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Abstract:  
 

The yield locus, tensile strength and fracture mechanisms of wet granular materials were 
studied. The yield locus of a wet material was shifted to the left of that of the dry specimen by a 
constant value equal to the compressive isostatic stress due to pendular bridges.  For materials 
with straight yield loci, the shift was computed from the uniaxial tensile strength, either 
measured in a tensile strength tester or calculated from the correlation, and the angle of internal 
friction of the material.  The predicted shift in the yield loci due to different moisture contents 
compare well with the measured shift in the yield loci of glass beads, crushed limestone, super D 
catalyst and Leslie coal.  Measurement of the void fraction during the shear testing was critical to 
obtain the correct tensile strength theoretically or experimentally. 

The tensile strength of the material, responsible for the poor flow properties of wet 
material was reduced using surfactants, the conventional flow additives used in industry. 

Treating of the surface, using Octadecyltrichlorosilane (OTS), to render it hydrophobic 
eliminated the cohesive properties of the material.  No tensile strength could be measured and the 
material acted as a free flowing powder. Mixtures of different percentage of silanized   
/unsilanized particles were prepared for tensile strength measurements. The tensile strength 
decreased linearly with the mass fraction of silanized particles. 

 The strain-stress behavior of a wet granular media was measured using a split Parfitt 
tensile tester. In all cases the stress increases linearly with distance until the maximum uniaxial 
tensile stress is reached. The stress then decreases steeply with distance after this maximum is 
reached. The linear region indicates that wet solids behave elastically for stresses below the 
tensile stresses and can store significant elastic energy. Both the elastic region and the steep 
decreasing were explained assuming hertzian contacts and the theory of static capillary bridges. 

Capillary bridges and sessile droplets were imaged using Nuclear Magnetic Resonance. 
Water between 2-3 min glass beads was visualized using a Bruker (Amx 360) Nuclear 
Resonance Imager. The region sampled was a cylinder 25mm in diameter and 25-40 mm in 
length. Eight to sixteen slices containing 128 x 128 to 256 x 256 pixels were generated for each 
image. Other images such as sessile droplets in a variety of substrates were also imaged. No 
images could be obtained for smaller beads or for coal-water mixtures.  

The flow of dry granular materials in flat bottomed silo was also visualized using NMR. 
Mustard and poppy seeds were used  as tracer particles. The region sampled was a cylinder 25 
mm in diameter and 40 mm in length. Eight slices containing 128*128 to 256*256 pixels were 
generated for each image. The size of the silo was limited by the size of the high resolution NMR 
imager available. Cross-sections  of  150mm flat  bottomed silos, with the tracer layers 
inmobilized  by a gel, showed similar qualitative patterns for both dry and wet granular solids. 
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Executive Summary: 

 
Wet granular solids flow poorly due to attractive forces between granular particles.  The 

attractive forces are caused by the presence of capillary bridges between the particles and the net 
effect is to increase, in a complex way, the internal friction forces. This research quantifies the 
effect of the capillary forces on the flow properties of the granular media.  

The measured mechanical properties are the tensile stress and the yield locus. The force 
needed to break apart a split pillbox (Parffit Test) was used to determine the tensile stress and the 
deformation. The yield locus was found measuring the force required to drag a sled subject to a 
known vertical force.  The apparent coefficient of friction (slope of the yield locus) increases due 
to the apparent load caused by the capillary bridges. A theory of shift has been developed to use 
the tensile strength to obtain the yield locus of the wet granular material from the yield locus of 
the dry material.  

It is also known possible to predict the tensile stress from the interparticle forces and the 
void fraction of the material. 

Flow enhancement is based in reducing the interparticle forces.  This was accomplished 
by reducing the surface tension of the fluid using a surfactant, as is done in commercial flow 
enhancers.  Alternatively, we treated the surface with silanes to render it hydrophobic.  No 
measurable tensile stress was observed in these hydrophobic particles. Unfortunately, although 
the laboratory chemical procedure is simple, it does not appear to be plausible at the large 
industrial scale. 

