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Abstract 

 

Design and Fabrication of a Granular Media Testing Instrument and 
Experimental Determination of Granular Media Flow Behavior under 

Static and Oscillating Normal Loads. 

 

Jakub Jodlowski, M.S.E. 

The University of Texas at Austin, 2012 

 

Supervisor:  Eric M. Taleff 

 
An interest in vehicle efficiency improvement drives a need for research in the 

field of light metal alloys. Current industrially-available technologies do not include 

warm-forming of metal alloy sheet materials. The obstacles to the technology may be 

potentially overcome with granular media, which could be used as an alternative force 

transfer medium. However, some granular material properties like force chain formation 

require further investigation before forming technology using granular media may be 

developed.  

Throughout the course of this study, a direct shear cell instrument was designed 

and fabricated. This instrument was used to measure the basic mechanical properties of 

granular media. A 3D CAD model of the direct shear cell instrument and operating 

procedures are presented in this study. Different granular materials, such as steel bearing 

balls and sand, were tested under conditions simulating granular media flow behavior 

expected for the working medium in warm-forming of metal alloys sheet materials. The 

experiments were conducted under both static and oscillating normal loads. The static 

load experiments were conducted for various normal loads and shear rates, and 
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oscillating normal load experiments were conducted under various oscillation 

frequencies, average normal loads and load amplitudes.  

During dense-packed spherical granular media flow experiments, shear stress 

oscillations were observed. These are attributed to the force-chain jamming behavior 

occurring within the granular media structure. It was also observed that granular media 

flow properties can be controlled by an oscillating normal load applied to the granular 

media. From the experimental and simulation studies it may be concluded that normal 

load oscillations should enhance granular media flow, which could be a great advantage 

for using granular media as working fluid for sheet metal forming. 
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I. PROJECT BACKGROUND AND RESEARCH MOTIVATION 

 
 

In the pursuit of increased vehicle efficiency through weight reduction, a 

significant interest in light metal alloys has been developed. Use of aluminum and 

magnesium alloys allows for considerable vehicle weight reduction, compared to 

traditional steel structures, which has a direct correlation to fuel efficiency improvement. 

This correlation may be described quantitatively by the fact that “for every 10% 

reduction in vehicle mass fuel economy is improved by 6%” [Taub, 2006]. Although 

characterized by low formability at room temperature, light metal alloys actually present 

feasible forming properties at warm- and hot- forming temperatures. The significant 

ductility improvement for high temperature forming of aluminum may be observed from 

the forming limit diagram in Figure 1.1.  

 

Figure 1.1.  A forming limit diagram, representing the improvement of ductility in 
aluminum for hot forming conditions, compared to ductility of aluminum 
and steel during the stamping process (Taken from Taub [2006, p.341]). 

 

The two major roadblocks to the emergence of light metal alloys in warm forming 

applications are the lack of an industrially feasible pressure medium and a lack of suitable 

lubricants allowing material deformation in the warm- forming temperature range of   

200 °C to 400 °C. Gas pressure is commercially used in forming parts at temperatures of 
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400 °C and higher. However, high material flow stress requires very high gas pressures to 

meet the industry strain rate requirements (on the order of 0.1 s-1) at lower temperatures, 

higher pressures than practical in general application. Figure 1.2 presents data showing 

the increase in material flow stress with decreasing temperature (see the top scale) for 

aluminum AA5182 alloy, which is of great commercial interest to the automotive 

industry. 

 

Figure 1.2.  Flow stress, normalized by the temperature-dependent elastic modulus, is 
shown for alloy AA5182 aluminum sheet as a function of the Zener-
Hollomon parameter, Z =

€ 

˙ ε exp(Q/RT), where 

€ 

˙ ε  is the plastic true-strain rate, 
Q=136,000 J/mol, R is the universal gas constant and T is absolute 
temperature. Along the top axis, temperature in Celsius is shown for the 
desirable forming strain rate of 0.1 s-1 (Taken from Chang [2010, p.3825]). 

 

An alternative approach to warm forming is the use of die stamping. This method 

requires lubricants, which currently restrict the use of die stamping to temperatures lower 

than approximately 200 °C. At higher temperatures, liquid lubricants, such as oils and 

greases, remain generally inapplicable due to rapid degradation. Solid lubricants (e.g. 

graphite or boron nitride), which can be used at higher temperatures, provide an 

alternative solution. However, industrially accepted solid lubricants do not provide 

sufficient lubrication to account for high die contact pressures and are very difficult to 

clean from parts.  
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Granular media show an interesting potential to overcome both of the above-

mentioned barriers. Granular media may transmit considerably higher pressures than 

gases. Since granular media may behave in a fluid-like manner, a considerably lower 

friction will occur when pushing material into an open die cavity, possibly eliminating 

the need for the excellent lubrication required during the die-stamping process. Solid 

lubricants may still be used to reduce the friction between the deformed material and a 

die surface, when there is relatively low contact pressure. It is of major interest to 

determine the feasibility of obtaining a uniform pressure distribution throughout the 

granular media bed in the process of warm forming of light alloys.  A nonuniform 

pressure distribution could potentially lead to difficulties in sheet metal forming control. 

A nonuniform force distribution may be visualized from Figure 1.3. In this experiment a 

granular medium is statically pressed with a normal force against a fixed lower piston. A 

carbon paper sheet between the granular medium and the piston allows recording of the 

normal force distribution during the experiment.  Since darker spots correspond to higher 

normal forces, it is shown that the force is transferred to the lower piston in a highly 

nonuniform pattern. 

 

Figure 1.3.  A compression test, where load is applied to the piston at the top causing the 
granular media within the cylinder to press against the carbon paper at the 
base. The color intensity of the marks in the paper corresponds directly to 
the contact force. (Taken from Mueth [1998 , p.3165]). 
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The major goal of this project is to study the effects of pressure on flowing 

granular media in the presence of varying normal stresses, flow rates and granular media 

material. The literature review presents the theory and current understanding of granular 

media flow. This overview is primarily focused on previously utilized experimental 

instruments in granular media flow study, which form a background in the selection 

process for the experimental set-up proposed in this project.  
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II. GRANULAR MEDIA LITERATURE REVIEW 

 

2.1. INTRODUCTION 
 

The purpose of this literature review is to present the state of research in the field 

of granular media flow. It is of interest to understand the physical laws that govern 

granular media in different flow regimes. Granular media behave differently from solids, 

liquids or gases, due to dissipative grain interaction, including inelastic collisions and 

friction [Aaranson, 2006]. 

This literature review is focused on collecting information that describes flow of 

granular media within a slow flowing regime. This particular regime is expected to play 

the key role in the process of warm forming of materials. Nevertheless, a review of other 

regimes is also presented, in order to provide a better general understanding of granular 

media.   

In order to better understand the expected behavior of granular media during 

material forming applications, the literature review is focused on studies of granular 

media subjected to compression, shear or vibration. Common experiments, which 

incorporate one or more of these states, are presented in this literature review. 

2.2. GRANULAR MEDIA MODELS 
 

In general the proposed physical models for granular media may either be 

classified as discrete or continuum [Rao, 2008]. Discrete models look at interactions 

between individual grains, whereas the continuum approach looks at granular media as a 

continuous medium. 
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2.2.1. Discrete Models 

 
Discrete models focus on simulating interactions between individual particles. In 

general, there are a variety of different modeling techniques that may apply in the 

discrete modeling approach. One example of such an approach proposes calculating the 

normal contact force between two particles using a spring-and-dashpot model and 

tangential force using spring, dashpot and slider elements as presented in Figure 2.1. 

Many open source software Discrete Element Modeling (DEM) packages are available, 

like for example: ESyS-Particle, Yade, or MechSys. All the software packages utilize an 

analysis based on the approach initially proposed by Cundall and Strack, which is similar 

to the approach presented in Figure 2.1. 

 

Figure 2.1.  Spring dashpot model approach for estimating interparticle contact forces 
(Taken from Rao [2008, p.25]). 

 

2.2.2. Continuum Models 
 

In principal this approach looks at granular media in a continuum manner and 

uses the laws of continuum mechanics to predict behavior of the medium [Rao, 2008]. 

However, this approach requires a use of constitutive relations, which still have not been 

thoroughly established over a wide range of conditions for granular media [Rao, 2008]. 

The existing theories analyze granular flow depending on the flow rate or flow geometry. 
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2.3. GRANULAR FLOW REGIMES 
 

In a variety of papers studying the flow of granular media it was pointed out that 

granular media may behave considerably differently depending on the flow rate of the 

medium. The Savage number for granular media allows distinguishing between rapid and 

slow flow regimes. Physically, the Savage number represents the ratio of stresses due to 

interparticle collisions to the normal stress [Lu, 2007]. For a granular medium with a 

particle density 

€ 

ρ , a mean grain diameter d, and subjected to a shear rate 

€ 

˙ γ  and normal 

stress 

€ 

σ, the Savage number (Sa) may be represented as: 

€ 

Sa =
ρd2 ˙ γ 2

σ
          [2.1] 

 
For Savage numbers much less than one, flow is expected to fall under the dense granular 

flow regime. High Savage numbers indicate rapid flow; however, there seems to be no 

single Savage number that is commonly agreed upon to indicate the onset of a rapid flow. 

Bagnold proposed a modified nondimensional parameter that distinguishes 

between the two flow regimes [Hanes, 1984]. 

€ 

B = ρµ−1λ
1
2d2 ˙ γ          [2.2] 

In this parameter the additional variables taken into account are linear concentration 

€ 

λ , 

and interstitial fluid viscosity 

€ 

µ . Bagnold’s numbers less than 40 indicate quasi-static 

flow, and Bagnold’s numbers greater than 450 indicate grain inertial flow [Hanes, 1984]. 

 

2.3.1. Dense Granular Flow Overview 
 

Dense granular flow, which is also referred to as quasi-static flow, is generally 

described as slow and high solid-fraction flow. The interactions between the grains in this 

regime are of a Coulomb frictional nature. Momentum exchange in this regime occurs 

mostly through sliding and rolling [Lu]. Granular flow in this regime shows no 

dependence between the shear stress and shear rate. A general theoretical understanding 

for dense granular flow in shear is expressed by the critical state theory [Rao, 2008]. 
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2.3.2. Rapid Flow 
 

The main particle interaction in a grain inertial flow occurs by short-duration 

binary collisions [Lu, 2007]. When tested in a shear cell, rapid granular flow shows a 

quadratic dependence between the shear stress and shear rate. This behavior is presented 

in Figure 2.2. This interesting behavior was confirmed for granular flow with different 

types of granular media and particle diameters. The shear rate and shear stress 

dependence may vary in cases when different interstitial fluids are used. It was observed 

that, for the same range of shear rates and the same type of particles, the slope decreases 

when water is used instead of air as an interstitial fluid [Hanes, 1984]. This indicates that 

interstitial fluid may cause a change in the flow regime, as predicted from Bagnold’s 

number. 

 

Figure 2.2  Shear stress versus strain rate for granular flow in the rapid-flowing regime. 
(Taken from Hanes [1984, p.368]). 

2.3.3. Transitional Flow 
 
              While most papers analyze different approaches for either rapid or dense 

granular flow, some scientists span both regimes in their experiments to include 
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transitional flow. While it is generally established that the dense granular flow regime is 

rate independent and the rapid flow regime shows a quadratic dependence on rate for 

shear stress, the transitional flow regime still requires a more in-depth analysis [Lu, 

2007]. In a constant volume experiment in a cylindrical shear cell, it was found that both 

shear and normal stress, applied to the loading plate, experience a stress-weakening effect 

in the region between slow and rapid flow regimes [Lu, 2007].  In this regime, shear 

stress drops below the shear stress value recorded for the dense granular flow regime, as 

pictured in Figure 2.3. The authors have also noted that the granular media under higher 

normal load exhibit greater shear weakening. In this particular experiment, sand was 

utilized as a granular medium. The occurrence of the shear weakening effect shows a 

strong dependence on the type of material used, indicating that size distribution or 

sphericity could strongly influence granular media flow behavior. An interesting result 

occurs in the case of powders for a similar experimental test set up. Figure 2.4 shows 

shear stress versus shear rate for silica and polymer powders. Both powders behave 

similarly in the dense flow regime. However, while shear stress in silica powder increases 

at high shear rates, shear stress in the polymer powder stays rather constant [Klausner, 

2000]. While silica powder is non-cohesive, polymer powder has cohesive characteristic. 

Hence, Figure 2.4 indicates the importance of a cohesion factor in determining the 

behavior of granular media. An effect resembling shear weakening, presented in Figure 

2.3, may also be observed for silica powder in Figure 2.4. 

 



 10 

 

Figure 2.3.  Shear stress and normal stress are shown as functions of shear rate, spanning 
dense flow, rapid flow and transitional flow regimes for sand (Taken from 
Lu [2007, p.355]). 

 
 

Figure 2.4.  Shear stress as a function of shear rate for polymer powder and silica 
powder (Taken from Klausner [2000, p.99]). 
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2.4. GRANULAR FLOW EXPERIMENTS OVERVIEW 
 

2.4.1. Shear Tests 
 

2.4.1.1. Direct Shear Box 
 

The direct shear cell is a test apparatus that allows testing granular media at high 

normal stresses and low shear rates. An example of a direct shear cell is presented in 

Figure 2.5a. This particular shear box, also known as Jenike shear cell, consists of two 

cells. The bottom cell remains stationary, while a shearing force is applied to top cell, 

which is free to move. Depending on whether the granular media is dense or loose, a 

shear stress spike may occur at a given normal stress in the graph of shear stress versus 

displacement, as presented in Figure 2.5b. 

