials.   
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1 Introduction 

1.1 Why Granular material? 

It all starts at the beach, many years ago while constructing a sand castle, thinking 

about this material that flows through your fingers when dry and sticks together 

when water is added to it.  

 

 
Figure 1: Sandcastle made of wet sand (Copyright Sandscapes 2005). 
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Figure 2: (a) Dry sand pile with a well-defined surface angle. (b) Wet sand pile with 

a tunnel. Figure reproduced from Mitarai & Nori (2006). 

Sand is an interesting material that makes you wonder why your foot gets in it on 

one side of the shore while your foot gets stuck in the sand when walking right next 

to the sea. Sand, a perfect example of granular media, behaves depending on the 

shape and size distribution, coefficient of restitution, etc. Properties of granular 

materials vary dramatically depending on air gaps between the grains. Following 

that, sand on the beach is stiffer than sand on the hillside that could flow 

(sometimes dramatically like landslides and avalanches) (deBruyn, 2012). Another 

simple example of granular material is a container of nuts. It is noticed in the “Brazil 

nut effect” that after a while of stirring or shaking the mixture that the Brazilian nuts 

are usually on the surface of the mixture. One of the explanations is that large 

particles create voids so smaller ones can fall in between them and over time end up 

in the bottom, which means having the larger particles rise in the mixture. This is 

also known as the theory of percolation. Another explanation is that after shaking 

the container, the particles in the middle move up and the ones on the surface tend 

to move to the sides back in the bottom, but the larger particles cannot follow this 
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trend that leads to having them on the surface. Another name of this phenomenon is 

granular convection (Welland, 2009). 

Other human interactions with granular material include food (pouring corn flakes 

in a bowl, preparing rice or beans for lunch), material in nature such as sand, 

pharmaceuticals, etc. These, out of many examples, represent everyday contact of 

human being with granular material. 

Understanding the collective behavior of granular material and wet granular 

material is a great but crucial challenge as they play critical roles in geological 

events and many real world applications such as pharmacology, food processing, 

construction and many other applications (Mitarai & Nori, 2006). 

 

More generally, granular systems serve as a model material for all the three states of 

matter – i.e. solid, liquid and gas – as highlighted in the image in Figure 3 below. In 

this image, streaklines are generated from reflected light and we can identify three 

phases: A solid-like region of densely packed grains, a fluid-like region which flows 

gently where all the grains have similar velocities and a gas-like region which 

exhibits a more random distribution of motions. 
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Figure 3: Long-exposure image of small steel spheres being poured into an acrylic 
box. The spheres are being poured in from the right-hand-side and flow from right 

to left. Three separate regions can be identified, indicated by the labels in the image. 
Figure reproduced from Forterre & Pouliquen (2008). 

 
One specific area of interest is the impact and penetration of projectiles into 

granular material, which is pertinent to research in planetary science, for example 

meteor impact and lunar craters etc., and for military applications, e.g. bunker 

buster missiles. On a personal level, one might want to know how far feet would 

sink into the sand while performing different activities such as walking, jumping, 

running etc. Others would look at the lie of a golf ball in the sand trap. This work lies 

under a more theoretical study of the effect of the impact on the medium itself 

(splash and morphology of the resulting crater). 

In the following work, the influence of a metal sphere falling under the effect of 

gravity and impacting a horizontal surface of granular material (dry or wet medium 

and grains of different sizes) is studied in order to assess the effect of size, packing 

and wetting on the granular media. 
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1.2 Impact phenomena for dry granular materials 

 
 

 
Figure 4: Sketch of the experimental setup and Notations. Figure reproduced from 

Seguin et al. (2008) 

 

Many studies of granular impact appear to be motivated by impact of meteors and 

missiles, which largely occur in un-confined geometries, whereas lab-scale 

investigations inherently suffer from geometrical restrictions, thus, in order to guide 

our experimental plan, it is important to understand the influence of such 

confinement. Seguin et al. (2008) studied such confinement-related effects by 

performing simple impact experiments. A container of glass beads, whose mean 

diameter was much smaller than that of the impactor, were prepared in a loose state 
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(where the packing fraction,   
    

            
    ). Due to the size ratio of the 

impactor to the grains, the bed was essentially considered as a continuum medium. 

It was found that the penetration depth of the impactor – namely a solid steel 

sphere – was strongly dependent on the lateral confinement and only weakly 

dependent on the vertical confinement of the bed. Spheres were released from 

several drop heights and they quantified the effects of confinement by measuring 

the penetration depth for several different container geometries. They concluded 

that for the impact to be considered “unbounded”, i.e. free from the influence of 

geometrical confinement, the cylinder-to-sphere diameter ratio should be greater 

than 5, i.e. 
    

       
  . For 

    

       
  , the surrounding walls play an important role 

and prevent deep penetration. In contrast, for 
    

       
  , the effect vanishes and the 

penetration of the projectile is independent of     . 

 
Impact of spheres on granular medium was also studied by Lohse et al. (2004), who 

examined penetration into very loose packing states, created by pre-fluidizing the 

granular bed with air blown from below the bed. This resulted in packing fractions 

of about 40%, compared with 55-60% for untreated sand. Experiments performed 

did not show any splash as expected in this type of experiments (since the sphere 

was dropped from zero height; while touching the surface of the sand) but a 

remarkable behavior arose – namely – the granular jet, which was first reported by 

Shen & Thoroddsen (2001) and later also examined by Marston et al. (2008) and 

Royer et al. (2005). The jet itself arises from the collapse of the cylindrical cavity 
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which forms during the penetration of the sphere; however, the main focus of 

Lohse’s experiments was the penetration depth as a function of the mass of the ball. 

Analysis of the data provided support for a simple model of the drag force acting on 

the sphere in terms of Coulomb friction. 