The force-elongation relation obtained from the tensile stress tester showed a elastic 
section followed by a steep decline in the force after the maximum stress.  The elastic behavior 
was quantitatively accounted for by the deformation at the Hertz contacts between particles. The 
decreasing part of the tensile force corresponded well the stretching and breakage of a capillary 
bridge. 

Capillary bridges in both hydrophobic and hydrophilic granular media were visualized in 
three dimensions using a high resolution NMR imager. The same imager was also used to 
observe the flow of tracer seeds in the flow of dry granular materials.  The observations were 
limited, however, by the bounded resolution of the imager and the small observation volume 
available in the device.  
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Introduction: 

 
Wet solids flow poorly.  The addition of water or the condensation of the ambient 

humidity can transform an initially freely flowing granular solid into a sticky, difficult-to-handle 
material.  This cohesive behavior may explain the formation of arches in silos that can cause flow 
interruptions and a shut down of the downstream processes.  Therefore, it is essential for the 
understanding of the flow mechanisms of wet bulk solids to determine what are the important 
parameters influencing their flow properties and strength. The handling of wet coal is one of the 
major problems in the operation of power plants and coal processing units.  Wet coal hangs up in 
railroad cars, silos and feeder pipes to pulverizers. 
The key difficulties encountered in the handling and processing of wet solids and wet coal, in 
particular, are well documented. From the point of view of the plant operator, wet coal is known 
to cause blockage.  The problem is, however, hard to define since blockage occurs in an erratic 
fashion and it is difficult to identify a cause-and-effect relationship during the individual 
incidents.  To make things worse, the underlying nature of how moisture affects the flow of a 
granular material in itself is poorly understood. The use of additives has been proposed to aid 
the flow.  These additives may cost as much $1-2/ton, a significant  fraction of the total cost of 
the coal.  Until now, their effect on the flow properties of the coal has been uncertain. 
 The flow characteristics of granular materials are usually defined in terms of their yield 
locus.  The yield locus relates the shear and normal stresses at the plane of slip and is a strong 
function of the consolidation stress.  Determination of the yield locus is a tedious process and the 
measurement is subject to large fluctuations that requires a substantial number of replications.  
This means that, in addition to the uncertainty in the existing theory, measuring the quantities 
used in the theory is difficult. 
 Variables involved in the flow of coal include the particle size distribution, the type of 
coal, the moisture content and the possible presence of a flow enhancement additive.  Tests must 
also be carried out at several consolidation pressures to fully define the flow characteristics. 
The research described below addressed some of these fundamental questions. First, how does 
moisture affect the flow properties of  a granular material?  The cohesive force due to the 
presence of capillary bridges is found to create a uniform state of isotropic compression 
throughout the compact.   This compressive force increases the internal friction in the material. 
 The research addressed the value of cohesive force and  its effect on the yield locus of the 
material. In addition to the �plastic behavior� observed, measurements of the tensile strength 
indicate an unexpected elastic behavior.  
 All of these characteristics were related to the analysis of the interaction between two 
particles through a liquid bridge.  The research develops these relations in a quantitative way. 
 In addition, the understanding of the attractive mechanisms between particles can be used 
to modify it.  Modifying the surface tension of the wetting liquid, the wetting properties of the 
surface and the particle size, as is shown below, changes the flow properties. 
 Finally, the presence and characteristics of the liquid bridges can be observed using NMR 
imaging.  The limitations of the technique as well as its possibilities to study the flow of dry 
powders are also discussed in the chapters that follow. 
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Chapter 1: The modification of the tensile strength of wet granular materials by surface 
treatment. 
 