 

   (a)  (b) 

Figure 2.5.  (a) Direct shear cell schematic.  Load is applied at the lid, top ring 
experiences shearing force, while the base remains stationary (Figure taken 
from Rao [2008, p.71]), (b) Change in shear stress and sample height with 
respect to the sheared distance (Figure taken from Rao [2008, p. 72]). 
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2.4.1.2. Triaxial Test 
 

Triaxial testing apparatus, schematically presented in Figure 2.6a, provides an 

alternative method of testing granular media in the slow flow regime. During the 

experiment, the granular media forms a cylindrical specimen, restrained by a rubber 

membrane. Normal load is applied at the top of the sample cylinder using a loading ram, 

and radial stress is applied to the granular medium by water inside the cell. Axial and 

radial loads may be measured by measuring cell and pore pressure respectively. The test 

exhibits negligible shear stresses in the membrane; hence, the axial and radial stresses 

may be considered as principal stresses, as presented in Figure 2.6b. Principal stresses 

analyzed for loose and dense sand samples during the triaxial experiments (Figure 2.6c) 

reveal a characteristic behavior similar to the experiments conducted in direct shear. 

 

     
(a)      (b)      (c) 

Figure 2.6.  (a) Triaxial experimental set-up schematic (Figure taken from Rao [2008, 
p.221]), (b) Stresses applied to the test sample during the experiment, where 

€ 

σa  and 

€ 

σr indicate axial and radial normal stress respectively (Figure taken 
from Rao [2008, p.221]), (c) Principal stress ratio 

€ 

(σ1 −σ3) /σ3  versus axial 
strain during compression test on loose (dashed line) and dense (solid line) 
sand (Figure taken from Rao [2008, p.224]). 
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2.4.1.3. Rotating Shear Cells 
 

The annular shear cell appears to be the most commonly proposed experimental 

geometry in the field of granular media flow research. A multitude of different annular 

shear cell designs exist in the literature. Figure 2.7 shows one type of annular shear cell 

instrument [Hsiau, 1999]. A speed-controlled motor actuates rotation of the bottom plate, 

while the top plate, which is stationary, fits inside a groove inside the bottom plate. 

Bearings on the fixed shaft allow the cover plate to move in the vertical direction to 

accommodate solid fraction changes in sheared granular media. It is very common to 

roughen the top and bottom plates in the shearing cell, while keeping the sidewalls as 

smooth as possible in order to approximate a two-dimensional shear geometry.  

In a variety of research papers that study the behavior of granular media within an 

annular shear cell, some set-up modifications may be noticed. However, the general idea 

behind the experiment does not change. For example, some experiments propose the use 

of a counter-weight to balance out the weight of the top plate [Ji, Hanes]. Another 

experiment proposes the use of an LVDT to measure the displacement of the top plate 

and a tangential load cell, consisting of a known moment arm attached to the top plate, in 

order to determine the torque acting on the granular media [Klausner, 2000]. Another 

experiment proposes use of cylindrical shear cell where, instead of a grooved ring, the 

entire cylindrical space is subjected to shear [Lu, 2007].  
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Figure 2.7.  Annular shear cell experimental set-up (Taken from Hsiau [1999, p.1971]). 

 

A shear cell may also have a Couette geometry, as presented in Figure 2.8 

[Tardos, 2003]. This experiment is in principal very similar to the annular shear cell 

experiment. It consists of inner and outer cylinders. The inner cylinder imposes shear 

stress in the granular medium, while the outer cylinder remains stationary. Particles in 

this experiment may be sheared without having a plate imposing a normal stress on the 

medium. This experiment also uses of a piston sensor to measure normal stress exerted 

by the granular medium. Normal load may be applied parallel to the shearing plane, as 

opposed to perpendicular to shearing plane in the annular shear cell geometry.  

 

 

Figure 2.8.  Coutte-shear cell experimental set-up (Taken from Tardos [2003, p.34]). 
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Figure 2.9 shows formation of force chains within a shear cell. This effect was 

observed using photoelastic particles as the granular medium. It was commonly observed 

and pointed out in multiple papers that the thickness of the shear band in a shear cell is 

approximately ten grain diameters. The result that confirms this observation is presented 

in Figure 2.10, which presents grain velocity versus the distance from the shearing plane. 

It was also pointed out that the shear thickness may vary with the granular material 

[Bocquet, 2008]. 

 

Figure 2.9.  Force chain formation in sheared granular media (Taken from Howell 
[1998, p.5241]). 

 

Figure 2.10.  Grain velocities versus the distance from the shear plate, where distance is 
normalized by the grain diameter and grain velocity is normalized by the 
cell rotational velocity (Taken form Howell [1998, p.5242]). 
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It was also proposed to include a heating system around the test region to measure 

thermal conductivity of granular media under different packing during shearing [Wang]. 

Figures 2.11a and 2.11b present schematics of this shear cell and a detailed overview of 

the heating system. The results for apparent viscosity and thermal conductivity measured 

as functions of shear rate are presented in Figure 2.11c.  It is worth noting the strong 

dependence of solid fraction on both apparent conductivity and viscosity.  

   
 
(a)      (b) 

 
(c) 

Figure 2.11.  (a) Annular shear cell, with a heating system around the sheared material 
(Taken from Wang [1992, p.530]), (b) Close-up of the heating system in a 
(Taken from Wang [1992, p.532]), (c) The apparent thermal conductivity, k, 
and apparent shear viscosity as functions of shear rate (Taken from Wang 
[1992, p.538]). 
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2.4.1.4. Alternative Shear Test 
 

Another interesting experimental set-up for testing granular media behavior in 

shear forces the flow of granular media using an outside substance, like air, to push the 

granular media around a rotating cylinder, as presented in Figure 2.12a [Bocquet, 2008]. 

In principal, this experiment is very similar to the rotating shear cell experiment 

presented in Figure 2.7. It also shows the same velocity gradient in the shear band region 

(Figure 2.12b) commonly observed for annular shear cell experiments. The authors of 

this experiment observed no dependence between shear rate and shear stress for dense 

granular flow, confirming that their results are in agreement with standard annular shear 

cell results. 

    

Figure 2.12  (a) Alternative shear cell experiment (Taken from Bocquet [2008]), (b) 
Velocity versus distance inside the shear band (Taken from Bocquet 
[2008]). 

2.4.2. Vibration Tests and Jamming in Granular Media Flow 
 

In granular media stress is generally transmitted through force chains, which 

occur due to such effects as variations in the particle sizes, imperfections in packing 

arrangements and nonlinear interparticle friction forces [Mueth]. In consequence, only a 

fraction of all the particles, which form the force chains, becomes active in the force 

transfer process. These chains can potentially cause jamming and impede the motion of 

granular media. Various experiments show that force chains may be broken when 

vibration is introduced during the granular media flow. One possible experiment that 
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studies vibration response of granular media is presented in Figure 2.13a. In this 

experiment granular media, flowing in a granular hopper through a small opening, is 

continuously vibrated using a piezo-electric actuator. The authors of this experiment only 

varied amplitude of vibration. Figure 2.13b shows the mass delivered from the hopper 

versus time for vibrations with different amplitudes. The horizontal lines correspond to 

the jamming times. It can be noticed from this figure that greater vibration amplitude 

reduces jamming time. However, it should also be pointed out that for every test, the 

same number of grains is delivered, even if the tests are run for different time periods. 

This suggests that the vibration effect may be scaled with time, meaning that a large 

vibration amplitude may be simulated by a small amplitude over a longer time period. 

Figure 2.13c shows that the fraction of time during which the flow is jammed, and it can 

again be noticed that the flow induced at the largest vibration amplitude experiences 

considerably less jamming than flows at smaller amplitudes. 

       

    
(a)    (b)    (c) 

Figure 2.13.  (a) Experimental set-up measuring the granular media mass delivery from a 
hopper, where the bottom lid is subject to controlled vibrations produced by 
a piezo-electric actuator (Taken from Janda [2009, p.24002-p2]), (b) Mass 
delivered from the hopper as a function of time for vibrations with varying 
amplitude (Taken from Janda [2009, p.24002-p4]), (c) Time when the 
granular media in the hopper is jammed for vibrations with varying 
amplitude (Taken from Janda [2009, p.24002-p5]). 
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Another experiment testing the behavior of jammed granular matter uses a rod 

inserted into a moving granular bed, as presented in Figure 2.14a [Albert]. The force 

acting on the rod is measured in the direction parallel to the granular flow. This force is 

subjected to fluctuations when the force chains around the rod constantly form and break. 

There is an interesting transition from purely periodic to stepped fluctuation, depending 

on the depth to which the rod is submerged into the granular medium, as shown in Figure 

2.14b. This figure implies that normal stress variation within the granular medium affects 

the jamming characteristic in the material. 

 

Figure 2.14a Experiment measuring the force acting on a rod injected into a moving 
granular layer (Taken from Albert [2000, p.5122]). 

 

Figure 2.14b Force acting on the rod as a function of distance travelled by the grains for 
different depths of injection of a rod (Taken from Albert [2000, p.5123]). 

Vibration effects have also been tested using the experimental set-up presented in 

Figure 2.15a. In this experiment a rod is injected into a granular bed at a defined depth. 

This rod is then subjected to torsional oscillation at a given frequency. At the same time 
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the granular bed is independently vibrated in a vertical direction at a different frequency. 

The granular media vibration is expressed in terms of nondimensional intensity  

,          [2.3] 

 where A, and  represent the vibration amplitude and frequency respectively, and g 

represents the acceleration of gravity. Figure 2.15b shows the relation between the 

granular medium frequency response and the applied oscillation torque for different 

vibration intensities. The experimental results show that, for low torque inputs, an 

increase in granular medium bed vibration intensity causes a decrease in granular media 

jamming intensity (resulting with the rod unjamming more easily). It may also be noticed 

that above a certain rod torque input frequency response becomes independent of bed 

vibration intensity. The authors of this experiment concluded the “unjamming process to 

be a statistical, activated like hoping process and that some of the usual statistical 

concepts of thermal systems can be extended to vibrated granular material” [D’Anna 

2008]. 

(a)   (b)  

Figure 2.15 (a) Granular media vibration experiment schematic. Experiment was 
conducted using glass beads used as granular material (Taken from D’Anna 
[2008, p.011306-1]), (b) Granular media bed vibration intensity response as 
a function of torque T applied to the rod for different forced granular bed 
vibration intensities 

€ 

Γ. G represents a complex frequency response, 
obtained from equation 

€ 

G = T /θ , where 

€ 

θ  represents the optically 
measured angular displacement (Taken from D’Anna [2008, p.011306-2]). 
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2.4.3 Vibration Induced Granular Media Fluidization  
 

Introduction of vibration in granular media flow is also associated with the 

concept of fluidization. This state of granular media is highly desirable in this project 

since fluidized granular media would allow for more uniform pressure distribution in the 

forming process. In the experimental set-up presented in Figure 2.16a a rotating vane is 

subjected into a vibrated granular bed. For the input vane speed and applied vibration, the 

torque and power drawn by the motor are measured. The actual vibration intensity is 

evaluated with an accelerometer. In this experiment, glass beads were tested. The authors 

of the experiment discovered that there exists a critical vibration intensity  (Eq. 2.3) of 

approximately 1.5-1.6, that allows the sheared granular media to reach the liquefied state 

at vane rotation speed of approximately 800-1000 RPM, as observed from a 

discontinuous drop in torque curve in Figure 2.16b. For a vibration intensity that is 

greater than 1.6, granular media is in the fluidized state throughout the entire range of 

vane rotation speeds tested. Below the critical vibration intensity of 1.5, no granular 

media fluidization was observed.  

(a)  (b) 

Figure 2.16  (a) Experimental set-up with a rotating vane and vibrated granular bed 
(Taken from Ford [2009, p.34]), (b) Vane torque versus the rotation speed 
for different granular media bed vibration intensities (Taken from Ford 
[2009, p.36]). 

In the slow flow regime, vibration may have important effects. In an experimental 

study similar to the one presented in detail in Figure 2.16a, a layer of glass beads was 
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subjected to slow rotational speed controlled flow, and the torque was measured 

[Dijksman, 2011]. The authors observed an interesting behavior of the flow curve (Figure 

2.17a), where the vane actually exhibits a torque drop for sufficiently high vane rotational 

speed. The vane torque is expected to follow the pattern presented in Figure 2.16b for 

higher rotational speeds. Granular media bed vibrations significantly decrease the 

required torque at low vane rotational speeds. When the flow approaches the rotational 

speed for which the torque drop is observed, a much smaller dependence between torque 

and bed vibration intensity is observed.  In torque-controlled experiments, the authors 

observed hysteresis in the rotational speed when torque was varied between critical 

values, as presented in Figure 2.17b. The critical torques in Figure 2.17b matched the 

torques predicted from speed-controlled flow experiment presented in Figure 2.17a. The 

dropping torque behavior observed in this experiment appears to be material-dependent, 

since some of the tested materials, like aluminum flakes or PMMA beads, did not exhibit 

this type of behavior.  
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(a) (b) 
 

(c) 

Figure 2.17  (a) Experimental set-up and nondimensionalized torque versus rotational 
speed for different granular media bed vibration intensities. (Taken from 
Dijksman [2011]), (b) Hysteresis loops for different values of vibration 
intensity 

€ 

Γ (Eq. 2.3) in torque-controlled experiments. Horizontal axes 
represent the nondimensionalized torque (Taken from Dijksman [2011]), (c) 
Torque-speed behavior for different materials. (Taken from Dijksman 
[2011]). 

 

Another experimental approach to understand granular media liquefaction uses a 

vertically shaken granular media bed, as presented in Figure 2.18a [Metcalfe]. When 

granular media are shaken above a critical intensity, a fluidized layer of granular media 

occurs in the top layer of the bed, which is schematically presented in Figure 2.18b. For a 

large vibration intensity, the fluidized layer height is measured, then the vibration 

intensity is decreased until no fluidized state is observed in the granular bed. In this 

experiment rough and smooth sand and glass beads were tested. The authors of the study 

observed that once granular media reached a critical vibration intensity, the vibration 

intensity may decrease considerably, while still retaining the liquefied layer in the 

granular media bed, as shown in Figure 2.18c. In this experiment, a critical vibration 

intensity 

€ 

Γ (Eq. 2.3) for the onset of glass beads fluidization is measured at around 0.4, 
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which is smaller than the critical vibration intensity in the case of horizontally shaken 

granular media observed in the rotating vane experiment (approximately 1.65 from 

Figure 2.16b), and larger than the critical granular media bed vibration intensity in the 

oscillated rod experiment (smaller than 0.263 from Figure 2.15b). Various experiments 

generally show a significant discrepancy in granular media bed vibration intensity 

causing granular media liquefaction. This discrepancy shows that the critical vibration 

intensity for granular media liquefaction does not appear to be an intrinsic property of 

granular media.  