 
Figure 5: The jet height     (red circles), and the final depth of the ball,        (blue 

diamonds), as functions of the ball mass,  . Blue dashed line, linear fit with slope 
    ;  red  dotted  line, fit                . The ball is released from rest from 

the surface of the sand. Inset, depth of the ball,  , as function of time,  , for a ball of 
mass       (experiment: blue curve; model: red curve). Figure reproduced from 
Lohse et al. (2004) 

 

In a more detailed study, Durian et al. (2005) performed a systematic study of the 

penetration depth of spheres impacting onto granular beds by varying both the 

diameter and density of the sphere.  

In this study, Durian et al. found that a ball at a zero release height, i.e.      , will 

result in a non-zero penetration, i.e.      . As the release height increases, or 

equivalently the projectile impact kinetic energy, this penetration depth increases 
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gradually. The main emphasis of Durian’s experiments was to use the penetration 

depth to quantify the depth-averaged stopping force of the granular medium, where 

     
   

 
                                                                                                                                    

where m is the projectile mass,            and H is the total drop distance 

defined as       where h is the free-fall height and   the penetration depth. 

 

Looking at the results of the shallow penetration of spheres into loose granular 

media- namely-       , the following empirical scaling relation was found to 

model the experimental data: 

       
 

 
(
  

  
)

   

  
   

                                                                                                             

where   is the tangent of the repose angle which measures the internal friction of 

the bulk granular material,    is the density of the spherical projectile,    is the 

density of the granular media and    is the diameter of the spherical projectile. 

Many interesting conclusions can be drawn from Durian’s study, which all hold for 

various impactor geometries. Firstly, the conservation of energy equation implies 

that the average stopping force is proportional to the tangent of the repose angle,  , 

consistent with the notion that it represents a friction coefficient. Secondly, the 

granular medium can be very fragile, since it suffers a nonzero penetration depth 

even for zero free-fall height and the minimum penetration would be given by: 

              (
  

  
)
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The penetration depth formula can be written in a dimensionless form to yield: 

 

  
  (

 

  
)
   

                                                                                                                                      

Third, since the empirical scaling relation is dimensionally complete, it implies that 

the effects of grain-grain cohesion and interstitial air are both negligible. If they 

were not, then even further physics would have to be part of it to cancel the extra 

units. Air and cohesion effects can also be ruled out because Durian found identical 

penetrations for granular media that are identical except for particle sizes. 

According to the Geldart classification scheme of fluidization behavior versus 

particle size and density, the previous result is expected. Fourth, the empirical 

scaling relation implies that the penetration is not a direct linear function of either 

the impact energy      , or impact momentum,      
   . 

In attempts to elucidate to a unified force law for granular impact cratering, 

Katsuragi & Durian (2007) described low-speed impact phenomena and 

demonstrated that the interaction between the projectile and the medium can split 

in two principle components, the velocity-dependent inertial drag and the depth-

dependent friction. Experiments showed that, although the final position is 

approached smoothly, the velocity vanishes abruptly with discontinuity in 

acceleration. The stopping time actually decreases with increasing impact speed; 

hence deeper penetration requires less time. As for the acceleration on the sphere, it 

is proportional to penetration depth to a certain extent where the trend lines of the 

experimental data show that the acceleration at z=0 increases with impact speed. 

Switching to the penetration depth, Katsuragi & Durian plotted the absolute 
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penetration depth versus both the total drop distance,       and the impact 

speed              where   is the free fall distance and              as seen 

in figure 6 below.   
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Figure 6: Scaling behavior of the absolute final penetration depth, d. a, Depth versus 
total drop distance,       , where   is the free-fall distance. b, Depth versus 
initial impact speed,              . The symbols are colour coded according to 
the initial impact speed as in c. The dashed grey lines show previously reported 
empirical scaling rules: a,       

       , where    is the fitting parameter; and b, 
           , where both   and   are fitting parameters. The dotted black curve 
shows the depth predicted by equation: ∑                  , with 
parameters          . Figure reproduce from Katsuragi & Durian (2007). 
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The total force on the projectile was proposed by Tsimring and Volfson (2005) to 

be: 

∑           
   

  
                                                                                                          

which is the sum of the gravity force, Coulomb friction and inertial drag, where   is 

the mass of the projectile,       is the Coulomb friction and   the velocity of the 

projectile. 

The order of magnitude of the latter force (third term) is     
   , set by the 

individual grain density and ball area. As for the former force (second term), the 

order of magnitude is larger than       
    , set by the Coulomb friction. The order 

of magnitude of the preceding expressions show that the characteristic length scale 

is given by the diameter of the projectile, meaning       which clarifies the fact 

that the penetration depth is within an order of magnitude of the ball diameter for a 

wide range of impact speeds. Studying a system where free fall is the only 

parameter whose units contain time, the characteristic time and velocity scales must 

be        ⁄    ⁄  and           ⁄ . These relations explain the typical stopping 

time and the threshold velocity beyond which the stopping time is constant. Finally 

the force law also explains the acceleration discontinuity at stoppage as 

            . The only problems that remain now are the linear form of the 

Coulomb friction term and the precise value of the constant terms   and   , as well 

as the their scaling with system properties. 

In another interesting study, Goldman & Umbanhowar (2008) considered the 

scaling and dynamics of both sphere and disk impact into granular media. 
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Experiments were performed by measuring the forces experienced by spheres and 

disks impacting granular media at collision velocities,         . To achieve this, 

they used instrumented spheres whereby the impacting spheres themselves were 

embedded with accelerometers. In addition to data for the measured acceleration, 

they deduced scaling relations for penetration depth and collision time as a function 

of    (See figure 7 & 8 below) and collision impactor parameters and compared 

them to scalings proposed in the literature. 