Abstract: We used glass beads of different sizes as a model system to study the flow enhancing 
properties of Octadecyltrichlorosilane (OTS). OTS provides Si(CH2)17CH3 groups that bind with 
the surface hydroxyl groups to make it hydrophobic. Experimental data showed, indeed, that 
surface hydrophobicity promotes the flow of wet granular materials. Mixtures of different 
percentage of silanized/unsilanized particles were prepared for tensile strength measurements. 
The tensile strength decreased as more silanized particles were added to the samples. The 
relationship between dimensionless tensile strength and void fraction followed the correlation 
found by Pierrat (1994). Contact angles were larger for the silanized particles, as compared with 
unsilanized ones.  
 
Introduction: 
 Recently, research has focused on improving flow properties of wet granular materials 
through the development of flow promoters. The use of surfactants, which lower the surface 
tension of water, have been explored for the enhancement of flow in coal (Pierrat, 1994). Our 
project probes the use of Octadecytrichlorosilane (OTS) as a flow enhancer acting at the surface 
of granular materials by increasing surface hydrophobicity and reducing cohesion between wet 
particles. Thus we expect a molecular monolayer to dramatically change the bulk properties of 
the granular mass.  

Glass particles with diameters ranging from 1 µm to 2.45mm were used as a model 
system to study the effects of OTS as a flow enhancer. Contact angle measurements were used  
to probe the hydrophobicity difference between unsilanized and silanized glass particles. Tensile 
strength measurements were also used to measure the cohesive force difference as a result of 
changing surface hydrophobicity. A correlation between dimensionless tensile strength and the 
void fraction was determined. The results were compared with the correlation found by Pierrat in 
1994.  
 
Theory: 
The liquid bridge  
Water retained by surface effects between two particles forms a liquid bridge. The liquid bridge 
exerts an attractive force according to its volume and contact angle translates into a cohesive 
force for the granular media. It is that cohesiveness that makes flow difficult. Figure 1.1a shows 
an schematic of a liquid bridge on a hydrophilic particle, where a, d and h are the separating 
distance, the particle diameter and the diameter at the neck of the bridge, respectively and α and θ 
are the filling and contact angle, respectively. Figure 1.1 b shows the image of an actual liquid 
bridge obtained using an imaging NMR.  
The attractive force is greatly affected by the separating distance and the size of the particles and 
it weakens as the separating distance and the size of the particles increase. As discussed by 
Pierrat (1994) the dimensionless attractive force (F/γa) depends only on the dimensionless 
separation distance (a/d) and the filling and contact angles. The surface tension acts in two ways 
on the particles. First, as an attractive force along the contact line. Second, by creating a " 
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vacuum" or overpressure for concave or convex surfaces. Previous work has dealt with 
modification of the surface tension. For the same liquid bridge, changing the contact angle, by 
making the surface hydrophobic, may change the curvature of the bridge possibly creating a 
repulsive force that will facilitate the flow.  
 

To induce hydrophobicity surfaces containing OH groups such as glass or coal can be 
treated with Octadecyltrichlorosilane (OTS). The, reaction occurs at the surface as follows:  
The reaction with OTS causes the surfac e to be non-wetting by replacing the hydrophilic 
hydroxyl groups with hydrophobic silane, (SiCH2)17CH3 groups. As a consequence, the contact 
angle of a silanized surface is larger than that of an unsilanized surface.  
 
Experimental:  
 
Materials: Methanol, hexane, KOH, is o-propyl alcohol, and paraffin were purchased from Fisher 
Scientific. Octadecyltrichlorosilane (OTS) was purchased from Aldrich.  
 