(a) (b) 
 

 (c) 
 

Figure 2.18  (a) Experimental set-up for horizontally shaken granular bed. (Taken from 
Metcalfe [2002]), (b) Schematic of granular media flow in the fluidized 
layer. (Taken from Metcalfe [2002]), (c) The height of the liquefied layer 
with respect to the vibration intensity (Taken from Metcalfe [2002]). 
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2.5. PROPOSED EXPERIMENTAL SET-UP 
 

In the process of warm forming of materials, granular media will experience both 

shear and normal stresses. These stresses are known to initiate force chains in granular 

media, which may lead to jamming behavior. In order to reduce the amount of jamming 

and allow for a more controlled flow of the granular material, it is suggested to induce 

vibration in the granular medium during the process of forming. During the literature 

review, it was determined that it is not common for experimental studies to look into the 

simultaneous effects of normal stress, shear stress and vibrations in granular media. 

Therefore, it is required to design an experiment that will incorporate all three of the 

above effects to provide a better understanding of flow behaviors of granular media, as 

well as control of this flow in the process of engineering material deformation.  

 

Due to the fact that material forming rates are relatively slow, the direct shear cell 

presented in Figure 2.5a will serve as a core concept for the experimental set-up design. 

The low complexity of this design makes it very cost effective when compared to other 

design concepts. In this study, there is a strong interest in understanding granular media 

flow under high normal stresses, and the direct shear cell proves to be very useful in 

high-load testing applications. The direct shear cell design may also be modified to 

incorporate vibration tests, using an oscillator directly connected to the test rig. 
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III. EXPERIMENTAL INSTRUMENTATION DESIGN 

3.1. PROBLEM STATEMENT 
 

The research study in this project is motivated by the need to develop new light 

metal alloy forming technologies for practical application at warm forming temperatures. 

Hence, the interest is in obtaining new understanding of dense granular media flow 

theory for application as a force transfer medium, particularly for forming sheet 

materials. 

3.2. DESIGN REQUIREMENTS 
 

An experimental study of granular media flow is needed for conditions 

corresponding to light alloy warm forming. The particulate materials will be tested at 

rates that match the forming rates expected for industrial warm forming of light metal 

alloys. Granular media will be subjected to pressures required to produce stresses to form 

light metal alloy sheet. Different granular materials of different size need to be tested in 

order to determine the most suitable properties in the final granular media selection for a 

force transfer medium. 

3.3. DELIVERABLES 
 

The main goal of this study is to fabricate a granular media testing apparatus that 

provides new understanding in the field of granular flow. The experimental study is 

expected to provide information that is essential to predicting granular media behavior, 

when utilized as a force transfer medium in warm forming of light metal alloys. Both 

qualitative and quantitative data analysis and granular media flow theoretical discussions 

validated by experimental results in the literature are the deliverables for this project. 
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3.4. DESIGN VARIANTS 
 

The direct shear cell experiment, as schematically presented in Figure 3.1, was 

selected as the granular-media testing method. This design variant was introduced in part 

2.4.1.1. This testing geometry was chosen due to the experimental condition requirements 

determined by slow flow and high pressure. Direct shear cell fabrication requires 

relatively simple mechanical solutions compared to other experimental instrument 

approaches presented in the literature review, for example the Couette shear cell.  

 

Figure 3.1.  Direct shear cell schematic [Figure taken from Puppala]. 

 

3.5. RELEVANT CALCULATIONS 
 

3.5.1. Normal Stress  
 

To approximate the stresses developed in light metal alloys during biaxial warm 

forming, forming of aluminum alloy AA5182 was considered. Although the granular 

media flow experiments are conducted at room temperature, the stresses applied to 

granular media should emulate actual stresses during the warm forming process. Figure 

1.2 introduced in section 1 presents a tensile deformation data fit developed by Chang at 
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al. [Chang, 2010]. Based on the selected forming strain rates and temperatures, the 

Zener-Hollomon parameters were calculated from the equation: 

€ 

Z = ˙ ε exp(
QC

RT
)          [3.1] 

where QC = 136 kJ/mol is the activation for creep, 

€ 

˙ ε  is the strain rate, R is the universal 

gas constant, and T is absolute temperature. For the given Zener-Hollomon parameter, 

the approximate material stress was calculated using a fit proposed by Chang. The data fit 

for the applied stress is normalized by the temperature–dependent Young’s modulus for 

pure aluminum, with the following equation used to incorporate the temperature effect, 

€ 

E = 77,630 −12.98T − 0.03084T 2 ,       [3.2] 

where E is in MPa and T is in K. For the simulated strain rates of 3x10-2, 10-2, 3x10-3, and 

10-3 s-1 and forming temperatures of 150 and 350°C, calculated Zener-Hollomon 

parameters were in the range between 1012 and 2x1015 s-1. Within this range of Z 

parameters, the following equation may be used to approximate stress in the deformed 

material, 

€ 

Z =10,760exp(5867σ /E) ,        [3.3] 

where Z is in the units of s-1. Based on these material stresses, the required bulge forming 

pressure p was approximated using the spherical pressure vessel model [Craig, 2011, 

p.607], 

€ 

σ =
pr
2t

          [3.4] 

where r represents the sphere radius (estimated at 20 mm) and t represents the 

sphere/bulge thickness (estimated at 1 mm). The material stress 

€ 

σ is expected to range 

between approximately 46 to 290 MPa, which requires the forming pressure on the order 

of 4.6 to 29 MPa. The calculated forming pressure p defines the normal stress 

€ 

σn  applied 

to the granular media. Based on the load plate area A, the normal load P applied to the 

top shear cell plate was calculated from the equation: 

 

€ 

σn =
P
A

          [3.5] 
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The test instrument uses a load plate with a total surface area of 20 cm2. Hence, the 

expected forming pressure requires that the normal load applied to granular media varies 

between 2000 lbs (8.9 kN) to simulate forming at 350°C, to 13000 lbs (57.8 kN) for 

forming at 150°C.  

3.5.2. Shear Rate  
 

It is important to relate the shear rates during granular media experiments to strain 

rates during material deformation. The shear rate applied to granular media should 

correspond with tensile test strain rates selected when determining the material stress 

developed during warm forming. The effective uniaxial strain increment may be 

represented as [Dieter, 1961]: 

€ 

dε = [2
3
(dε1

2 + dε2
2 + dε3

2)]1/ 2       [3.6] 

For the plain strain case, the strain increments may be represented in terms of shear strain 

as: 

€ 

dε1 =
dγ
2

, 

€ 

dε2 = −
dγ
2

, 

€ 

dε3 = 0       [3.7] 

When representing the uniaxial effective strain increment in terms of shear strain, 

equation 3.6 could be written as: 

€ 

dε = [1
3
(dγ 2)]1/ 2          [3.8] 

By taking a time derivative of equation 3.8, a relation between uniaxial strain rate and 

shear rate may be obtained as follows: 

€ 

˙ ε =
1
3

˙ γ           [3.9] 

For the selected shear cell cavity height, H, and shear rate, 

€ 

˙ γ , a required shear cell 

velocity can be obtained from relation: 

€ 

v = H ˙ γ           [3.10] 
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3.5.3. DC Motor Selection 
 

The shear cell is driven by an electric motor and screw jack system. The motor is 

expected to supply relatively high torque at low rotational speeds. The motor speed is 

also expected to stay constant during the experiments. Hence, a geared DC motor was 

selected. When specifying a DC gearmotor, both maximum power rating and rotational 

speed need to be provided. 

 

The maximum shear cell velocity may be represented as: 

€ 

v =
n
60
d

          [3.11]
 

where n represents motor rpm and d represents the travel distance per turn of the screw 

jack. The system uses a screw jack with a travel distance per turn of 1/25 in. For the 

maximum expected shear cell velocity of 1 mm/s the maximum motor rotational speed 

will be no less than 60 rpm. 

 

The minimum required motor power is calculated from the following equation: 

€ 

P = Fv           [3.12] 

For a maximum estimated shear force of 50kN and maximum shear cell travel speed of 

1mm/s the motor should be rated at 50W at minimum. 

3.5.4. Load Lever Analysis 
 

A high normal force needs to be applied to the granular media to simulate the 

pressure of forming, and it would be impractical to directly apply loads this great by 

weight alone, as calculated in section 3.5.1. Thus, a lever system was designed to apply 

normal loads. When selecting an appropriate material and geometry for the lever, a 

simply supported beam model was initially chosen and studied using Finite Element 

Analysis (FEA). The simply supported beam schematic utilized in the analysis is 

presented in Figure 3.2. Point A represents a pivot point, point B represents a position 
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where force is being applied to granular media, and point C represents a point where the 

normal force is applied to the lever using known weights. 

 

Figure 3.2.  Simply Supported Beam  

For this particular lever geometry, the ratio of reaction force at B to the normal force P is: 

€ 

By

P
=
L + a
a           [3.13]

 

The maximum bending moment, MB, in the lever occurs at point B. Hence, the maximum 

normal stress in the beam due to bending is [Craig, 2011, p.363]: 

€ 

σ =
MBy
I

=
PLy
I          [3.14]

 

where y represents the distance from the neutral axis to the beam surface, and I represents 

the second moment of inertia about the neutral axis. 

 

Maximum deflection can be calculated using the superposition method. The deflection 

angle at point B, 

€ 

θB , and corresponding beam deflection at A due to the bending moment, 

€ 

δ1, may be obtained from the equations below [Craig, 2011,p.E-3]: 

€ 

θB =
MBa
3EI

,           [3.15] 

€ 

δ1 = θBL            [3.16] 

Beam deflection due to the normal force P applied at point A, 

€ 

δ2, may be calculated from 

[Craig, 2011, p.E-1]: 

€ 

δ2 =
PL3

3EI           [3.17]
 



 32 

Finally, the total beam deflection at point A may be represented as the sum of the 

corresponding deflections. 

€ 

δ tot = δ i = δ1 +δ2
i−1

n

∑
         [3.18]

 

In the current design the maximum load applied to the granular media (reaction at B in 

Figure 3.2) equals 2000 lbs. This constraint is determined by the maximum load allowed 

by the load cell attached to the lever and the load capacity of the linear slider attached to 

the bottom shear cell cavity. The design selected assumes a lever made of a 6105 – T5 

aluminum T slotted extrusion, with a yield strength of 35 ksi.  

For a lever arm with a = 3.5 in. and a lever with the required mechanical advantage of 

8.5, the maximum tensile stress due to bending in the lever equals 26 ksi, which produces 

a safety factor of 1.35. The maximum deflection is calculated at 0.23 in.  

 

FEA was conducted to ensure design safety using the Ansys Workbench software 

platform. In this analysis the actual lever geometry, as proposed in the final instrument 

fabrication stage, was applied. According to the FEA analysis the lever should not yield 

when the maximum allowed load (P = 235 lbs.) is applied. The lever deflection at the 

point of load application is predicted to be 0.21 in., and is close to the value calculated 

using equation 3.18. The FEA stress analysis is presented in Figure 3.3. 

 

Figure 3.3.  Lever arm stress analysis [units in psi]. 



 33 

During oscillating normal load experiments an upward force is applied to the 

lever using a pneumatic cylinder. The force step input causes beam vibrations, which 

result in an oscillating normal force applied to the granular material at point B in Figure 

3.2. A harmonic oscillator analysis was utilized to predict the vibration of the system. A 

beam model is presented in Figure 3.4, with M representing the effective mass associated 

with the weight applied to the beam, k representing an effective spring constant of the 

lever and b representing the damping coefficient of the beam. The lever is modeled as a 

rigid body.  

 

Figure 3.4.  Model used in beam vibration analysis. In the implemented design a=2.5 in., 
d= 16 in., L=18.75 in. 

A bond graph analysis results in a second order differential equation 

€ 

M˙ ̇ x + b˙ x + kx = U          [3.19] 

U represents an effective load applied to the beam. The damping coefficient may be 

obtained from analysis of experimental data [Graham]. The effective spring constant of 

the lever may be determined when the system is analyzed at its steady state with no 

pressure applied, when terms 

€ 

˙ x  and 

€ 

˙ ̇ x  have values of zero, and the equation may be 

represented as  

€ 

U = kδ tot ,          [3.20] 

where 

€ 

δ tot  is the deflection at the end of the beam. The total deflection may be obtained 

using equations 3.15, 3.16, and 3.17, which provide the lever’s effective spring constant:  

€ 

k =
3EI

L3 + L2a           [3.21] 
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3.5.5. Shear Pin Geometry 
 

As a safety measure, a shear pin was designed to serve as a link between the 

mechanical drive and the bottom shear cell cavity. The shear pin is supported at both ends 

by the cavity, while the shear force is applied at its center by the screw jack clevis-end 

mounting attachment. Brass was selected as the pin material. Two notches are machined 

in the shear pin between the clevis mount and the shear cell cavity support. The shear pin 

is designed to fail in shear at the notches in order to not overload the drive mechanisms. 

 

Initially, the pin was modeled as the simply supported beam presented in Figure 3.5, with 

reaction forces at A and B representing the contacts with the shear cell cavity, and 

uniformly distributed load P representing the shear force applied. Shear stress in a 

circular beam of cross sectional area A and diameter D equals [Gere, 2003, p.344]: 

 

€ 

στ =
4V
3A

=
16V
3πD2          [3.22]

 

where V represents the shear force, which equals 0.5P in the gap region, A is the cross-

sectional area and D is the diameter. The maximum allowed shear force equals 1 ton, 

which is determined by the load capacity of the screw jack. The shear strength and typical 

tensile strength for standard 360-alloy brass in the soft condition are 30 and 50 ksi, 

respectively [Free-Cutting of Brass]. If the shear pin was required to fail at 85% of the 

maximum load, then the required shear pin diameter at the center of the notch D equals 

0.23 in.  

 
 

 

Figure 3.5.  Simply supported beam representing the shear pin 
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FEA conducted in Ansys Workbench was also applied to the shear pin as presented in 

Figure 3.6 below. A shear pin with a notch diameter of 0.23 in. was analyzed in the FEA. 