 
Figure 7: Raw data and collapse using the scalings: for (a) and (b)      (   

  )
   

, for (c) and (d)    (     )
   

 . First column (a), (d) Penetration depth and 

scaled penetration depth vs    for varying    1.88, 2.08, 2.85, 3.91, 5.03, 7.97, and 
9.38 g/    (blue, red, black, green, cyan, and magenta   and blue +). Second column 
(b), (d) Penetration depth and scaled penetration depth vs   for varying 
                                                      (blue, red, black, green, 
cyan, and magenta   and blue, red, and black +).  Figure reproduced from Goldman 
& Umbanhowar (2008). 
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Figure 8: Collision time vs    for (a), (c) varying sphere density (nylon sphere with 
added masses) and (b), (d) varying sphere radius (steel spheres). The data in (c), (d) 

are rescaled data using    (
  

  
)
   

√   . The effective densities of the            

nylon sphere are                                                 , 
corresponding to blue, red, black, green, cyan, and magenta   and blue +. The radii 
of the steel spheres are                                                       
with associated masses ranging from                (blue, red, black, green, 
cyan, and magenta s and blue, red, and black +). Figure reproduced from Goldman & 
Umbanhowar (2008). 

  

They identified robust features of the collision dynamics (               ) and 

described how they scale with    and intruder parameters such as diameter and 

density. These features are in accord with models of drag that propose both inertial 

and frictional drag terms. He showed how the combination of such terms 
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determines the surprising finding that the time of collision is independent of 

velocity.  

Looking at previous studies, Goldman & Umbanhowar (2008) state that the granular 

medium is modeled by a force law with a hydrodynamic drag term, which is 

proportional to the square of the velocity (which dominates at high velocity and 

thus deep penetration) and a term that accounts for a depth-dependent static 

resistance force, which dominates at low speeds and thus shallow penetration 

depths. Developing the force law for penetration empirically from the data, they 

proposed a model of the drag force on a sphere during impact which includes 

constant, linear, and quadratic terms as follows: 

                    √                                                                                        

where      is a depth-dependent constant analogous to a friction,      is a drag 

coefficient also dependent on depth, and    is a constant independent of depth. 

He discovered that during impact significant fluctuations in acceleration occur. 

These are not described by any existing model of impact and depend solely on the 

type of material that the sphere impacts. However, the dynamics associated with 

this force fluctuation remain to be understood. 

1.3 Wet granular material 

The construction of the Kansai International Airport on a man–made island near 

Osaka is an interesting example to start off this section of the failure of wet granular 

materials (Kansai International Airport Co. Ltd.). The weight of the 180 million cubic 

meters of landfill and facilities compressed the seabed, composed of clay, inevitably 
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causing the airport to sink by a certain amount. The airport, which opened in 1994, 

had sunk by 11.7 meters on average by the end of 2000 and the settlement is still 

carefully monitored. The project then became the most expensive civil works 

project in modern history after twenty years of planning. This, as with many other 

examples are the basis of the exploration of wet granular materials. 

One cannot deny the important role of wet material in real life applications such as 

geology (as seen earlier), food processing, and pharmaceuticals. The presence of 

liquid creates cohesion (due to surface tension) in between grains and modifies the 

mechanical properties of the granular media. A detailed review of the mechanical 

properties of wet granular media was presented by Mitarai & Nori (2006). Our 

simplest model to notice a comparison between dry and wet granular material and 

notice the effect of cohesion would be sand piles that children make in sandboxes.  

A summary of the important changes in material properties between dry and wet 

granular media is presented in the table below: 

 

 
Table 1: Comparison of physical properties between dry and wet granular matter. 
Table reproduce from Mitarai & Nori (2006) 
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Liquid in wet granular media creates cohesion due to the formation of a liquid 

bridge between two identical spheres, as seen in figure 9 below. 

It is obvious that the cohesion in the wet media depends on the liquid content, and 

there are four states of liquid content summarized in the table below. 

 

 
Table 2: Granular media with various amounts of liquid [23, 24]. In the schematic 
diagrams in the third column, the filled circles represent the grains and the grey 
regions represent the interstitial liquid. Table reproduced from Mitarai & Nori 
(2006). 

 

1.3.1 Tensile Strength of Wet Granular Material 

Tensile strength is an important parameter for characterization of granular 

material. For wet powders it is also important since, combined with the yield locus, 

it characterizes the flow properties (Pierrat & Caram, 1995).  Tensile strength of wet 

granular material could be measured directly using an experimental apparatus or 
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predicted by using simple parameters such as void fraction and particle size. Pierrat 

& Caram present a simple model to estimate this value and compare it with 

experimental values. Moreover, a new correlation is presented allowing the direct 

calculation of the tensile strength of wet granular materials. 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

 

The maximum tensile force transmitted by a liquid bridge bonding two monosized 

spherical particles of diameter d and separated by a distance a consists of two 

components:           being respectively the surface tension of the liquid at the 

liquid particle contact line and the force due to curvature of the liquid bridge which 

creates a pressure difference across the surface. These two forces are given by: 

  
  

                                                                                                                                  

where   is the filling angle,         the contact angle and surface tension, 

respectively, of the wetting liquid  

d 

h 
𝜃          

      

𝛿= contact angle 

a 

Figure 9: Liquid bridge bonding two monosized particles. Figure reproduce from 
Pierrat & Caram (1995) 
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)                                                                                                           

where 

   
 

 
  

     

 
 

  
 
 [          ]                                                                                         

  
  

  
 

 
         

 
 

         
                                                                                                            

   and   are the radii of curvature that can be obtained by numerically solving the 

Laplace Young equation for the surface shape. The total dimensionless force is the 

sum of both components: 
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Combining all three dimensionless equations leads to the dimensionless bonding 

force that would be a function of the contact and filling angles, and the 

dimensionless separation distance. Moreover, the filing angle is defined by the 

moisture content defined as the ratio of the mass of liquid to the mass of dry 

particles, given in the following relationship as: 
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where, k is the mean number of contact points per particle or the mean coordination 

number,         is the volume of the liquid bridge,      and      are the liquid and 

particle densities, respectively. 