Methods:  
Glass beads with diameters of 1 µm, 88µ, 129µ, 0.54mm, 1.05mm, and 2.45mm were silanized. 
The base bath for cleaning the glass beads was prepared by mixing 100g KOH, 1.2L iso-propyl 
alcohol, and about 500 ml water. The glass beads were rinsed several times with tap water until 
they appeared clean, and soaked in the base bath at room temperature for about 12 hours. The 
base bath was decanted. The beads were rinsed with an excess amount of tap water, and then 
three times with deionized water. The cleaned glass beads were then dried over night at room 
temperature.  
The clean glass beads were placed in a large beaker with enough hexane to cover the beads and 
about 0.5mL of OTS were added. The sample was stirred for 10 minutes to allow uniform 
surface overage. The excess solution was decanted. The beads were rinsed with deionized water 
and a few minutes were allowed for polymerization of the OTS. The water was decanted and the 
beads were cleaned several times with methanol until they appeared free from excess OTS. The 
beads were air dried overnight.  
 
Granular Material Sample Preparations:  
Samples for measuring the tensile strengths were prepared by mixing 0, 25, 50, and 75 percent of 
silanized beads with unsilanized particles. Samples with pure (100%) silanized particles could 
not be prepared because they could not be wet or mixed thoroughly. Mixtures of  0.55 % and 
1.1% of 1µm beads, unsilanized and silanized, with 0. 54mm unsilanized beads were also 
prepared..  
 
Contact Angle Measurements:  
The contact angles were measured using a NRL Contact Angle Goniometer (Model 100- 00) with 
a magnification of 23X. The angles were measured at the first contact that the beads had with the 
water.  
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Tensile Strength Measurements:  
The tensile strengths of the different mixtures were measured using a Parfitt Tensile Tester, 
running at approximately 0.6mm per minute. The tester uses an oversized split box (81 mm in 
diameter and 25mm high) to measure the small tensile strengths in these media. It is connected to 
a data acquisition board PC that reads out the maximum voltage used to break the liquid bridges 
between the glass particles. Tensile strength measurements were obtained from samples with 0, 
25, 50, and 75 percent ratio of silanized/unsilanized beads. Samples with pure (100%) silanized 
particles could not be prepared because they could not be wet or mixed thoroughly since water 
would immediately segregate. Mixtures of 0.55% and 1.1% 1µm beads, unsilanized and 
silanized, with 0.54mm unsilanized beads were also prepared and tested using the same 
procedure and parameters. The saturation S (fraction of the void fraction E occupied by water 
was kept between 23 and 51 %. The saturation S was computed from: 
  

S = (1 - ε)/ ε (ρpart/ ρwater)xw  
 
Where xw = (mass water/mass patrticles)and ρwater and ρpart are the water and particle densities. 
Correlations between the dimensionless tensile strength (σ* = σ (dp)/ γwater ) and the void fraction 
for all tensile tests were obtained, and plotted against Pierrat's correlation. The equation for 
Pierrat's correlation is:  

σ *=7.7977(1-ε)3.0323  
 
Results and discussion: 
Liquid Bridges and contact angles:  
Figure 1.2 shows photographs of a hydrophilic (a) and a hydrophobic (b) bridge taken with a 
35mm camera attached to a goniometer. These bridges were magnified by 23 times. The beads 
used for these photos are 2.45nim in diameter. Due to gravity, these photographs are not as 
synunetrical as the theoretical drawing (Figure 1.la). Using these photos, we were able to observe 
the hydrophobicity imposed by the silane on the surface of the glass beads. The hydrophobicity 
of the water on the surface indicates the effectiveness of OTS as a possible flow enhancer.  
Contact angle measurements were obtained for glass beads with diameters of 0.54mm and 
2.45mm, unsilanized and silanized. The contact angle (θ) for the 0.54mm beads was 75û without 
silanization and raised to 102û after silanization. Similarly, θ for the 2.45mm beads increased 
from 79û to 111û due to silanization.  
 
Tensile Strength Measurements:  

We found that the tensile strength (σ) greatly diminished with increasing particle size and 
surface hydrophobicity. This marked decrease reconfirmed the fact that surface hydrophobicity is 
capable of lowering the cohesion between the surface and the water. When the beads were 
silanized with OTS, all of the free OH groups were indeed covered by the silane (Si(CH2)17CH3)-
. 