The analysis represents the shear stress in the shear pin when the maximum allowed shear 

force is applied. The maximum shear stress at the lowest point of the notch represents 

approximately 160% of the shear strength of brass, which ensures that the shear pin will 

fracture before the maximum allowed load is reached. 

 

Figure 3.6.  Shear pin shear stress FEA results [units in psi]. 

 

3.6. FINAL MODEL IN CAD 
 

The entire instrument was designed using SoildWorks Computer Aided Design 

(CAD) software. Modeling the instrument in CAD allowed for a thorough stress and 

deformation analysis on multiple components, which allowed validating the design 

choices. The computer model is of assistance when redesign is required.  Figure 3.7 

presents an isometric view of the final design of the instrument fabricated and utilized 

during the granular media shear test study. The experimental apparatus consists of 5 

major subsystems, as presented in the form of exploded views in Figure 3.8. The major 

subsystems include: frame, shear cell cavities, load application structure, electro-

mechanical drive system, and pneumatic vibration actuator.  



 36 

 

Figure 3.7.  Isometric view, representing the CAD model of the direct shear cell. 
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 (E)   

 

Figure 3.8.  Direct shear cell major subsystems: A) Load application system, B) DC 
motor drive system, C) Frame, D) Shear cell cavities, E) Pneumatic 
vibration actuator. 

(C) (D) 

(A) (B) 
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3.6.1. Frame 
 

The frame (Figure 3.8c) is constructed of aluminum T slotted extrusions made out 

of 6105 – T5 aluminum, also used in the lever design. Aluminum extrusions allow for 

relatively good machinability and sufficient yield strength. By introducing screw fastened 

joints the instrument may be relatively easily adjusted to incorporate new design variants. 

The entire frame remains attached to the floor through vibration isolators made out of 

neoprene rubber. 

3.6.2. Shear Cell Cavity System 
 

The granular media is contained in a 2-cavity system (Figure 3.8d). Both cavities 

are made of A2 tool steel. It is desired to maximize the hardness of the cavity material to 

ensure that the granular media does not cause cavity wear during testing. Following the 

machining process, the cavities were subjected to the recommend heat-treating practices 

in the ASM Handbook [Heat Treating of Specific Steels]. The final hardness of the top 

and bottom cavities was measured to be 58.2 and 51.7 respectively on the Rockwell 

Hardness C scale. The top cavity remains fixed to the frame using a support structure 

made of 4 steel plates. A shim plate is placed between the top and bottom cavity, while 

the top cavity is fixed to the frame. Subsequently, the shim plate is removed. The bottom 

cavity is allowed to translate in one direction by attaching it to a linear slider, which 

translates on a rail attached to the frame. The maximum load capacity of the linear slider 

is 3102 lbs. There is a small air gap between the two cavities, which isolates the shear 

force due to flow of granular media from the friction between the cavities. The surfaces 

of both cavities were ground to increase the tolerance of the space between the cavities, 

and allow for relatively small particulate material testing. The bottom shear cell is 

attached to the drive mechanism using a shear pin, which is designed to fail when the 

maximum allowed load is exceeded. Shear cell cavities and top cavity support structure 

technical drawings are attached in the Appendix A. 
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3.6.3. Drive Mechanism 
 

The drive system (Figure 3.8b) consists of a 1/4 hp parallel shaft DC gearmotor 

and an upright style screw jack mechanism. The maximum speed of the motor is 62 rpm. 

The motor controller allows for manual speed control. The maximum load capacity of the 

screw jack equals 1 ton, which determines the maximum load capacity of the drive 

system.  

Both screw jack and the DC motor are attached to the frame, using custom made 

brackets. The motor is connected to the screw jack using shaft couplers. A 

compression/tension pancake style load cell is attached in-line between the screw jack 

and the bottom shear cell cavity. The maximum load capacity of the load cell equals 5000 

lbs [See Load Cell Model 41 in Appendix B for more detailed specifications]. The load 

cell is connected to a Honeywell signal-conditioning unit (SC1000), which feeds the load 

data directly to the computer via an RS232 serial port. A clevis-end mounting attachment 

allows connecting the load cell with the bottom shear cell cavity, with the shear pin. The 

shear pin is designed to fail in shear when the drive load reaches approximately 70% of 

the maximum allowed load. A spring return AC-AC Linear Variable Differential 

Transformer [LVDT] is mounted to the frame on the opposite side of the bottom shear 

cell cavity [See LVDT VL7A in Appendix C for detailed specifications]. The LVDT 

measures the relative position of the bottom cavity with respect to the top cavity, which 

remains stationary during the experiments. Acquiring both time and displacement data 

allows for speed measurement of the shear cell. The LVDT is connected to the 

Honeywell signal-conditioning unit, which feeds the data directly to the computer.   

3.6.4. Load Application Structure 
 

A normal force is applied to the granular media using known weights and a lever 

arm, as presented in Figure 3.8a. Two alloy 954 bronze flanged-sleeve bearings are 

pressed into the lever arm, to allow the lever to pivot about the precision shaft attached to 

the frame. The load in the bushings should not exceed 4500psi. A compression load cell 
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with a maximum capacity of 2000 lbs is attached to the lever [See Load Cell model 

LCHD-2k in Appendix D for more detailed specifications]. The load button attached to 

the load cell is in direct contact with the top load plate contacting the granular media in 

the test cavity. The load cell is connected to a Vishay 2100 signal-conditioning unit, 

which feeds an amplified signal to the National Instruments data acquisition module NI 

USB 6210. 

3.6.5. Pneumatic Vibration Actuator 
 

During the experiments it is of interest to determine the properties characteristic 

to granular media continuously loaded and unloaded while undergoing shear. The 

pneumatic actuator shown in Figure 3.8e applies an upward force to the lever, which 

allows for continuous variation of the normal force applied to the granular media. An air 

cylinder is attached to the frame through a custom-made bracket. A threaded 

polyurethane rubber bumper is attached at the end of the air cylinder shaft in order to 

reduce vibrations during application of force by this actuator. The frequency of the 

oscillations is controlled with a 2-way single-solenoid valve [See Solenoid Valve 

Appendix E for specifications and valve connection schematic]. The operation of the 

solenoid valve is controlled with the NI USB 6210 module. The module sends a digital 

square input signal into the solid-state relay, which controls the power supply to the 

solenoid valve [See Solid State Relay Appendix F for specifications and electrical 

connection diagram]. The pressures of operation of the solenoid valve are rated at 29-145 

psi. The operating air pressure is supplied from laboratory compressed air lines and the 

input pressure is controlled with a manually adjusted pressure regulator. 

3.7. FINAL INSTRUMENT DESIGN 
 

Following the design stage, a direct shear cell instrument was fabricated. Figure 

3.9 presents a photograph of the direct shear cell apparatus utilized for the experimental 

study. Figure 3.10 presents the entire experimental set-up including the data acquisition 
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system, signal conditioners, and compressed air supply lines. Instrument operation 

procedures are thoroughly presented in the following chapter. 

 

Figure 3.9.  Direct shear cell fabricated according to the computer-aided design. A) Load 
application system, B) DC motor drive system, C) Frame, D) Shear cell 
cavities, E) Pneumatic vibration actuator. 

    

Figure 3.10.  Entire experimental set-up utilized in experiments. A) Signal Conditioners, 
B) Compressed air supply lines. 
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IV. EXPERIMENTAL PROCEDURE 

4.1. INSTRUMENT OPERATION INSTRUCTIONS 

4.1.1. Initial Instrument Calibration 
 

The Vishay 2100 signal conditioner presented in Figure 4.1 was used with a load 

cell to calibrate the normal force applied to the shear cell. Currently, the instrument uses 

a LCHD-2K load cell from Omega [Appendix D] to measure the normal force applied to 

the shear cell by the loading arm. This load cell can measure a maximum load of 2000 

lbs, which is calibrated to the maximum signal output of 10 V.   

 

Figure 4.1.  Vishay2100 Signal Conditioning Module. 

 

Initially, the load cell signal output is properly balanced. In order to balance the 

signal, set the conditioner excitation at 10V, and with no load applied to the load cell 

adjust the ‘Balance’ knob until the conditioner diodes turn dim. The conditioner signal 

output should read 0 V. The Vishay signal-conditioning unit manual is provided in room 

MER 1.406. The maximum allowed signal input into the data acquisition NI USB 6210 

module is 10V, and the maximum load cell output is 30 mV, hence the signal amplifier 

gain knob should be adjusted approximately 333. A calibration curve should be obtained 

by plotting the load vs. the signal output. The load cell calibration curve is presented in 

Figure 4.2. The cable attached to the LCHD-2K load cell was custom made. Load cell 

wire connectors are presented in Table 4.1. 
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Figure 4.2.  Calibration curve for the LCHD-2K load cell attached to the lever arm 

Table 4.1.  Load cell LCHD-2K wire connector designation. 

WIRE 
COLOR DESIGNATION 
WHITE EXCITATION (+) 
BLACK EXCITATION (-) 
RED SIGNAL OUTPUT (+) 
GREEN SIGNAL OUTPUT (-) 

 

4.1.2. Shear Pin Placement 

 
Ensure the shear pin presented in Figure 4.3a is in the right position. The 

machined grooves should be spaced inside the gaps between the clevis end mount and the 

bottom shear cell cavity as presented in Figure 4.3b. 
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(a)      (b) 

Figure 4.3.  a) Shear pin, b) Shear pin adjustment. 

4.1.3. Shear Cell Cavity and LVDT Adjustment 
 

In order to adjust the bottom cavity position first turn on the DC motor. Next, 

release the brake and slowly move the bottom shear cell to the desired position. Figure 

4.4 presents the DC motor SCR thyristor controller front panel, as well as the controller 

adjustments. The potentiometer labeled IR COMP is responsible for maintaining constant 

speed when the motor load changes. The Leeson DC motor controller operation manual is 

provided in room MER 1.406.  

 

     
(a)     (b) 

Figure 4.4.  a) Motor front panel speed knob adjustment and switches, b) Motor 
controller adjustments.  
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 Using the motor controller, center the shear cell cavities as presented in Figure 

4.5a. The SC1000 transducer display and signal-conditioning unit, which conditions the 

signal from the LVDT and the load cell attached to the screw jack, is shown in Figure 

4.5b. While the LVDT measurement is being displayed on the signal conditioner, adjust 

the LVDT position on the rail until the zero measurement is displayed. Fix the LVDT in 

this position, as shown in Figure 4.5c. 

 

       
(a) Shear cell aligned                         (b) LVDT display  

  
(c) LVDT 

Figure 4.5.  a) Top and bottom shear cell cavities are aligned, b) SC1000 transducer 
display and signal conditioning unit with LVDT display for aligned shear 
cells, c) LVDT position adjusted and fixed. 

4.1.4. Placing Granular Media in the Cavities 
 

Before pouring granular media into the shear cell the size of the gap between the 

top and bottom cavities should be inspected and adjusted, if necessary. The gap size 

between the cavities should be smaller than the minimum granule size to ensure that all 
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the particles remain within the test space during the experiment. Insert an appropriate 

amount of granular media, as presented in Figure 4.6. For the tests conducted in this 

study, the initial granular media bed height was set to approximately 40 mm.  

 

 Figure 4.6.  Steel bearing balls placed 
inside the cavities. 

 

 

 

4.1.4.1 Sand Sieving 
 

In order to obtain sand of a known grain size, a sieve mesh system was used. The 

sieve assembly is presented in Figure 4.7a. The sieve mesh sizes were obtained according 

to the ASTM E-11 standard sieve specification. Three sets of sieve mesh sizes were 

available during the experiments, with opening sizes of 2mm, 1mm, and 0.5mm. The as-

received sand was sieved through the sieve assembly, with mesh size ordered from coarse 

to fine. Figure 4.7b presents the shear cell cavity containing sand of grain size between 

1mm and 2mm. 

   
(a)          (b) 

Figure 4.7  (a) Sand Sieves, (b) Sieved sand placed in the cavities. 
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4.1.5. Load Plate Adjustment 
 

Set the motor adjustment to ‘forward’ rotation, and slowly move the bottom shear 

cavity to the  ‘-10 mm’ (per LVDT) position. Place a load plate on top of the granular 

media bed. Lower the loading lever and ensure that the load button attached to the load 

cell is contacting the load plate. Position the load plate parallel to the top shear cell cavity 

surface, as pictured in Figure 4.8. During the course of the experiment, the granular 

media causes the load plate to tilt. In order to prevent jamming of the load plate into the 

top shear cell cavity it is recommended to use additional insert plates underneath the load 

plate. The insert plates should shim the load plate above the level at which the load plate 

jamming occurs. 

 

Figure 4.8.  Load cell and load plate. 

 

 

 

 

 

4.1.6. Lever Load Application 
 

Apply an appropriate load to the lever by hanging weights on the support base 

attached to the eyebolt, as presented in Figure 4.9. The eyebolt contacts a load pin, which 

fits through the joint plates attached to the lever. The eyebolt should be centered on the 

load pin to minimize stress in the lever. The current lever advantage setting allows a 

maximum load applied on the eyebolt of approximately 230 lbs. When applying weights 

to the lever, ensure that the normal load applied to the shear cell cavities does not exceed 

2000 lbs, which is the limitation of the load cell. The output of the load cell should not 

exceed 10V, which is the data acquisition system limitation. 



 48 

Figure 4.9.  Load applied to the lever. 

 

 

 

 

 

 

4.1.7. Static Load Test  
 

The amplified output from the Vishay 2100 conditioner should be connected to 

the NI USB 6210 data acquisition module presented in Figure 4.10 at pins AIGND 

(black) and AI 1 (red). Initiate the data acquisition software, which acquires the LVDT 

displacement and load cell outputs. The LabVIEW program ‘Shear and Normal Load 

DAQ.vi’ automatically saves the shear force and LVDT displacement to a text file, with a 

file path defined by the user in the program. A computer internal clock timestamp 

precedes every shear force and displacement measurement. The user interface is 

presented in Figure 4.11. The program displays the shear force vs. displacement; shear 

cell displacement speed; and normal load vs. time. The plots are automatically updated 

while the experiment is conducted. The normal load data can be retrieved after the test by 

exporting the data from the graph. Any preload applied to the load cell prior to the 

experiment should be subtracted from the normal load measurement. 