Pietsch and Rumpf (1967) gave the following expression assuming    is constant: 
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Several correlations of the tensile strength of wet granular material were given, 

most importantly the one by Rumpf was widely accepted. It is applicable under the 

assumptions that all particles are monosized spheres statistically (on the average 

uniformly) distributed in the agglomerate. Second, the bonds are statistically 

distributed across the surface and over the directions in space. Finally, the effective 

bonding forces are distributed around the mean value that can be used in the 

calculations. 

Rumpf’s expression of the tensile strength of wet powders in pendular state is: 
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where   is the void fraction of the agglomerate, and    is the bonding force of the 

liquid state bridges (stated above) and   the coordination number function of the 

packing density or void fraction of the bulk correlated as:      

In the capillary state where the pores are filled with the liquid, the interfacial forces 

exist only at the surface of the agglomerate and a negative capillary pressure    

develops in the interior, holding the particles together. In this case the tensile 

strength is given by Schubert (1973) as: 
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where the capillary force       
   

 

 

 
 with        ,   is the saturation amount 

defined as the ratio of the void volume occupied by the liquid to the total void 

volume. The saturation amount is related to the moisture content calculated on a 

dry basis by the following relation: 

  
   

 

    

    
                                                                                                                                  

In the funicular state, Schubert (1972) proved experimentally that both ridge 

bonding and bonding caused by regions filled with liquid contribute to the strength 

of the agglomerate. The tensile strength     is a linear combination of     and    : 

       

    

     
    

    

     
                                                                                                    

where    and    are the upper saturation limits for the funicular and the pendular 

states, respectively. 

A significant finding is that the critical strain   (strain at the peak of the stress-

strain curve) always increases with increasing liquid content. This shows that the 

wet granular material is brittle when the amount of liquid is small, and tends to 

show viscoplastic behavior as the liquid content increases. (Mitarai & Nori ,2006). 
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2 Experimental setup: 
 

 

 

 

 

 

 

 

The experimental setup used for this purpose was a simple and basic one. The 

materials used are: 

 Optical railing system for adjusting release height. 

 Electromagnetic release mechanism 

 Plexiglas cylindrical container 

 Plexiglas square container 

 High-speed camera controlled by a personal computer 

 Two light sources 

The Optical rail is mounted vertically to an optical table, upon which we mounted a 

rail glider, which houses the electromagnet. The sphere, made from stainless steel, is 

positioned in the center of the electromagnet and the release is triggered manually 

by powering off the AC supply to the magnet. 

Height 
Diameter 

Figure 10: Illustration of the experimental setup used 
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2.1 High-speed Imaging 

In order to record the initial contact and penetration, a high speed digital camera 

(Photron Fastcam SA-5) equipped with a Nikon 105 mm micro-lens at frame rates 

up to 50,000 f.p.s is positioned facing the setup. 

We employ high-intensity light guides opposite the camera in order to achieve high-

contrast silhouette imaging of the sphere for visualization purposes in addition to a 

sidelight in order to clearly visualize the surface of the granular material. 

2.2 Granular Materials 

The experiments are performed using the same sphere at all time (20 mm diameter 

metal sphere). The grains used are spherical glass beads with diameters      , 

        and            as stated by the manufacturer (Pan Abrasives Ltd, 

Singapore). Particle size and shape (circularity) analyses of these materials were 

performed on a combination of a Malvern Mastersizer and a Malvern Morphologi 

G3. As shown in table 1, the glass beads exhibit mono-modal size distributions for all 

three size ranges with volume- based mean diameters,                       , 

respectively, where 

     
∑   

  
   

∑   
  

   

 

We use this as the characteristic mean diameter for the glass beads, i.e.         . 

To characterize the shape, we use the Malvern high-sensitivity circularity 

measurement,           , where   is the cross-sectional area and   is the 

perimeter as determined by the Morphologi G3. For the glass beads, the mean 
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circularity,              , showing that they are indeed nearly spherical. The 

grain density is               . 

Material                       

Glass beads 
<53 

19 30 46 28 31 

Glass beads 
106-212 

127 174 234 169 178 

Glass beads 
425-600 

441 493 564 515 520 

Table 3: Characteristic diameters for the glass beads. All values stated in    

2.2.1 Dry beads: 

For the experiments with dry grains, we considered two preparation methods – 

namely – pour/scrape OR pour/tap/scrape. These two methods resulted in two 

distinct packing fractions,   
          

                  
, which were approximately 51% and 

58% for the 31   grains, 60% and 64% for the 178    and finally 61% and 64%, 

respectively for the 520   grains.  

For the pour/tap/scrape method, we used a fixed tapping time of 60 seconds in all 

cases, which was sufficient to yield a packing close to the random close packing limit 

(≈ 64%).  

To ensure reproducibility of the results, the mass of the filled cylinder was recorded 

before each individual trial and any preparations with a deviation of more than 20 

grams than the mean were rejected. 
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2.2.2 Wet beads: 

Wet granular materials were prepared by mixing a known mass of grains with a 

known mass of water in order yield a specific moisture content   
      

       
    . 

We use pure water (deionized and filtered) to ensure there are no contaminants 

that could affect the preparation. The mixture is blended manually with an 

aluminum rod for at least 5 minutes to ensure an even distribution of the water 

throughout the entire mass of beads. 

The containers were then filled by pouring (scooping) the mixture and then 

scraping the surface level. 

As with the dry beads, the mass was recorded before each impact to ensure the 

filling fraction was the same for all repeat trials. 