Since the tensile strength of silanized particles was too low to be measured with the 
available tools, the effect of adding treated (silanized) particles to untreated material was studied. 
The ratio between the tensile strength of the sample to the tensile strength of the untreated 
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granular material as a function of the volume fraction of silanized particles is shown in figure 
1.3. For both particle sizes (dp = 129 µm and 0.54 mm), the results were very consistent. As the 
percentage of silanized particles increased, the values for a dropped almost linearly with the 
fraction of silanized beads. Details are given in tables 1 and 2. The samples with 10% water by 
weight had a percent saturation ranging from 36.5 to 51.1 for the 129 µm beads, and 46.7 to 61.1 
for the 0.54mm beads, and void fraction, ε, ranging from 0.36 to 0.44 and 0.32 to 0.37 for the 
129 µm beads and 0.54mm beads, respectively. The 23.9% saturation samples included samples 
with a saturation of 23.9% and ε of 0.46 for both sizes.  

When plotted against Pierrat's correlation (Figure 1.4), the dimensionless tensile strength 
obtained from the 129 µm beads followed this curve closely. The 0.54mm beads, however, were 
farther off, because the values for the dimensionless tensile strength were on a much higher 
range, although σ was lower for the larger beads.  

It was conjectured that the addition of fine silanized beads to the granular media would 
create a hydrophobic cover for the large beads. A small amount of silanized 1 µm beads were 
mixed with 0.54mm unsilanized beads, σ was predicted to be lower than that of a sample with 
100% unsilanized 0.54mm beads, because we assumed that the surfaces of the 0.54mm beads 
would be covered by the silanized 1 µm particles. The results, shown in table 3 show no 
significant trend. At 0.55% of 1 µm beads (half covered), σ was 842 Pa, whereas the fully 
covered beads (1.1% of 1 µm beads) resulted in a smaller σ of 813 Pa.   Another set of tests were 
run, but with unsilanized 1 µm beads and unsilanized 0.54mm beads. The results were contrary 
to our prediction. The tensile strength also dropped as the percentage of 1 µm beads increased, 
but more significantly, from 681 Pa to 456 Pa when the amount of 1 µm beads were increased 
from 0.55% to 1.1%. Since 1 µm beads were unsilanized this time, we expected an increase when 
we increased the amount of the small beads, because it should require more force to break the 
cohesion between smaller particles. These results indicated that the 1 µm particles did not behave 
as we had predicted. It is possible that the silanized 1 µm particles did not stay on the surfaces of 
the unsilanized 0.54mm beads because of the water on these hydrophilic surfaces. This 
reasoning, however, does not explain why the tensile strength for the mixture with both particles 
unsilanized also decreased as the percentage of 1 µm particles increased.  
 
Conclusions:  
Glass beads were, indeed, a valid model to use for our studies on the cohesive properties of coal. 
Previous experimental work showed that coal and glass particles could be silanized the same 
way. Silanized coal and glass particles exerted similar properties. We concluded that silanization 
is an effective method of increasing surface hydrophobicity. The contact angle increased and 
tensile strength decreased with increasing hydrophobicity. Increasing surface hydrophobicity was 
an effective way to diminish the cohesion problem. Mixing large unsilanized particles with 
silanized smaller particles did not improve the flow properties of the wet material1 µm.  
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Figure 1.1a: Schematic of a hydrophilic liquid bridge. 
 
 

 
Figure 1.1b: NMR image of a hydrophilic liquid bridge (8 slices, 0.4 mm thickness, 128 x 128 

pixels) 
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Figure 1.2a: Hydrophilic liquid bridge between 2.45 mm glass particles 
 

 
 
 

Figure 1.2a: Hydrophobic liquid bridge between 2.45 mm glass particles 
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Figure 1.3b: Correlation between tensile strength and percentage of silanized particles 
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Figure 1.4: The tensile strength of 129 µm glass beads against Pierrat�s (1996) correlation. 
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Chapter 2: The use of nuclear magnetic resonance imaging to study the water distribution 
in wet granular media. 
  