Prior to the experiment, set the motor to ‘reverse’ rotation. Apply the required 

bottom shear cavity speed using the motor control speed knob adjustment. Shear cell 

cavity speed corresponds to shear rate according to Eq. 3.10. Upon reaching the bottom 

cavity displacement limit of ‘10 mm’, set the motor speed to zero and stop the data 

acquisition program. Finally, unload the lever and return the bottom cavity to the initial 

test position at ‘-10 mm’.  
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Figure 4.10.  NI USB 6210 Data Acquisition module. 

 

 

 

 

 

  

 

 

 

Figure 4.11.  Data acquisition front panel: A) RS232 port communication settings, B) 
Input and output commands from SC1000 Signal Conditioner, C) Shear 
force and displacement output file path, D) Shear force vs. displacement 
plot, E) Normal load acquisition settings, F) Normal load vs. time plot, G) 
Shear speed output, H) Shear speed vs. time plot. 
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4.1.7.1. Loose Packed Experiment 
 

When conducting loose packed tests, carefully stir the granular media bed after 

having completed 1 to 2 tests in order to ensure that the packing density does not increase 

substantially during the tests. Having finished the low-packing-density tests, use calipers 

to measure the final top load plate displacement, in order to determine the packing 

density of the granular media in the shear bed. The known load plate displacement allows 

obtaining the volume of the shear cell cavity V, and the random packing density 

€ 

ηrand  

may be calculated from equation below: 

€ 

ηrand =
m /ρ
V

          [4.1] 

where m is the total mass of granular media inside the shear cell, and 

€ 

ρ  is the density of 

the granular media material. Loose random packing density for spheres is estimated at 

0.59 to 0.6 [Dullien, 1992]. 

4.1.7.2. Dense Packed Experiment 
 

Prior to a dense packing test, when the shear cell cavities are centered, apply force 

oscillations to the granular media bed via the pneumatic vibration actuator (PVA). The 

pneumatic vibration actuator electronic controller box should be connected to a 24V DC 

power supply. The control input signal to the solid-state relay should be connected to the 

NI USB 6210 data acquisition instrument at pins labeled PFI5 (red wire) and DGND 

(black wire). Electrical set-up is presented in Figure 4.12, and a relay connection diagram 

is provided in the Appendix F.  
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Figure 4.12.  Electrical set-up of the pneumatic vibration actuator. (A) Square wave input 
signal connection from NI USB 6210, (B) Output signal connected to the 
solenoid valve, (C) 24 VDC power supply, (D) fast recovery diode for 
transient protection. 

When setting up the compressed air supply, follow the description provided in 

Figure 4.13. Link the compressed air supply to the solenoid valve using the quick 

disconnect fitting. The LabVIEW program ‘PVA control and Normal Load DAQ.vi’, 

provides control of the frequency of the solenoid valve operation, as well as acquisition 

of the data from the load cell measuring the normal force. Apply the required testing load 

to the lever, set the vibration frequency input to 2 Hz, and adjust the air pressure regulator 

to approximately 30 psi. Check the system for air leaks before starting the program. 

Allow the lever force to oscillate for approximately 150 s. Repeat the process when the 

bottom cavity is at the ‘-10 mm’ position prior to the static load test. Before the first low 

load test, slowly move the bottom shear cell cavity from the centered position to ‘10 mm’ 

position, while oscillating the normal load. Once, the granular media packing density has 

increased, a standard static load test procedure is applied. After the experiments, measure 

the final top load plate displacement, and calculate the packing density of the granular 

media within the shear bed from Eq. 4.1, which is expected to fall within the close 

random packing density bracket from 0.625 to 0.641 [Dullien, 1992]. 
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Figure 4.13.  Pneumatic Vibration Actuator: A) Pressure gauge (B) compressed air 
supply, (C) air cylinder pressure line, (D) solenoid valve exhaust with 
attached muffler. 

4.1.8. Granular Media Oscillating Load Shear Test Procedure. 
 

In this set of experiments the normal load applied to granular media in the shear 

cavity is oscillated about a mean value with a constant frequency while the bottom shear 

cell cavity is moved at a constant rate, according to the procedure defined in part 4.1.7. 

The oscillating force is applied to the lever arm using the pneumatic vibration actuator 

(PVA). The instructions for PVA operation are provided in part 4.1.7.2. Prior to the 

experiment, the desired oscillation frequency is defined in the ‘Shear and Normal Load 

PVA DAQ.vi’ program. The force amplitude is controlled using the air pressure 

regulation valve. During the experiment, the position of the lever arm may change; hence, 

it is important to leave a small gap at approximately 5-10mm between the top of the 

A 
B 

C D 

C B 
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rubber bumper attached to the air cylinder and the lever arm. The space should be smaller 

than the cylinder stroke length of 0.5 in. This adjustment ensures that the piston is in 

contact with the lever arm only when the air pressure is being applied. Figure 4.14 shows 

a recommended initial position of the air cylinder. The lever moment arm is 

approximately 16in. at the piston location. 

Figure 4.14.  Adjusting the air cylinder position. 

 
 

 

 
 
 

 

 

4.2. TEST CONDITIONS 

4.2.1 Static Load Tests 
 

The static load experiments were conducted on chrome steel bearing balls with 

2mm and 3mm diameters, and Delrin® acetal bearing balls with a 3mm diameter. Tests 

were conducted at various normal loads and shear rates. Selected tests were repeated with 

the dense packed procedure (described in part 4.1.7.2) conducted prior to the experiment. 

Tables 4.2, 4.3, 4.4 and 4.5 present testing conditions for experiments conducted on 2mm 

steel, 3mm steel, 3mm Delrin® acetal bearing balls, and sand with a grain size of 1-2mm, 

respectively. The “Normal Load” column presents the approximate normal force applied 

to the granular media before the shear force was applied. 
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Table 4.2.  Static load tests conducted with 2mm chrome steel bearing balls. X 
represents test on loose packed material, P represents granular material that 
underwent the dense packing procedure prior to the experiment. 

 SHEAR RATE [s-1] 

 0.003 0.006 0.009 0.012 0.015 0.018 0.021 
30 X X X X X X X 

270 X/P X X X/P X X X/P 

420 X X X X X X X 

500 X/P X X X/P X X X/P 

720 X/P X X X/P X X X/P 

960 X X X X X X X 

1180 X X X X X X X N
O

RM
A

L 
LO

A
D

 [L
bs

.] 

1410 X X X X X X X 

 

Table 4.3.  Static load tests conducted with 3mm chrome steel bearing balls. X 
represents test on loose packed material, P represents granular material that 
underwent the dense packing procedure prior to the experiment. 

 SHEAR RATE [s-1] 

 0.003 0.006 0.009 0.012 0.015 0.018 0.021 

30 X X X X X X X 

120 X/P X X X/P X X X/P 

270 X/P X X X/P X X X/P 

420 X X X X X X X 

500 X/P X X X/P X X X/P 

720 X/P X X X/P X X X/P N
O

RM
A

L 
LO

A
D

 [L
bs

.] 

960 X X X X X X X 

Table 4.4.  Static load tests conducted with 3mm Delrin® acetal bearing balls. X 
represents test on loose packed material, P represents granular material that 
underwent the dense packing procedure prior to the experiment. 

 SHEAR RATE [s-1] 

 0.003 0.006 0.009 0.012 0.015 0.018 0.021 

30 X X X X X X X 

120 X/P X X X/P X X X/P 

190 X X X X X X X 

N
O

RM
A

L 
LO

A
D

 
[L

bs
.] 

270 X/P X X X/P X X X/P 



 55 

Table 4.5.  Static load tests conducted with sand, with grain sizes of 1-2mm.  

 SHEAR RATE [s-1] 

 0.003 0.021 

40 X X 

120 X X 

190 X X 

270 X X 

420 X X N
O

RM
A

L 
LO

A
D

 [L
bs

.] 

500 X X 

4.2.2 Oscillating Load Tests 
 

The oscillating-load experiments were conducted at one maximum normal load of 

approximately 250 lbs, and one shear rate of 0.003 s-1. Applying different air pressures 

and solenoid valve operating frequencies allowed varying normal load oscillation 

amplitude, and frequency. A change in normal load amplitude produces a change in the 

average normal load applied, since the maximum load is kept at a constant value. Tables 

4.6 and 4.7 present testing conditions for experiments conducted on 2mm chrome steel 

bearing balls and sand, respectively. The experiments for steel bearing balls were 

conducted for both loose and dense random packed conditions for the tests performed 

with air pressure at 30 psi applied to the pneumatic vibration actuator. The air pressures 

of 25 and 30 psi result with the normal load applied to the granular media reduced by 

approximately 140 and 190 lbs, respectively. 

Table 4.6  Oscillating normal load test conditions for 2mm chrome steel bearing balls. 
X represents test on loose packed material, P represents granular material 
that underwent the dense packing procedure prior to the experiment. 

 FREQUENCY [Hz] 
 0.03 0.06 0.12 0.3 0.6 0.9 1.2 1.5 1.8 

25 X X X X X X X X X 

PR
ES

SU
RE

 

[p
si]

 

30 X/P X/P X/P X/P X/P X/P X/P X/P X/P 
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Table 4.7  Oscillating normal load test conditions for sand with a grain size of 1-2mm. 

 FREQUNECY [Hz] 

 0.01 0.03 0.06 0.12 0.3 0.9 

25 X X X X X X 

PR
ES

SU
RE

 
[p

si]
 

30 X X X X X X 

4.3. EXPERIMENTAL DATA ANALYSIS PROCEDURE 

4.3.1. Force Measurement 
 

Figure 4.15 presents an example of force measurement during a loose random 

packed static load test conducted on 2mm chrome steel bearing balls. The data presented 

in Figure 4.15 allows determining the average shear and normal forces. These average 

forces represent the mean measured value obtained during the time after the shear force 

has reached the steady-state value (indicated in the figure with the vertical dotted line). 

The error bars (marked with the dashed lines) represent a 95% confidence interval of the 

mean force measurements. Based on the average shear and normal forces the mean 

stresses may be calculated using Eq. 3.5. Mean shear stress is expected to be linearly 

dependent on mean normal stress, where the inverse tangent of the slope represents the 

internal friction angle of the granular medium [Rao, 2008].  

 

Figure 4.15.  Shear and normal force sample data measurements for loose random packed 
2 mm chrome steel bearing balls. Approximately 275 lbs normal force was 
applied to the granular media through the loading arm. Granular media was 
sheared at 0.003 s-1. 
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4.3.2. Force Oscillation Analysis 
 

During the dense random packing experiments, shear force showed considerable 

oscillation around a mean value. Oscillating shear force data are presented in Figure 

4.16a. In order to analyze the force oscillation characteristics, a Fast Fourier Transform 

(FFT) analysis was applied [Press, 2007, p.608]. An FFT numerical algorithm available 

in the Mathematica® software package was utilized for data analysis. This method 

determines the characteristic frequency of the oscillating shear force measurement. FFT 

applied to force as a function of time or distance returns force spectral density as a 

function of frequency or 1/

€ 

λ  respectively, where 

€ 

λ  represents the force oscillation 

wavelength. This analysis is conducted on the shear force after nearly steady-state flow 

was achieved. Hence, the initial transient effects are not considered in this analysis. Prior 

to applying the FFT, shear force is offset by the mean value in order to remove the 

characteristic frequency peak at 0 Hz corresponding to a nonzero mean value (Figure 

4.16b). An array of zero’s is added to the end of the force data, as presented in Figure 

4.16c, to obtain a smoother FFT response. This approach is known as zero padding 

[Smith]. A sample FFT analysis on shear force is presented in Figure 4.16d. 

Characteristic frequencies were compared to the motor oscillation frequencies to ensure 

that the granular media is in fact physically causing force oscillations.  
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(a)       (b) 

 
(c)       (d) 

Figure 4.16.  FFT Analysis: a) Shear force data acquired from the load cell, b) Steady 
state shear force offset by the mean force, c) Zero padding applied, d) FFT 
on shear force data from part (c). 

4.3.3. Shear rate and uncertainty analysis 
 

An average shear cell speed is obtained from the slope of the displacement 

(measured by LVDT) vs. time plot. In order to apply smoothing to the speed 

measurement, larger data sets are analyzed for each slope calculation. Figure 4.17 shows 

an example of speed calculated from 2 and 24 displacement points. The speed uncertainty 

is subsequently estimated using Monte Carlo analysis. This method uses a random 

number generator function built into the Mathematica® software package. Random data 

sets are generated within time and displacement uncertainty boundaries. Displacement 

measurement uncertainty is defined by the instrument uncertainty. Timestamp uncertainty 

is defined by the period of time during which the displacement measurement is acquired. 

By analyzing multiple generated data sets, the measurement mean and standard deviation 

may be determined. Figure 4.18 shows a Monte Carlo simulation example for three 

randomly generated data sets, with 24 points generated for each data set.  
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(a)      (b) 

Figure 4.17.  Shear speed measurement: a) Speed measured from slope of the fit to 2 
displacement points, b) Speed measurement smoothed by measuring slope 
of 24 points. 

 

Figure 4.18. Monte Carlo Analysis on speed measurement uncertainty. 

4.3.4 Oscillating load experiments analysis 
 

Normal load applied to granular media during the oscillating-load experiments 

may be modeled using the system presented in Figure 3.3. The static load experimental 

data were utilized when modeling the shear force behavior during the oscillating-normal 

load experiments. Steady-state shear force values may be evaluated from the previously 

calculated granular media internal friction angle. The shear force behavior during the 

transient time may also be predicted from the static load experiments. A model utilized in 
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plastic deformation of materials analysis was applied here, with the equation below 

describing the strain during transient creep [Roesler, 2007, p.384]. 

€ 

Fτ = A(1− e−ηt )         [4.2] 

The exponent 

€ 

η may be evaluated by fitting the equation above to the shear force versus 

time plots under static load conditions. Figure 4.19 shows an example of the shear force 

fit applied during the data analysis. Utilizing the previously obtained steady state shear 

force and transient exponent, a complete shear force model was developed. Shear force 

predicted using this model is compared to the experimental data. 