2.2.3 Contaminated beads: 

Contaminated grains are a mixture of big glass beads “contaminating” a container of 

smaller glass beads, namely two sets were mixed: mixing small grains (0-53) with 

medium grains (106-212) and mixing medium grains (106-212) with big beads 

(425-600), both at various percentage mass fractions: 

    
      

           
                         

The small beads are added to the pool of big ones and mixed manually for about 5 

minutes to ensure an even distribution of the small beads in the mixture. 
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The container was then filled by pouring the mixture in tit then scraping the surface 

to level. 

As in the earlier cases, the mass was recorded before each impact to ensure the 

filling fraction was the same for all repeat trials. 
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3 Parameter Space: 

The containers used in the experiments are of two different sizes and shapes; one 

square shape of outer side 10cm (inner dimension 9 cm) and height 20 cm, a 

cylindrical container of outer diameter 10 cm (inner diameter 9 cm) and height 10 

cm. The metal sphere used is of diameter 20 mm. 

3.1 Variables 

There are several independent variables in the experiments done - namely, the 

release height of the sphere,         , which sets the impact speed, 

         
   , the packing fraction (solids volume fraction) of the grains in the 

container,   
          

                  
 and characteristics of the powders and the 

contaminant content (water content or smaller beads in the mixture) that were 

mentioned earlier. 

Relevant dimensionless parameters are the Froude number, density ratio and size 

ratio. Those are given as: 

   
  

√    

            
  

  
         

  

  
 

where the density of the bed is given by        where   is the solid packing 

fraction and the individual grain density               . 

So in the experiments performed, approximate values are            , 

            ,           ,             . 
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3.2 Height 

The experiments are performed at different heights starting at zero (i.e. when the 

sphere is just touching the initial surface) up to one meter. Note here that at the 

vicinity of the surface, more points are taken, as it is expected (from the 

experiments of Durian and coworkers) that these points would provide more 

deviations. (Durian et al., 2005) 

3.3 Number of repeats 

Each experimental condition was repeated several times to ensure repeatability, 

whilst only two were performed in combination with high-speed video recordings 

due to the sheer size of the data files ( > 1 GB each). 

3.4 Experiment procedure: 

Below are the steps followed in order to perform the experiments, record a high-

speed movie and note the parameters needed. 

Steps followed in order to perform the experiments are: 

1- Prepare the working station: camera and lights in place and powered on, 

settings are regulated. 

2- Fill the container: pour the grains directly into the container then tap 

and/or scrape the excess from the top surface in order to make it even 

3- Weigh the container on a balance and note the filled mass. 

4- Place the container with its center directly under the sphere 

5- Place the magnet at the first height (with the bottom tip touching the 

grains) 
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6- Manually power off the magnet to release the sphere and trigger the 

camera. 

7- Use a metal ruler to determine the penetration depth  

8- Empty the entire container, and then repeat all steps for next release 

heights. 

Note that, some experiments were stopped at the limit where the sphere hits the 

bottom. 

3.5 Calculation of the impact velocities: 
 

 

Figure 11:       diameter sphere dropped on a surface of granular media.  

As we perform different experiments, different magnification/ focuses are used for 

each container’s geometry. The spatial calibration is required to calculate the 
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experimental velocity. A sample calculation of the spatial calibration for videos 

taken of dry grains (scrape test) in a cylindrical container is presented: 

     
  

  
, where            

 

          
  etc (depending on how many frames we 

use). 

Choosing a frame where all the ball is visible 

              

     
    

   
                    

4 Penetration depth: 

 

Figure 12: Sequence of       diameter sphere dropping on the surface of granular 
media and resting on the surface at 50 000 fps and 720 ns time interval between 
each image. 

4.1 Visible part above the surface: 

While performing some of the experiments, at zero release height (ball touching the 

surface of the grains) the sphere apex remains above the initial surface level of the 

grains (see figure 11). In this case, the penetration depth is easily obtained (and 

more accurately from the digital images). In this case, it is easier to measure the 

penetration depth by extracting the visible part from 2 cm (diameter of the sphere) 

as follows: 
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4.2 Correction on the experimentally noted penetration depth: 

The penetration depth measured during the experiments is one that is taken from 

the surface of the container to the top of the sphere, whereas the penetration depth 

by definition is the distance between the surface of the container and the bottom of 

the sphere. Hence one should correct the experimental measurement by adding to it 

the diameter of the whole sphere.  

Visible part 

Penetration depth 

Drop Height 

Figure 13: illustration of the case of a sphere resting at the surface of the granular media 
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5 Results 

5.1 Penetration depth for dry grains 

Figure 15 below presents the raw data for the penetration depth versus impact 

speed for (a) 31 μm, (b) 178 μm and (c) 520 μm. Each plot shows two data sets – 

one for each preparation method, as indicated by the legend  

At a qualitative level, we observe similar trends for all the grain sizes – namely that 

the penetration depth for the lowest release heights are all O(1 cm) and that they 

gradually and monotonically increase with impact speed. In all cases, we also see 

that the preparation method has a dramatic effect of reducing the penetration 

depth, which is clearly more significant for the smallest grains. 

The degree of influence of packing fraction is much higher for the smallest grains, 

where we observe an almost five-fold reduction in penetration depth with an 

increase in the packing fraction- namely by tapping the container. This effect 

becomes weaker as the grain size increases where the penetration depths are 

roughly halved for the 178 μm grains and reduced by less than 30% for the 520 μm 

grains. 

Notice by looking at table 4 below that the effect of the filling method on the 

penetration depth is obvious; the packing fraction of the smallest grains has 

increased by 7%, which led to a decrease in the penetration depth. The increase of 

the packing fraction is obvious for the other two sizes of grains but it was quantified 

by a lower increase (3 and 4%) and this led to a lower impact of the filling method 
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on the decrease of the penetration depth. In fact the penetration depth did decrease 

by less considerable amount for the 178 and 520     grains. 