ABSTRACT: The objective was to develop the techniques to image the water distribution and 
granular material using Nuclear Magnetic Resonance. Water between 2-3 min glass beads was 
visualized using a Bruker (Amx 360) Nuclear Resonance Imager. The region sampled was a 
cylinder 25µm in diameter and 25-40 mm in length. Eight to sixteen slices containing 128 x 128 
to 256 x 256 pixels were generated for each image. Other images such as sessile droplets in a 
variety of substrates were also imaged. No images could be obtained for smaller beads or for 
coal-water mixtures.  
 
Introduction:  
 It is commonly assumed that the free moisture contained in a granular material is 
uniformly distributed and that it forms bridges that are responsible for the cohesive properties of 
the wet solids. This water distribution in a granular solid, however, has not been actually been 
observed directly. New technologies, such as microscopic NMR, offer an opportunity to actually 
observed the moisture distribution in the wet solid. Pioneering work in the application of NMR 
to the granular materials has been done by Jaeger and Nagel (1996) and Nakagawa and Jeong 
(1992). No applications are reported, however, to the study of wet granular materials.  
 Imaging in wet materials was made following the proton spin density using a multi-slice 
multi-echo sequence. The probe operated at 360-13 MHZ for proton. The gradient strengths were 
:read gradient G,,=4.69 Gauss/cm, phase encoding gradient Gy =4.69 gauss/cm, and slice 
selection gradient G. =21.52 Gauss/cm for 0.3 mm slice thicknesses. Typically, 16 transverse 
slices were acquired with a repetition time (Tr) of 3000 ins and an echo time (Te) of 20 ms. Time 
for image acquisition was limited to one a half hour to minimize evaporation. The two 
dimensional images were converted into three dimensions using Spyglass Slicer software 
purchased from Fortner Research (Sterling, Virginia). Software and hardware difficulties caused 
significant delay in the process.  
 
Results:  
 Representative results are presented here. Figure 2.1 shows the image of a 2 mm sessile 
water droplet in a paraffin substrate. Both the paraffin and the water give strong images due to 
the proton presence. The shape of the droplet was satisfactorily compared with that obtained by 
integration of the capillary shape equation as described by Hartland and Harley (1976) (see 
Appendix).  
 Figure 2.2 shows the distribution of spin densities for a cross section of the droplet. There 
is a marked gradient as the droplet surface is approached at both the air- water and the water- 
paraffin interfaces. The gradient is steeper at the air water-air interface than at substrate-water 
interface. It is not clear whether this reflects an experimental artifact or if there are structural 
differences in the neighborhood of the interface. It is commonly assumed that the magnetized 
protons will diffuse to the surface where they will be randomized. The strength of the signal will 
decrease as the spin density decreases. It is for this reason that the relaxation time has been used 
to estimate the pore size and pore characteristics (Hills and Snaar, 1995ab) . It has also being 
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used to estimate the permeability of oil bearing rocks.(Timur, 1969, Banavar and Schwartz, 1987 
Robinson Merril, 1994).  
 Figure 2.3 shows the water distribution in 2.45 mm. hydrophilic beads in a 25 mm tube 
(eight 0.3 mm slices, 128xl 28 pixels). It shows clearly the presence of uniformly distributed 
water bridges connecting the beads. The circle at the lower central region is a water containing 
tube used as a reference.  
 Figure 2.4 shows the water distribution in the same system but with beads treated with 
Octadecyltrichlorosilane to render them hydrophobic. The effect is to displace the water to the 
untreated hydrophilic walls. This explains the behavior of the hydrophobic beads to be identical 
to that of the dry beads. The net effect is to expel the water to the boundaries and not to create 
convex bridges with positive internal pressure. This is commonly observed in mixtures of metal 
and ceramic powders as the melting point of the metal is reached since the molten metal does not 
wet the metal.  
 It was not possible to obtain the images of the water distribution for smaller beads and for 
coal powder mixtures. In the case of the coal most of the water appears as bound water that will 
not yield a signal. For smaller beads the diffusion time is very short compared to the relaxation 
time and the image is lost.  
 