 
(a)      (b) 

Figure 4.19.  (a) Experimental shear force and fit. The experiment was conducted on 
chrome steel beads with 2mm diameter, an average normal load of 
approximately 275 lbs, and a shear rate of 0.003 s-1. (b) Fit zoomed during 
the transient period. 
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V. EXPERIMENTAL RESULTS AND DISCUSSION 

5.1. STATIC NORMAL LOAD EXPERIMENTS 

5.1.1. Shear Stress versus Displacement 

 
Shear stress versus displacement results obtained for various materials during this 

study are presented in Figure 5.1. All the tests illustrated in this figure were conducted 

under one load (30 lbs) applied to the lever. Figures 5.1 a and b present the tests 

conducted on chrome steel bearing balls with a 2 mm diameter under loose and dense-

packed conditions, respectively. Dense-packed specimens generally demonstrate 

considerable oscillations in shear stress, and higher peak shear stress values than for loose 

packing. Similar differences are observed for 3 mm diameter bearing balls under loose 

(Figure 5.1c) and dense-packed (Figure 5.1d) conditions. Substantial oscillations in shear 

stress were observed for loose-packed Delrin® acetal bearing balls (Figure 5.1e). 

However, dense-packed acetal bearing ball experiments (Figure 5.1f) produced 

oscillations of greater amplitude and a trend similar to that discussed for chrome steel 

bearing balls. No substantial fluctuations in shear stress were observed for the 

experiments conducted on sand (Figure 5.1g). The steady-state shear stress for sand is 

approximately twice the steady-state shear stress for steel bearing balls. 
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Figure 5.1.  Shear stress versus displacement for static load direct shear experiments 
conducted under normal stress of approximately 0.6 MPa: (a) Chrome steel 
2mm diameter balls, loose packed, (b) Chrome steel 2mm diameter balls, 
dense packed, (c) Chrome steel 3mm diameter balls, loose packed, (d) 
Chrome steel 3mm diameter balls, dense packed, (e) Delrin® Acetal 3mm 
diameter balls, loose packed, (f) Delrin® Acetal 3mm diameter balls, dense 
packed, (g) Sand 1-2mm diameter.  

a) Steel 2mm, loose packed b) Steel 2mm, dense packed 

c) Steel 3mm, loose packed d) Steel 3mm, dense packed 

e) Delrin® Acetal 3mm, loose packed f) Delrin® Acetal 3mm, dense packed 

g) Sand 1-2mm 
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In order to validate the shear stress measurements, the results presented in 

literature are compared to the experimental data obtained in this study. Figure 5.2 shows 

experimental results from the literature for shear stress versus displacement for 1 mm 

diameter chrome steel bearing balls (Figure 5.2a) and sand of particles with diameters 

smaller than 2 mm (Figure 5.2b). These literature data were obtained from direct shear 

experiments. Chrome steel bearing ball shear stress behavior presented by O’Sullivan 

(Figure 5.2a [O’Sullivan 2005]) agrees with the shear stress trend for loose-packed steel 

presented in this study (Figures 5.1a, and c). Direct shear tests conducted on sand in this 

study (Figure 5.1g) agree with the trend for the loose-packed sand behavior presented by 

Feda [1982], as shown in Figure 5.2b. These results provide a general qualitative 

validation for the experimental instrument and data acquisition system. 

     
(a)       (b)  

Figure 5.2.  Literature experimental results from direct shear cell tests: (a) Shear stress 
versus horizontal strain for 1 mm steel bearing balls with void ratio ranging 
from 0.5841 to 0.6097 (Figure taken from O’Sullivan [2005]), (b) Shear 
stress versus displacement for dry Zbraslav sand (grain diameter less than 
2mm), normal load of 0.1 MPa and shear speed of 0.1mm/min. Figure 
presents behavior for loose and dense sand packed sand (Figure taken from 
Feda [1982]). 

5.1.2. Shear Stress versus Shear Rate 
A graph of steady-state shear stress versus shear rate for 2mm diameter chrome 

steel bearing balls is presented in Figure 5.3. The tests analyzed in this figure were 

conducted under a constant normal load applied to the lever. Shear stress generally shows 
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no dependence on shear rate. This behavior confirms that the tests were conducted on 

granular media in the quasi-static flow regime, as discussed in section 2.3.1.  

 

Figure 5.3.  Shear stress versus shear rate for chrome steel 2mm diameter bearing balls. 
The experiments were conducted under a normal stress of approximately 
0.6MPa. Vertical error bars represent a 95% confidence interval in shear 
stress measurement. Horizontal error bars represent a shear rate error 
introduced after speed smoothing was applied, as prescribed from the Monte 
Carlo analysis. 

5.1.3. Internal Friction Angle 
 

Shear stress is expected to depend linearly on normal stress applied during quasi-

static flow of granular media. Figure 5.4 presents shear stress versus normal stress for 

chrome steel bearing balls with a 2 mm diameter under loose random packed conditions 

and sheared at the slowest shear rate applied in tests (0.003 s-1). The plot includes both 

average shear stress and maximum shear stress measurements, which were utilized in 

obtaining average and peak friction angles, respectively. Figure 5.5 presents shear stress 

versus normal stress for steel balls, acetal balls and sand under the same shear rate. A 

relation is observed between the material and the friction angle. Sand presents a higher 

friction angle than the spherical granular media, and acetal balls show a higher friction 

angle than steel balls. The internal friction angle is expected to exhibit granular material 

shape dependence, as presented by Das [2007]. Internal friction measurements are 

compiled in Tables 5.1 and 5.2.  

Steel 2mm bearing balls, 
Average normal load: 0.6 MPa 
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Figure 5.4.  Shear stress versus normal stress for loose packed 2mm chrome steel 
bearing balls, sheared at 0.003 s-1. 

 

Figure 5.5.  Steady-state shear stress versus applied normal stress for sand (1-2mm), 
loose random packed Delrin® acetal 3mm diameter bearing balls, and loose 
random packed chrome steel bearing balls with 2mm diameter. All materials 
were sheared at 0.003 s-1. 

 
 
 
 
 
 
 
 
 
 
 
 

Steel 2mm loose packed,

€ 

˙ γ = 0.003s−1 

€ 

˙ γ = 0.003s−1
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Table 5.1.  Average internal friction angle !, measured in degrees. The “N/C” tests 
were not conducted. Error represents a mean error that accounts for 95% 
confidence intervals on angle measurements obtained for each tested shear 
rate. 

!! !! SHEAR&RATE&[s*1]&

!! !! 0.003! 0.006! 0.009! 0.012! 0.015! 0.018! 0.021! Average! Error!!

Steel!2mm!loose! 17.1! 17.1! 17.9! 18.0! 16.9! 17.6! 17.4! 17.4! 0.6!

Steel!2mm!dense! 16.7! N/C! N/C! 17.1! N/C! N/C! 16.3! 16.7! 1.4!

Steel!3mm!loose! 18.2! 18.4! 18.4! 18.0! 17.8! 17.9! 19.1! 18.3! 0.5!

Steel!3mm!dense! 20.2! N/C! N/C! 19.3! N/C! N/C! 18.2! 19.2! 2.4!

Acetal!Loose! 21.7! 24.3! 20.5! 23.2! 22.8! 22.4! 20.6! 22.2! 2.5!

Acetal!Dense! 24.6! N/C! N/C! 19.8! N/C! N/C! 21.1! 21.9! 4.4!

G
RA

N
U
LA

R&
M
ED

IA
&M

A
TE
RI
A
L&

Sand!1B2mm! 40.8! N/C! N/C! N/C! N/C! N/C! 39.7! 40.3! 2.9!

 

Table 5.2.  Peak internal friction angle !, measured in degrees. The “N/C” tests were 
not conducted. Error represents a mean error that accounts for 95% 
confidence intervals on angle measurement obtained for each tested shear 
rate. 

!! !! SHEAR&RATE&[s*1]&

!! !! 0.003! 0.006! 0.009! 0.012! 0.015! 0.018! 0.021! Average! Error!

Steel!2mm!loose! 20.3! 19.8! 21.0! 21.0! 19.8! 20.8! 19.9! 20.4! 1.2!

Steel!2mm!dense! 22.8! N/C! N/C! 23.3! N/C! N/C! 22.1! 22.7! 4.2!

Steel!3mm!loose! 23.0! 24.1! 21.8! 21.5! 22.0! 22.4! 23.8! 22.7! 0.9!

Steel!3mm!dense! 31.0! N/C! N/C! 27.3! N/C! N/C! 25.7! 28.0! 4.7!

Acetal!Loose! 27.4! 29.4! 26.1! 27.9! 28.0! 28.0! 26.4! 27.6! 4.2!

Acetal!Dense! 31.6! N/C! N/C! 27.2! N/C! N/C! 28.6! 29.1! 8.6!G
RA

N
U
LA

R&
M
ED

IA
&

M
A
TE
RI
A
L&

Sand!1B2mm! 42.9! N/C! N/C! N/C! N/C! N/C! 41.0! 42.0! 3.6!

 

Literature results for experimentally measured internal friction angle are 

presented in Figure 5.6. Peak shear stress versus normal stress for 1 mm diameter steel 

bearing balls is presented in Figure 5.6a [O’Sullivan, 2005]. Data presented in Figure 

5.6a were obtained from the experiments presented in Figure 5.2a. The internal friction 

angle for 2 mm loose random packed chrome steel bearing balls obtained in this study 

was measured for 7 different rates and 7 different applied normal loads, with a total of 49 



 67 

experiments, compared to the 9 experiments analyzed by O’Sullivan in Figure 5.6a. An 

average peak internal friction angle of 24.4° was reported by O’Sullivan, which is in 

good agreement with the maximum internal friction angle measured in this study of 22.7° 

± 4.2° for 2 mm dense-packed steel bearing balls. The experiments on loose 2 mm steel 

bearing balls returned a friction angle of 20.4° ± 1.2°, which is smaller than the friction 

angle observed by O’Sullivan. One possible explanation for the lower internal friction 

angle measured in this project is that an error analysis was not presented in O’Sullivan’s 

study [O’Sullivan, 2005]. Hence, the two data sets are generally difficult to compare 

directly. The internal friction angle for sand presented in literature and experimental 

results obtained in this study agree well. The average experimental internal friction angle 

in this study is 40.3° ± 2.9°, compared to 37.4° obtained experimentally by Das [2007]. 

The study presented by Das also does not provide an error for the experimentally 

measured friction angle, and from Figure 5.6b a considerable experimental variation is 

observed. Another possible explanation for the discrepancy in the results could be 

associated with the fact that the studies were conducted on different sand materials. 

    
(a) Chrome steel    (b) Sand 

Figure 5.6.  Friction angle, literature results: (a) Peak shear stress versus normal stress 
for 1mm diameter chrome steel bearing balls [Figure taken from 
O’Sullivan], (b) Shear stress versus normal stress for Daytona Beach sand. 
Experimental data was measured at 37.4°, and simulated at 39.1° to 42.9°. 
Corresponding rounded particle had a measured internal friction angle of 
24.4° to 27° (Figure taken from Das [2007]).  
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A discrepancy in the internal friction angle measurement, compared to the 

literature results, could also be potentially caused by scaling effects. According to the 

ASTM D3080/D3080M direct shear test standard, the shear cell cavity width should be 2 

in. or 10 times the maximum particle size diameter (whichever is larger), the thickness 

should be 0.5 in. but not less than 6 times the maximum particle diameter, and the width 

to thickness ratio should be 2:1. For the experiments conducted in this project, the shear 

cell cavity had a width of 20mm and thickness of approximately 40mm. Hence, for 2 mm 

balls the width of the box is 10 diameters and the thickness is 20 diameters. For 3mm 

diameter balls, the width and thickness are approximately 7 and 13 diameters, 

respectively. The standard width to thickness and minimum width criterions are not 

satisfied for the shear cell geometry utilized in this study for the 3-mm balls. The width 

of the shear cell was driven by the design requirement of high normal load application. 

Increasing the width decreases the maximum normal stress. Another reason for selecting 

a smaller width was motivated by the volume of the granular media used in each 

experiment, which is approximately the volume required to perform biaxial light alloy 

warm forming experiments. According to Cerato [2006], as long as the width of the 

specimen is less than 50 particle diameters a scale effect may be observed and the friction 

angle can be over-predicted for boxes of smaller widths. This most likely explains why 

the 3 mm diameter steel balls show a higher internal friction angle than the 2 mm balls. 

Cerato [2006] observed that friction angles for loose specimens were more affected by 

cell size scaling than for dense specimens. This result is reproduced in this study, by the 

data in Tables 5.1 and 5.2. 

5.1.4. Decay Exponents for Static Normal Load Experiments. 
 

Figure 5.7 presents the fit of an exponential decay equation (Eq. 4.2) to shear 

stress versus time data.  The resulting description is used to characterize the behavior of 

granular media before the steady-state shear stress was reached. Figure 5.7a shows a fit 

equation applied to 2-mm steel balls under loose packed conditions, and Figure 5.7b 

shows a fit equation applied to sand. Although this approach provides a good estimate of 
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shear stress during the transient period, it oversimplifies the experimental results, as is 

shown by comparing the fits and experimental data in Figure 5.7. 

       
(a) Steel 2mm, 

€ 

˙ γ = 0.003s−1 

     
(b) Sand 1-2mm, 

€ 

˙ γ = 0.003s−1 

Figure 5.7.  Exponential decay fits to shear stress versus displacement plots for the 
experiments under static loads. Blue curves represent the experimental data 
for the tests with the following conditions: (a) Steel 2mm loose packed 
sheared at 0.003 s-1 with normal load of approximately 0.6MPa, (b) Sand 
2mm sheared at 0.003 s-1 with normal load of approximately 0.55MPa. Plots 
on the right present the experimental data during the transient period. 