 

 

 

 

 

 

 

Size Range of the Grains 
(  ) 

Filling Method Packing Fraction (%) 

0-53 Pour & Scrape 51 
 Pour, Tap & Scrape 58 

106-212 Pour & Scrape 60 
 Pour, Tap & Scrape 64 

425-600 Pour & Scrape 61 
 Pour, Tap & Scrape 64 

Table 4:Packing fraction of dry grains of different sizes and filling method 
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Figure 14: Penetration depth vs. Experimental Impact velocity for three sizes of dry 
grains (a: 0-53 µm, b: 102-212 µm, c: 425- 600 µm) for two different filling types 

(Diamonds: Pour & Scrape, Squares: Pour, Tap & Scrape). Packing fractions of each 
set are marked on the graph.  
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Below is another representation of the data’s normalized penetration depth versus 

normalized total drop height for the three size ranges of dry grains. 

Those graphs confirm the observations drawn earlier. The smallest grains i.e. 31   , 

present the highest change in behavior when filled by the pour, tap, scrape 

technique- namely, the penetration depth of the impactor decreases while packing 

the granular material through tapping. 

The larger size grains i.e. 178    grains present as well a decrease in the 

penetration depth but with a lower influence than the 31    grains. 

As for the larger size of grains i.e. 520    grains, the influence of the technique used 

while filling dry grains has a weak effect on the behavior of the grains. 
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Figure 15: Normalized penetration depth versus normalized total drop height for 
three sizes of dry grains (a: 0-53 µm, b: 106-212 µm, c: 425- 600 µm) filled all in two 
methods (Diamonds: pour & scrape, Squares: pour, tap & scrape) on a log- log scale.  
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5.2 Penetration Depth for wet grains 

Figure 17 presents the raw data for the penetration depth versus impact speed for 

(a) 31 μm, (b) 178 μm and (c) 520 μm. Each plot shows two data sets – one for each 

preparation method, as indicated in the caption. 

At a qualitative level, we observe similar trends for all the grain sizes – namely that 

the penetration depth for the lowest release heights are all O(1 cm) and that they 

gradually and monotonically increase with impact speed. In all cases, we also see 

that the preparation method has a noticeable effect of reducing the penetration 

depth, which is clearly more significant for the biggest grains. 

The degree of influence of packing fraction is not much important for the smallest 

grains where we observe a 20% decrease in the penetration depth. The effect is 

more observable for the 178 μm grains with a 30% reduction but is much higher for 

the biggest grains, where we observe a reduction to almost half the penetration 

depth.  

On the other hand, the behavior of the grains is different from that of the dry grains-

namely, the larger the grains are, the more dramatic is the influence of the packing 

fraction on the penetration depth.  

Looking at table 5 below, including the packing fraction for all three grain sizes 

while using two different methods for filling the container, the results show an 

increase in the packing fraction. The value of the increase ranged from increase of 

6% (for the 31 and 520    grains) to increase of 8% (128    grains). The 

quantitative analysis of the increase explains that in fact the penetration depth 
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should decrease by taping the container (i.e. increasing the packing fraction). What 

is of importance in this case is the contradictory behavior of the wet grains 

compared to the dry grains- namely presenting a smaller variation in the 

penetration depth for the smallest grains whereas presenting a high variation for 

the large grains. Looking at the packing fraction in this case, notice that the value of 

the packing fraction for the 31    grains (around 35%) for example is much lower 

than that of the 520    (around 60%), for any filling method; which explains the 

sensibility of the results upon a high packing fraction. To conclude, the packing 

fraction plays a major role on the value of the penetration depth especially when 

around 60%.   

 

 

 

Size Range of the Grains 
(  ) 

Filling Method Packing Fraction (%) 

0-53 Pour & Scrape 34 
 Pour, Tap & Scrape 40 

106-212 Pour & Scrape 47 
 Pour, Tap & Scrape 55 

425-600 Pour & Scrape 57 
 Pour, Tap & Scrape 63 

Table 5: Packing fraction of wet grains (5% water content) of different sizes and 
filling method. 



 

 

50 

 

Figure 16: Penetration depth vs. Experimental Impact velocity for three sizes of wet 
grains (a: 0-53µm, b: 106-212µm, c: 425-600µm) for two different filling types 
(Diamonds: Pour & Scrape, Squares: Pour, Tap & Scrape). Packing fractions of each 
set are marked on the graph. 
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Another way to view the results is by looking at the normalized penetration depth 

versus normalized total drop height for the three sizes of wet grains (figure 18). 

From these graphs it is noticeable that the values of the normalized penetration 

depth for the two filling techniques are overlapping for most of the data points in 

the three cases a, b and c. Hence when water is added, the preparation method 

doesn’t really make much difference.   
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Figure 17: Normalized penetration depth versus normalized total drop height for 
three sizes of wet grains (a: 0-53 µm, b: 106-212 µm, c: 425- 600 µm) filled all in two 
methods (Diamonds: pour/ scrape, Squares: pour/ tap/ scrape) on a log- log scale. 
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5.3 Scaling for Dry vs. Wet grains 

Figure 19 presents the normalized penetration depth versus normalized release 

height for three sizes of grains filled using the same technique but using two types of 

grains- namely dry and 5% wet grains. 