Summary: 

The feasibility of determining the shape and distribution of liquid bridges in hydrophilic 
and hydrophobic wet granular materials has been demonstrated.  The NMR imaging produces 
dramatic pictures of the bridges and of sessile droplets. Unfortunately, the resolution of the 
available NMR imager, in the order of 100µm was not enough to produce detailed results for the 
bridges relevant to this work.  The work was then redirected to the possibility of introducing 
tracers to study the flow of tracer particles as describe in Chapter 3.  
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Appendix:  
To evaluate the images obtained using NMR, the shape of sessile water droplets on paraffin was 
compare with the shape predicted by integration of Laplace's equation. The corresponding 
differential equations can be parameterized in terms of the dimensionless arc length S to give 
three differential equations for the inclination q and the dimensionless horizontal and vertical 
coordinates X and Z:  
 dq/dS = 2/B + Z - sin q/X  
 dX/dS = cos q  
 dZ/dS = sin q  
where c-1/2 with c=ρg/γ has been used as the reference length and B is the dimensionless 
curvature at the apex. Boundary conditions at the apex are given by:  
  
 X=Z=q=O                                     at S=O  
 
Integration is started at the top of the droplet using the arc length as a parameter. It is necessary to 
adjust the initial curvature from which the curved shape is obtained. Since the curvature at the 
apex is difficult to measure we used the ratio Zc/Xc and the contact angle at the surface shown in 
figure5 together with the graph provided in Hartland and Harley's Axisymmetric Fluid-Liquid 
Interfaces to estimate the curvature B at the top of the droplet. This reduces the problem to an 
initial value problem solved using a simple Runge Kutta numerical integration routine. The 
profile obtained from the integration approximately fitted the droplet shape seen by NMR 
imaging. However, the fit was lost when the droplet was viewed at a different spatial orientation 
and plane. The curves tended to shift, because the observed curvature (B) varied. These 
inconsistencies may be due to poor resolution, evaporation during the course of imaging, or to 
the distortion of the droplet due to the interpolation used with Slicer, the image processing 
software. It is also possible that the contact angle may fluctuate around the contact line and the 
droplet is not axisymmetrical.  
Using an NMR image obtained, the dimensions (q, X, and Z.) for a sessile droplet obtained by 
NMR imaging were measured (Figure 5). The values for Z,/X, and q were applied to a graph in. 
Hartland and Harley's Axisymmetric Fluid-Liquid Interfaces provides to relate Zc/Xc and q to 
Z90/X90. A table is also provided in this book that allows us to convert the Z90/X90 value to B, 
the curvature at the top of the droplet. Using the known B the problem is reduced to an initial 
value problem. The result of the integration can be used to fit the shape of the droplet.  
Sessile Droplets:  
The curve obtained from Mathcad/Axum approximately fitted the droplet shape seen by NMR 
imaging (see Figure 1). However, these results were not consistent when the droplet was viewed 
at a different spatial orientation and plan. The curves tended to shift, because the observed 
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curvature (B) varied. These inconsistencies may be due to: i) poor resolution, ii) evaporation 
during the course of imaging, and W) the distortion of the droplet due to the interpolation used 
with Slicer software. 
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Figure 2.1:NMR image of  a 2mm sessile droplet on a paraffin substrate 
 
 
 

 
 

Figure 2.2: Distribution of spin densities in a sessile drop.
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Figure 2.3: NMR image of the water distribution in 2.45 mm hydrophilic glass beads in a 25mm 
tube (eight 0.3 mm slices,128 x128 pixels) 

 
 

 
 

Figure 2.4: NMR image of the water distribution in 2.45 mm glass beads treated with 
octadecyltrichlorosilane in a 25mm tube (eight 0.3 mm slices,128 x128 pixels) 
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Figure 2.5: Hartland and Harley�s sessile droplet 
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Chapter 3: The NMR visualization of the flow of dry granular materials using particle 
tracers and the frozen layer flow visualization of the flow of wet materials. 
  