 

Decay exponent (

€ 

η) measurements were obtained for all the tested materials. The 

results were compiled in Figure 5.8 by plotting decay exponents versus the corresponding 

average normal loads. The data presented in this figure was obtained from the tests 

conducted at a constant shear rate of 0.003 s-1. On average, dense 2 mm diameter steel 

balls present the largest decay exponent. Generally, 

€ 

η parameters measured for higher 

normal loads show a slightly decreasing trend. However, a relatively large data scatter 

does not allow a more detailed determination of trends. It is clear from this figure that 

decay exponents are considerably smaller for sand than for other materials examined in 
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this study. The smallest average 

€ 

η parameter signifies that sand has the longest transition 

period before a steady-state shear stress develops within the granular media sample. 

 

Figure 5.8.  Decay exponents for static load tests conducted at a shear rate of 0.003 s-1. 
The exponents were obtained from fitting the exponential decay equation 
(Eq. 4.2) to shear stress versus time plots.  

 
Decay exponent analysis was also performed on shear stress versus displacement 

plots, which allow comparing 

€ 

η parameters for experiments undergoing different shear 

rates. Figure 5.9 presents the exponential decay measurements for static load experiments 

conducted on 2mm diameter chrome steel bearing balls. The data presents a considerable 

amount of scatter about relatively close average values for each shear rate. Generally, this 

indicates that the rate of shearing does not have a significant influence on the shear stress 

transition distance. Decay exponents appear to decrease for sufficiently high normal 

loads. However, no strong exponential decay dependencies may be deduced from this 

figure due to the strong data scatter. 

 

 

 

€ 

˙ γ = 0.003s−1
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Figure 5.9.  Decay exponents for static load tests conducted on chrome steel balls of 
2mm diameter. The exponents were obtained from fitting the exponential 
decay equation to shear stress versus displacement plots.  

 
A decay exponent measurement repeatability study was conducted for experiments at two 

different test conditions, as presented in Table 5.3. An early onset of shear stress 

fluctuations appears to affect the exponential fit for the first set of experiments. Because 

of this, these data points are considered as outliers. Experimental sets 2, 3, and 4 show 

only small discrepancies, with the fast shear rate experiment revealing considerably more 

consistent measurements. The experimental variability presented in Table 5.3 provides a 

reason behind the data scatter in decay exponents observed in Figures 5.8 and 5.9. 

Perhaps, more experiments would allow generating a better statistical data sample, which 

could reveal a stronger data trend for decay exponent variation during static load 

experiments. 

 

 

 

 

 

 

 

Steel 2mm 
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Table 5.3.  Measurement repeatability study on decay exponents obtained from the fit 
of shear stress versus time for steel balls with 2mm diameter under normal 
load of approximately 0.55MPa. Error represents a 95% confidence interval 
for each of the 

€ 

η parameters. 

Test!no.! Shear!Rate![sB1]!

! 0.003! 0.021!

!

€ 

η ![sB1]! Error!

€ 

η ![sB1]! Error!

1! 0.554! 0.050! 3.559! 0.963!

2! 0.130! 0.005! 0.825! 0.122!

3! 0.116! 0.003! 0.802! 0.103!

4! 0.228! 0.007! 0.945! 0.094!

 

5.1.5. Shear Stress Oscillation FFT Analysis 
 

As observed in section 5.1.1, direct shear experiments on bearing balls revealed a 

considerable shear stress fluctuation. The oscillation was mostly apparent during the tests 

conducted on dense random packed samples. Figure 5.10 shows shear stress FFT analysis 

results, with a dashed vertical line representing the inverse diameter of the granular 

medium tested. Figures 5.10a, b, and c present FFT results for 2mm steel bearing balls 

under dense packing conditions sheared at 0.003, 0.012, and 0.021 s-1, respectively. These 

tests correspond to the shear stress measurements presented in Figure 5.1b. Figures 

5.10d,e, and f present experiments under the corresponding conditions conducted on 

3mm dense-packed chrome steel bearing balls. A strong relation between the FFT peaks 

and the ball diameter shows that the granular medium material physically causes the 

shear stress fluctuations. The FFT peaks for tests conducted at the fastest rate of 0.021 s-1 

do not correspond exactly to the inverse granular media size, which could be caused by 

the fact that the fastest rate experiments have the smallest data sample size, which 

decreases the accuracy of the FFT analysis. The FFT analysis is also affected by the small 

number of force fluctuation cycles during each experiment, with approximately 9 and 6 

total cycles for 2mm and 3mm diameter spheres, respectively. The number of total shear 
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stress oscillation cycles is constrained by the geometry (length) of the shear cell. The 

shear stress oscillation is most likely caused by the jamming from the force chain 

geometries formed within the granular media structure. 

 

 
  

(a) Steel 2mm, 

€ 

˙ γ =0.003 s-1     (b) Steel 2mm, 

€ 

˙ γ =0.012 s-1   (c) Steel 2mm, 

€ 

˙ γ =0.021 s-1   
 

 
(d) Steel 3mm, 

€ 

˙ γ =0.003 s-1     (e) Steel 3mm, 

€ 

˙ γ =0.012 s-1   (f) Steel 3mm, 

€ 

˙ γ =0.021 s-1 

Figure 5.10.  Shear stress FFT analysis on dense packed chrome steel balls under an 
approximate normal load of 0.6MPa: (a) 2mm diameter, shear rate of 0.003 
s-1 (b) 2mm diameter, shear rate of 0.012 s-1 (c) 2mm diameter, shear rate of 
0.021 s-1 (d) 3mm diameter, shear rate of 0.003 s-1 (e) 3mm diameter, shear 
rate of 0.012 s-1 (f) 3mm diameter, shear rate of 0.021 s-1. The dashed 
vertical line on each plot represents the grain bead inverse diameter. 

 
Miller [1997] observed a similar effect of force fluctuations during granular 

media flow experiments. The experimental geometry utilized in Miller’s study [presented 

in Figure 5.11a] consisted of an annular shear cell, with a transducer measuring a change 

in local normal stress in granular media, which was undergoing continuous shear. Figure 

5.11b presents the resultant force fluctuations. The author observed that the wavelength 

of the stress oscillation is on the order of magnitude of the tested grain diameter.  
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(a)      (b) 

Figure 5.11.  (a) Annular shear cell experimental set-up (Figure taken from Miller 
[1997]), (b) Transducer stress measurement versus time; horizontal mark 
“d” represents the time corresponding to the top lid travelling a distance of 
one bead diameter  (Figure taken from Miller [1997]). 

5.2. OSCILLATING NORMAL LOAD EXPERIMENTS. 

5.2.1. Normal Load Oscillation 
 

During the oscillating load experiments a square wave electrical input into the air 

valve actuation mechanism produced additional normal load sinusoidal oscillations that 

decay after load changes. These decaying oscillations were caused by the instrument 

vibration. Figure 5.12 presents a comparison between the experimental data and the 

normal force response simulated using the physical system model presented in Figure 3.4. 

The mass-spring-damper model overpredicts the normal force oscillation frequency by 

approximately a factor of 2. However, this model represents a highly simplified system 

and does not account for such effects as compliance due to the instrument frame elements 

and granular medium. A more detailed system model could be developed, but is beyond 

the scope of this project. The purpose of this particular model was to determine the main 

source of the observed load oscillation. These were sufficiently well captured with the 

simplified harmonic oscillator model. This result supports the explanation of instrument 

vibration causing the decaying load oscillations observed immediately after load changes. 
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Figure 5.12.  Predicted and measured normal load applied to granular media during the 
oscillating normal load experiment. Initial load applied to the lever equals 
approximately 0.55MPa. The data were obtained from a test conducted with 
air under 30 psi pressure applied to the pneumatic cylinder at the frequency 
of 2 Hz. 

5.2.2. Shear Stress under Oscillating Normal Load. 
 

Figure 5.13 below presents shear and normal stress measurements during a low 

frequency oscillating normal load experiment. Figure 5.13b presents shear and normal 

stress experimental measurements, as well as the expected steady-state shear stress 

computed from the granular media friction angle analysis. When the high normal load is 

applied, shear stress reaches the steady-state value after a relatively short transient period. 

Figure 5.13d presents an example of an exponential decay fit to the shear stress 

experimental data during one half-cycle after the high normal load was applied. This fit 

procedure is used to determine the exponential decay parameter for granular media 

during the oscillating load experiments. 
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(a) (b) 

 (c) (d) 

Figure 5.13.  Chrome steel 2mm bearing balls sheared at a steady-state rate of 0.003s-1 
under oscillating load at f=0.03Hz, (a) Normal load oscillation, dashed lines 
indicate average normal stress during low and high load application, and a 
corresponding 95% confidence interval, (b) Shear stress, normal stress, and 
expected steady-state shear stress, (c) Shear stress oscillation (d) 
Exponential decay fit applied to the shear stress for ½ of the load cycle at t0 
= 126.2s.  

Shear and normal stress measurements during a high frequency normal load 

oscillation experiment are illustrated in Figure 5.14. The maximum shear stress during 

high frequency oscillation experiment (Figure 5.14c) is smaller than the maximum shear 

stress under low frequency normal load oscillation (Figure 5.13c). This occurs because 

the normal load fluctuation is forced fast enough that the shear stress does not reach the 

steady state. During high frequency normal load oscillation, the shear stress exhibits a 

saw-tooth pattern (presented in Figure 5.14b), similar to the experimental results 

presented by Albert [2000] in an experiment measuring the force on a rod injected into a 

moving granular layer (Figure 2.14b). An additional experiment was conducted, during 

which the shear force was acquired at a rate of 100 Hz (Figure 5.14d). This experiment 

was performed in order to examine the transient shear stress behavior more closely, while 

Steel, 2mm diameter beads 
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the normal load exhibits harmonic oscillations discussed in section 5.2.1. A small shear 

stress oscillation was observed initially, when the high normal load was applied, yet the 

shear stress vibration amplitudes were considerably smaller than the vibration amplitudes 

predicted from the simple exponential decay model (Eq. 4.2). Figure 5.14e presents a 

comparison between the shear stress exponential decay model (labeled ‘Transient

€ 

η=1.1 

s-1’) and experimental data. The model presented uses an average exponential decay 

constant obtained from shear stress fits of experiments conducted under a lower normal 

load oscillation frequency, as presented in Figure 5.13d. Although the predicted shear 

stress in Figure 5.14e exhibits excessive oscillations, it generally shows a good match 

with the trends of the experimental data. This observation shows that the decay exponent 

remains relatively constant at high normal load oscillation frequencies.  
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  (a) (b) 

  (c) (d) 
      

(e)  

Figure 5.14.  Chrome steel 2mm bearing balls sheared under oscillating load at f = 0.9Hz, 
(a) Normal load oscillation, (b) Shear stress and normal load during 5 
periods of normal load oscillation, (c) Shear stress oscillation,  (d) Shear 
stress and normal load during 5 periods of normal force oscillation, with 
shear stress acquired at 100 Hz, (e) Shear stress exponential decay model 
(labeled ‘Transient 

€ 

η =1.1 s-1’) compared to experimental data, after the 
high normal load was applied for ½ load cycle at t0 = 100.5s. 

 

Oscillating load experiments on dense packed chrome steel bearing balls may also 

produce considerable shear stress fluctuations, as previously described in the static load 

experiments discussion. Figure 5.15a presents a shear stress versus time plot for granular 

media sheared at similar conditions to the experiment presented in Figure 5.14c. A major 

difference between the two experiments is the dense packing procedure conducted prior 

Steel, 2mm diameter beads 
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to the test presented in Figure 5.15a. Low frequency shear stress FFT analysis presented 

in Figure 5.15b reveals a peak frequency that actually corresponds closely to the inverse 

of the time required for the shear cell to travel a distance of 1 bead diameter. Hence, 

normal load oscillation apparently does not remove the effect of granular media jamming 

force chains, discussed for the static load FFT results in section 5.1.5.   

 

(a) (b) 

Figure 5.15.  Steel 2mm diameter dense packed bearing balls, sheared at 0.003 s-1 under 
an oscillating load; normal load is oscillating at 0.9Hz between 0.12MPa 
and 0.55MPa (a) Shear stress versus time, (b) Shear stress FFT analysis on 
the data presented in part A, the dashed line represents an inverse of the time 
required for the shear cell to travel 1 ball diameter. 

 
Oscillating normal load experimental results for sand under low and high frequency 

normal load oscillations are presented in Figures 5.16 and 5.17, respectively. It can be 

observed from Figure 5.16b, that once the low normal load is applied (load applied 

between 100-150s), sand exhibits dense granular medium characteristics. The shear stress 

decreases towards the steady-state value after an initial ‘overshoot’, as previously 

presented from the literature in Figure 5.2b. This dense packed behavior explains why the 

shear stress is actually higher than the steady-state value expected for the corresponding 

low normal load applied during the high frequency oscillation experiment presented in 

Figure 5.17b. As previously observed for steel bearing ball experiments, high frequency 

normal load oscillation causes a decrease in maximum shear stress reached during the 

experiment. This effect can be visualized by comparing Figures 5.16c (maximum shear is 

approximately 0.52 MPa) and 5.17c (maximum shear is approximately 0.37 MPa). Figure 

5.8 showed that the decay exponent for sand is lower than the decay exponent for steel 

Steel, 2mm diameter, dense packed 
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balls measured during static load experiments. Hence, the shear stress transient period is 

longer for sand. As a result a lower normal load oscillation frequency is required for sand 

to prevent the shear stress from reaching the steady-state value. An exponential decay fit 

to the shear stress experimental data, during one half-cycle (when high normal load is 

applied) low frequency oscillation experiment, returns a decay exponent of 0.074 s-1, as 

presented in Figure 5.16d. The oscillating load decay exponent is greater than the average 

decay parameter obtained for static load experiments, measured at approximately 0.035 s-

1. It should be noted that the exponential decay fit applied to the shear stress experimental 

data during the high frequency normal load oscillation (Figure 5.17d) returns a much 

greater 

€ 

η parameter, reported at approximately 1 s-1, which is relatively close to the 

corresponding average for chrome steel balls, measured at 1.1 s-1.  
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  (a)  (b)  

 (c)  (d)  

Figure 5.16.  Sand sheared under oscillating load at f = 0.01Hz, (a) Normal load 
oscillation, dashed lines indicate average normal stress during low and high 
load application periods, and a corresponding 95% confidence interval, (b) 
Normal load, shear stress and expected steady-state shear stress, (c) Shear 
stress (d) Exponential decay fit applied to the shear stress after the high 
normal load was applied for ½ cycle at t0 = 45.5s. 