Looking at figure 19 below, we notice a similarity in the trend followed by the 

graphs in all the cases shown. An interesting behavior is a reversal of trends 

between dry and wet grains when using the small grains (compared with the larger 

grains); meaning, when water is added to the 31    dry grains, a lower penetration 

depth is observed compared to the dry grains for the same size of grains. For the 

large grains i.e. 178 and 520   , the addition of water yields deeper penetration for 

almost all impact speeds, but is more noticeable for          , then the 

penetration depths are roughly double those of the dry grains. In contrast, the 

addition of water for the smallest grains i.e. 31    leads to significantly reduced 

penetration depths and a diminished influence of the preparation method, i.e. bulk 

density. Looking at table 6 below, a rewrite of the packing fractions of the dry 

poured grains and wet poured grains are presented. Notice that the value of the 

packing fraction of the smallest grains have decreased after wetting the grains, 

which explains the higher normalized penetration depth for dry grains (low initial 

penetration compared to the wet grains). 
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Size Range of the Grains 
(  ) 

Filling Method Packing Fraction (%) 

0-53 Dry 51 
 Wet 34 

106-212 Dry 60 
 Wet 47 

425-600 Dry 61 
 Wet 57 

Table 6: Packing fraction of poured grains of different sizes and water content i.e. 
Dry: 0% water content or Wet: 5% water content. 
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Figure 18: Normalized Penetration depth vs. normalized release height for three 
sizes of grains (a: 0-53 µm, b: 106-212 µm, c: 425- 600 µm) filled all in the same 
pour then scrape method, for two different grains treatment types (Diamonds: 
dry grains, Squares: wet grains of 5% water contamination)  
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Figure 20 below presents the log-log representation of the data of a square 

container filled in the same way (poring the grains then scraping the surface) with 

dry and wet grains for (a) 31 μm, (b) 178 μm and (c) 520 μm. Each plot shows two 

data sets – one for each preparation method. 

At a qualitative level, we observe similar trends for the 178 μm and 520 μm grains- 

namely, we observe the reversal of trends when using the small grains compared to 

the larger grains. This data is interesting to visualize the power law. 

Following from Durian et al. (2005) we can scale both the penetration depth and 

total drop height with respect to the zero release penetration depth,   . His study 

led to a 1/3 power, as follows: 

 

  
 (

 

  
)
   

 

In the plots below, the power is the slope of the trend lines followed by the data 

points. That is, clearly, the power in this case is not exactly 1/3. The values of the 

slops of the trend lines of the data set are close to ½ in most of the cases presented 

below. The trendlines are obtained by simple best fit to the data. 

Notice that for data related to       grains the values are             for the dry 

and wet data respectively. As for the        grains, values are             for the 

dry and wet grains respectively. Now for the large        grains, the values of the 

slopes are             for the dry and wet grains respectively. Having presented 
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results in this case, the data set could be better described by a ½ power law rather 

than a 1/3-power law. 
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Figure 19: Normalized penetration depth versus normalized total drop height for 
three sizes of grains (a: 0-53 µm, b: 106-212 µm, c: 425- 600 µm) filled all in the 
same pour then scrape method, for two different grains treatment types (Diamonds: 
dry grains, Squares: wet grains of 5% water content) on a log- log scale  
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5.4 Influence of Container Geometry 

In the below two figures, we present data to show that, for our experimental 

parameter regime, the geometry of the container has negligible effect. 

In the first set of data (marked by diamonds), a square container of outer side 10cm 

(inner dimension 9 cm) and height 20 cm was used. Whereas for the second set of 

data (marked by squares), a cylindrical container of outer diameter 10cm (inner 

diameter 9 cm) and height 10 cm was used. The effect is very small and only a minor 

discrepancy was noted at the highest impact speeds. 

This can be partly explained by the fact that in the cylindrical container, 

         

       
     , which is close to the unbounded limit of 

         

       
   . For the square 

container, the walls are also 4.5 diameters from the center, but the corners are 

         away so that the square container is slightly less constrained, which 

should result in slightly deeper penetrations – which you can see at higher impact 

speeds for the larger grains. 

Another point to keep in mind as for the validity of the comparison is that the 

packing fractions of both experimental sets were close but not exactly the same 

which explains as well the small variation noticeable on the graphs. 
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Figure 20: Penetration depth vs. Experimental Impact velocity for three sizes of dry 
grains (106-212 µm) for two different containers (Diamonds: square container 
(     ), Squares: cylindrical container (     )) and the same type of filling 
(pour then scrape) 

 

Figure 21: Penetration depth vs. Experimental Impact velocity for three sizes of dry 
grains (106-212 µm) for two different containers (Diamonds: square container 
(     ), Squares: cylindrical container (     )) and the same type of filling 
(fill, tap, scrape)  
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5.5 Penetration Depth for Contaminated Grains 

Figure 23 below presents the penetration depth versus experimental initial velocity 

for the 178    and 520    grains contaminated by different percentages of the 

31    and 178    grains, respectively. Looking at the graphs, notice the similarity 

in the trend of the data points. For the 178    grains contaminated by 31    grains, 

notice that the penetration depth increases with increasing experimental velocity 

and by a noticeable amount while varying the percent contamination (specifically at 

high velocities); the penetration depth is increasing while increasing the percent 

contamination of the grains. 

As for the larger grains i.e. 520    contaminated by the 178    grains, the 

penetration depth increases with increasing experimental velocity as well but does 

not present a big change in the value of the penetration depth while increasing the 

contamination. An important point to observe in this case is that- despite the little 

change in penetration depth while varying the percent contamination- the 

penetration depth decreases while increasing the percent contamination, which is 

the opposite of the small grains. 

The packing fractions of the contaminated grains of both combinations of grains at 

different percent contamination are presented in table 7 below. Notice that while 

the packing fractions increases with increasing percent contamination in both cases, 

but does not present a clear trend that could explain the results of figure 23. Notice 

that for the 178    grains contaminated by the 31   , the penetration depth 
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increases with increasing the percent contamination, whereas for the larger 520    

grains, the penetration depth decreases with increasing percent contamination. 

Contaminating the grains by different percentages of small grains does not seem to 

present a different behavior than the raw data for dry and wet granular material, 

comparing the trends followed by the data points. 
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Figure 22: Penetration depth vs. Experimental Initial Velocity for different percent 
contamination (Diamonds: 2.5%, Squares: 5%, Triangles: 10%, X: 15%,  : 20%, Circles: 
25%). a) 106-212   grains contaminated by 0-53   grains, b) 425-600   grains 
contaminated by 106-212   grains. 
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Main Size Contaminating 
Size 

Percent Contamination (%) Packing fraction (%) 

178 31 2.5 61.07 
5 62.21 

10 64.14 
15 65.33 
20 66.66 
25 67.69 

520 128 2.5 61.36 
5 61.33 

10 63.15 
15 63.64 
20 64.25 
25 65.03 

Table 7: Packing fractions of the contaminated grains of two different combinations 
i.e. 178 contaminated by 31    and 520 & 128   , at different percent 

contamination i.e. 2.5-25% 
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For a better visualization of the data points, the penetration depth is plotted (in 

figure 24 below) versus the percent contamination for fixed velocities. Notice that 

when adding small grains to the        grains it is clear that for low impact speeds, 

the contamination has little effect, but becomes significant at speeds above 2 m/s 

with contamination levels above 10%. Observe also the trend at low velocities 

             , where the penetration depth slightly decreases at low velocities. 

Now looking at the data set of the        grains contaminated by the        ones, 

in contrast, there is no quantifiable trend in the data. Notice an increase in the 

penetration depth when adding 2.5% contamination to the grains for             

then a slight decrease in the penetration depth by increasing the percent 

contamination. The effect is more drastic for higher impact velocities- namely 

            where the penetration depth decreases by 20% compared to a 5-

10% decrease at            .  
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Figure 23: Penetration depth vs. Percent contamination for specific fixed values of 
experimental initial velocity (                                 and for two 
cases: a)            grains contaminated by         grains and b) 
           grains contaminated by            grains.  
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5.6 Comparing the effect of tapping, wetting and contaminating 

In order to compare the effect of tapping, wetting and contaminating on the 

penetration depth, a graph is generated comparing all three cases for 5% content for 

two different grain sizes. Notice in figure 25 below that all three treatments of the 

grains present the same behavior for both sizes of the grains (       and       )- 

namely, at low impact velocity, contamination does not play an evident role like 

tapping and wetting the grains, whereas at high impact velocities tapping presents 

the most effective means of stiffening the material as to present lower penetration 

depth unlike wetting the grains which seems to affect the grains in a lubrication-like 

effect. 

For the case of        grains, contaminating the grains has more effect than 

wetting the material at high impact velocity but a less noticeable effect than tapping 

the container. The threshold at which contaminating the grains and wetting the 

material switch roles, is roughly the same for both. 
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Figure 24: Comparison between data of Contaminated, Wet, Dry Poured and Tapped 
grains: a)            grains and b)            grains. (Diamonds: 
Contaminated grains by 5%, Squares: 5% water content, Triangles: Dry tapped 
grains, X: Dry poured grains).  

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5

P
en

et
ra

ti
o

n
 D

ep
th

 (
cm

) 

Experimental Initial Velocity (m/s) 

a) Comparison: Contaminated, Wet, Poured 
& Tapped 106-212 μm Grains 

Contaminated 102_53_5%

Wet Grains 102_5% water

Dry Tapped Grains 102

Dry Poured Grains 102

0

1

2

3

4

5

6

7

8

9

0 1 2 3 4 5

P
en

et
ra

ti
o

n
 D

ep
th

 (
cm

) 

Experimental Initial Velocity (m/s) 

b) Comparison: Contaminated, Wet, 
Poured and Tapped 425-600 μm Grains 

Contaminated 425_102_5%

Wet Grains 425_5% water

Dry Tapped Grains 425

Dry Poured Grains 425



 

 

69 

6 Conclusions and Future Work 

Looking back at the experimental data presented in this work, interesting results 

have been presented. First, dry granular beds are very much influenced by the 

technique with which the container is filled with the material; tapping the container 

leads to a decrease in the penetration depth for all three sizes of grains although it 

presents a larger effect on the smallest size of grains 31   (effect is less for the 

other two bigger sizes). Second were the wet grains, they present a reversal in 

trends compared to the dry grains- namely, the influence of the filling technique is 

more noticeable for the large grains 520   grains rather than the smaller ones 

which present less decrease in the penetration depth by the tapping technique. 

Moreover, the effect of tapping on the grains is very low compared to the results of 

the dry grains. Now comparing the results of the dry and wet grains and interesting 

behavior arose, scaling the logarithmic plot of the data showed that the data follows 

a ½ power law rather than the 1/3 law presented in the literature. Continuing with 

a comparison as well, the shape of the container used did not present important 

influence on the results; using a square or cylinder container leads to the same 

results. These results are explained by scaling the diameters of the container and 

impactor used. Next, results of the contaminated grains show that, for the 178   

the penetration depth increases with increasing percent contamination whereas for 

the 520   grains, the penetration depth decreases with increasing the percent 

contamination of the mixture of granular media. 

Finally comparing the results of dry grains poured, tapped then scraping the surface 

or solely pouring the scraping it with the 5% contaminated grains and 5% water 
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content grains we notice that the 178   and 520   grains present a decrease in 

the penetration depth when passing from wet grains to dry poured grains to 

contamination then tapping dry grains. At low impact velocity, contamination does 

not play an evident role like tapping and wetting the grains, whereas at high impact 

velocities tapping presents the most effective means of stiffening the material as to 

present lower penetration depth unlike wetting the grains which seems to affect the 

grains in a lubrication-like effect. An important point is that for the 520   

contaminating the grains has more effect than wetting the material at high impact 

velocity but a less noticeable effect than tapping the container.  
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7 Future Work 

The following study has presented an extended study with regards to the effect of 

wetting and contamination of granular beds during sphere impact. Nevertheless an 

extensive study should be solely conducted in the area of contaminated granular 

beds, which present an interesting topic; probably conducting further experiments 

with smaller percent contamination increments and comparing them to 

experimental data for equivalent percentages of water content. It might also be 

possible to compare the results in these cases to the results of the tapping technique 

which has presented the best strengthening of the granular beds so far. 
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