 
 
 
 
 
 
 
 
 
 

Sand, 1-2mm 
grains 
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(a) (b) 

(c) (d) 

Figure 5.17.  Sand sheared under oscillating load at f = 0.3Hz, (a) Normal load 
oscillation, (b) Normal load and shear stress during 5 periods of normal 
force oscillation, (c) Shear stress, (d) Exponential decay fit applied to shear 
stress when the high normal load is applied for ½ cycle at t0 = 103.32s  

5.2.3. Oscillating Load Decay Exponents 
 

The dynamic decay exponent measurements for chrome steel balls are compiled 

in Figure 5.18. Figures 5.18a, b, c, and d present decay exponents from fits to the shear 

stress data, during the half-cycle when the maximum normal load is applied, for 

experiments conducted at 0.03, 0.06, 0.12, and 0.3Hz, respectively. The decay exponents 

in each figure are plotted versus the normal load cycle number. The oscillating load 

experiments were conducted for two different pressures applied to the air cylinder, which 

resulted in two different low load levels. The experiments with higher normal load 

oscillation frequencies are not included in this analysis because the shear stress did not 

reach a steady-state value during those experiments. Decay exponents measured during 

the oscillating load experiments are on average 1 to 2 s-1. These ! values are 

considerably higher than the decay exponents measured for static load tests with 2mm 

€ 

η

Sand, 1-2mm 
grains 
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steel balls, sheared at the same rate, which were measured to be 0.1 to 0.25 s-1 (as 

presented in Figure 5.8). During these experiments, the average decay exponent is greater 

for the tests conducted at lower load amplitude (caused by the lower air pressure in the 

piston). The lower load amplitude experiments resulted in a higher average normal load. 

 
(a) f = 0.03Hz     (b) f = 0.06Hz  

 
(c) f = 0.12Hz     (d) f = 0.3Hz  

(e) 

Figure 5.18.  Decay exponents obtained from fits to experimentally measured shear stress 
when the high normal load is applied. The experiments were conducted on 
2mm chrome steel bearing balls with initial normal load of 0.55MPa, air 
cylinder pressure of 30 psi (low load of 0.13MPa) and 25psi (low load of 
0.25MPa), and the following load oscillation frequencies: (a) f = 0.03 Hz, 
(b) f = 0.06 Hz, (c) f = 0.12 Hz, (d) f = 0.3 Hz, (e) Average decay exponents 
for each of the 4 analyzed load oscillation frequencies are plotted versus 
frequency. 
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5.2.4.Shear Stress versus Displacement 
 

Figure 5.19 presents an example of results from load-unload experiments 

conducted on granular media, as demonstrated in literature. Figure 5.19a illustrates a 

shear stress versus displacement result for a direct shear cell test conducted on sand under 

a constant normal load with a shear stress continuously varied between 0 and 

€ 

τ  [Feda, 

1982]. Figure 5.19c presents triaxial experiment (introduced in section 2.4.1.2) load-

unload results conducted on steel beads, with the test specimen presented in Figure 5.19b 

[O’Sullivan, 2009]. A hysteresis in shear stress occurs when the load-unload cycle takes 

place.  

       
(a)      (b)      (c) 

Figure 5.19.  Literature results of load reversed experiments (a) Shear stress versus shear 
displacement for direct shear tests conducted on Zbrasalv sand (Figure taken 
Feda [1982]), (b) Specimen consisting of steel beads used in triaxial load-
unload experiment (Figure taken from O’Sullivan [2005]), (c) Stress-strain 
results for the triaxial experiment on the specimen presented in Figure 5.19b 
(Taken from O’Sullivan [2009]). 

 
Experimental data obtained in this study, and presented in Figure 5.20 show a 

behavior similar to that presented in literature. This figure presents five normal load 

oscillations during experiments conducted on 2 mm diameter steel balls for normal load 

oscillated at 0.12, 0.3 and 0.9 Hz. Shear stress under the normal load oscillating with the 

slowest frequency (Figure 5.20a) exhibits a hysteresis behavior, similar to that from 
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O’Sullivan, shown in Figure 5.19c. Shear stress under higher normal load oscillation 

frequency (Figure 5.20c) presents a trend similar to the load-unload experiment from 

Feda, shown in Figure 5.19a. These results provide a general qualitative validation of the 

measurements analyzed during the oscillating load experiments of this study. 

  
(a) f = 0.12Hz          (b) f = 0.3Hz 

 
(c) f = 0.9Hz 

Figure 5.20.  Shear stress versus displacement for 2mm diameter chrome steel bearing 
balls under normal load oscillating between 0.12MPa and 0.55MPa at: (a) f 
= 0.12Hz, (b) f = 0.3Hz, (c) f=0.9Hz. 

A normal force applied to granular media could cause a negative shear cell 

displacement with respect to the shearing direction through the schematic presented in 

Figure 5.21. The change in shear cell displacement direction caused by the oscillating 

normal load makes it difficult to perform an exponential decay fit analysis on shear stress 

with respect to displacement. However, the shear stress versus displacement data could 

potentially serve as a tool in granular media force chain structure analysis. Depending on 

the force chain structure developed in the granular media, the magnitude of shear cell 

displacement due to the applied normal load can vary. Hence, the changes in shear stress 

slope (representing the shear modulus), mostly evident during the experiment under high 

normal load oscillation frequency (Figure 5.20c), could be attributed to the change in 

force chain structure over time.  
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(a)   (b) 

Figure 5.21.  A schematic presenting a change in shear cell displacement due to the 
normal force applied. 

 
A change in shear cell displacement due to the oscillating normal load is also 

expected to affect the shear speed measurements. Figure 5.22 presents sample shear stress 

versus time plots for both static and oscillating normal load experiments, as well as the 

corresponding measured shear cell speed plots. During both of these experiments, the 

same steady-state average shear rate (0.003 s-1) and maximum normal load (0.55 MPa) 

were applied. Normal load variation results in a considerable variation in shearing speed, 

as presented in Figure 5.22d, when compared to the speed for a static load experiment 

(Figure 5.22c). The speed spikes observed in Figure 5.22d show considerable magnitude 

variations, which could be caused by changes in the force chain structure within the 

granular medium. The speed spikes could also cause the increase in the decay exponents 

measured for oscillating normal load, presented in Figure 5.18, compared to the static 

load decay exponent results (Figure 5.8). 
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(a) Static normal load: 0.55MPa                          (b) Oscillating normal load: 0.12MPa-0.55MPa 

              
(c) Static normal load: 0.55MPa                  (d) Oscillating normal load: 0.12MPa-0.55MPa 

 Figure 5.22. 2 mm diameter steel balls, sheared at 0.003 s-1 (a) Shear stress versus time 
during a static load test with normal load of 0.55 MPa, (b) Shear stress 
versus time during experiment with normal load oscillating between 0.12 
MPa to 0.55 MPa, (c) Shear cell speed measured during the experiment 
presented in Figure 5.22a, data were smoothed using a Monte Carlo 
analysis, (d) Shear cell speed measured during the experiment presented in 
Figure 5.22b (data are not smoothed). 
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VI. CONCLUSIONS AND FUTURE WORK RECOMMENDATIONS 

 

The research study presented in this project introduced the author to the field of 

granular media testing, and provided a general knowledge of hot- and warm-forming of 

metal alloy sheet materials. This project also produced a direct shear cell instrument that 

was used to measure the basic mechanical properties of granular media. The direct shear 

cell allowed testing of different types of granular media under relatively high normal 

loads, which could be oscillated with controlled frequency and amplitude. This 

instrument was designed to allow relatively easy reconfiguration for new options, a 

valuable quality if new testing requirements arise. Any redesign for new options will be 

assisted by the 3D CAD model provided for the existing instrument. Data acquisition and 

control systems, as well as data analysis software, were generated during this study. 

Throughout the course of this project, granular media were tested under a variety 

of conditions to simulate the granular flow behavior expected in a working medium for 

warm-forming of sheet material. Data were acquired for different types of granular media 

tested in shear under both static and oscillating normal loads. The static normal load 

experiments revealed shear stress oscillations during granular media flow. This effect is 

attributed to jamming behavior occurring within the granular media structure, since the 

oscillation frequency measured was equivalent to the media diameter. These stress 

fluctuations could produce an inhomogeneous force distribution if granular media are 

utilized as a force transfer medium in the process of warm-forming sheet materials. The 

shear stress fluctuations in this study were observed for spherical granular media under 

dense-packed conditions; no shear stress oscillations were observed for sand. These shear 

stress fluctuations, which occurred during direct shear tests, should be taken into account 

when evaluating granular media performance as a working fluid for material forming.  

The experiments conducted under an oscillating normal load revealed an 

opportunity to reduce the maximum shear stress during granular media flow. Although 

sand shows a higher steady-state shear stress than bearing balls, the maximum shear 

stress in sand may be decreased to the level of steady-state shear stress for steel bearing 
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balls by oscillating the normal load. The load oscillation frequency required for sand is 

relatively low because of the long transient period observed for sand, i.e., its small decay 

constant, 

€ 

η. Granular media shear stress control by normal force oscillation could be 

practically applied during warm-forming of sheet metals. It is expected that under lower 

shear stress the granular media will flow more easily while the metal sheet undergoes 

deformation. 

A comparison between shear stress simulation for static normal load and 

oscillating normal load experiments is presented in Figure 6.1. The simulated oscillating 

normal load square wave is presented in Figure 6.1a. The average normal load during the 

oscillating load simulation is equal to the normal load applied during the static load 

simulation. If the granular media hysteresis effects are neglected, then the average shear 

forces for static and oscillating normal load may be considered directly proportional to 

the energy required to transport the granular medium. Figure 6.1b shows that no major 

shear force advantage is expected for normal load oscillating at low frequency and low 

normal load amplitude. However, the average shear force is expected to decrease with an 

increase in load oscillation frequency (Figure 6.1c) or normal load amplitude (Figure 

6.1d). The greatest shear force advantage may be observed by oscillating normal load 

with high frequency and high amplitude, as presented in Figure 6.1e. Hence, it is 

expected that increasing both normal load amplitude and oscillation frequency should 

enhance the flow behavior of granular media. 
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(a) 

    
(b) f=0.2 Hz, A=200 N             (c) f=1 Hz, A=200 N 

     
(d) f=0.2 Hz, A=500 N             (e) f=1 Hz, A=500 N 
 

Figure 6.1.  Granular media shear stress model comparison between steady state static 
load and oscillating normal load experiments for 2 mm steel bearing balls. 
The simulations are conducted at shear rate of 0.003 s-1, or shearing speed of 
0.12 mm/s. The average oscillating normal load equals 1kN, which is equal 
to the static load applied, for each simulation. Oscillating normal load 
applied during the simulation is presented in (a). The oscillating load is 
simulated with the following frequency f, and normal load amplitude A: b) 
f=0.2Hz, A=200N, c) f=1Hz, A=200N, d) f=0.2Hz, A=500N, e) f=1Hz, 
A=500N.  

 

T 

A 
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The shear stress simulations presented in Figure 6.1 contain several 

simplifications. Shear stress oscillations were neglected for the static load experiment. 

The oscillating load simulations do not contain the harmonic normal load oscillations, 

due to the instrument vibrations; hence, a square wave normal load input is used. The 

decay exponent 

€ 

η was assumed constant for all the simulations, at an average value of 

1.4 s-1. Although it should be noted that decay exponent variation was observed for 

different normal load amplitudes and oscillation frequencies during the experimental 

study. It is also assumed that when the low normal load is applied relaxation occurs 

instantaneously and the shear stress reaches the steady state value, which is in close 

agreement with the experimental results obtained for chrome steel bearing balls. This 

assumption would not be appropriate for sand simulations, because sand exhibits dense 

medium characteristic when low normal load is applied during oscillating normal load 

experiments. 

It is recommended that future research study sheet metal deformation with 

granular media as a force transfer medium. Currently, a gas-pressure bulge forming 

instrument is available in the research facility, and it could potentially serve as an initial 

design concept for a granular media-forming machine. The instrument should allow 

comparing the sheet metal forming properties for different types of granular media, such 

as steel bearing balls and sand, under both constant and oscillating normal loads. An 

MTS servo-hydraulic testing machine available in the laboratory could be used in the 

load application process. Sand requires lower normal load frequency oscillations, and it is 

expected to be more compatible with the MTS instrument, which has limited load 

oscillation frequency capabilities. A study should also measure granular media force 

distribution on the sheet material being forced. The force distribution could either be 

studied by using force marking materials, such as carbon paper, or by studying the 

resultant sheet shapes. Discrete element simulations could be developed concurrently to 

obtain a model for granular media behavior during forming applications. 

The literature review and the direct shear test experimental data obtained in this 

study provide predictions with regards to utilizing granular media as a force transfer 
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medium for sheet forming. However, actual forming experiments and simulations, such 

as discrete element simulations, need to be conducted to better understand the force 

transfer capabilities of granular media.   
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Appendix A: Technical Drawings
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TOP SHEAR CELL CAVITY 
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BOTTOM SHEAR CELL CAVITY 
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TOP SHEAR CELL SUPPORT SIDE PLATE 
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TOP SHEAR CELL SUPPORT FRONT PLATE 
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TOP SHEAR CELL SUPPORT ASSEMBLY 
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Appendix B: Load Cell Measuring Shear Force 
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The following pages were taken from Honeywell® catalog 
(www.honeywell.com/sensotec) 
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Appendix C: LVDT 
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The following pages were taken from Honeywell® catalog 
(www.honeywell.com/sensotec) 
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Appendix D: Load Cell Measuring Normal Load 
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The following pages were taken from Omega® catalog (www.omega.com) 
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Appendix E: Solenoid Valve 
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The following pages were taken from Norgren® catalog (www.norgren.com) 
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Appendix F: Solid State Relay 
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The following pages were taken from data sheet provided by Allied Electronics® 
(www.alliedelec.com) 
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