Abstract:The objective was to visualize the flow of granular materials in flat bottomed silo. This 
was done by for dry materials introducing mustard seeds and poppy seeds as tracer particles and 
imaging them using Nuclear Magnetic Resonance. The region sampled was a cylinder 25 mm in 
diameter and 40 mm in length. Eight slices containing 128*128 to 256*256 pixels were 
generated for each image. The size of the silo was limited by the size of the high resolution NMR 
imager available. Cross-sections  of  150mm flat  bottomed silos, with the tracer layers 
inmobilized  by a gel, showed similar qualitative patterns for both dry and wet granular solids. 
 
Introduction:  
 Nuclear Magnetic Resonance Imaging can be used to study the flow of granular material 
noninvasively inside the container. In NMR imaging, a detectable signal is produced by spin-spin 
(T2) relaxation. But the T2 relaxation time is usually very short (less than l msec) in the solid 
state. So the signal from the solid-state particles decays too rapidly to produce a detectable signal. 
The easiest nuclei to image by NMR are protons in the liquid state because of their strong signal, 
as well as their abundance in nature. We can avoid the solid state NMR problems by using solid 
particles containing protons in the liquid state. As a consequence it is convenient to study the 
flow of solids by observing the liquid state NMR signals given by organic liquids trapped in the 
solid..  

Mustard seeds and poppy seeds were used as tracer particles. Proton spin density images 
were obtained using a Bruker (Amx 360) Nuclear Resonance Imager. Multi-slice multi-echo 
pulse sequence was used for all imaging experiments. The imaging probe operated at 360.13 
N4Hz for proton. The gradient strengths were: read gradient Gx=4.69 Gauss/cm, phase encoding 
gradient Gy=4.69 gauss/cm, and slice selection gradient Gz=21.52 Gauss/cm for a 1.0 mm slice 
thickness. Typically, 8 slices were acquired with a repetition time (Tr) of 2000 ms and an echo 
time (Te) of 20 ms. Spyglass Slicer software purchased from Fortner Research (Sterling, 
Virginia) was used to analyze images.  

A less sophisticated, but still effective method to observe flow patterns that would not be 
limited by the NMR sampling volume uses colored tracer layers initially laid horizontally. After a 
certain volume has been discharged , the layers are frozen into place by using an agar solution. 
The bed is then sliced to observe the layer location. 
 
Results and discussion:  

Figure 3.1 shows an NMR image of mustard seeds mixed with glass beads. This is a 
transverse slice. Glass beads, being in solid state, do not give any detectable signal.  

Figure 3.2 shows a schematic diagram of the cylindrical silo used for imaging 
experiments. The silo was made of polyacrylate and was provided with a slide valve to control 
the solid discharge.  

Stop and flow experiments were done using glass beads. Figure 3.3 shows the flow 
patterns in glass beads as the material is discharged from the silo. A funnel flow type of flow 
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patterns were observed. The average diameter of the glass beads was 2.5mm. Nine layers of 
poppy seeds, separated by approximately 1 cm, were used as markers. The poppy seeds layers 
have been numbered to keep track of their successive positions. The total bed height was 11 cm. 
The material was discharged from the silo by using the sliding valve. The imaging window was 4 
cm long and 2.5 cm in diameter (figure 3.2). Figure 3.3a shows the layers of poppy seeds in glass 
beads before any discharge of the material. Figures 3.3b-.33f show the successive position of the 
poppy seeds layers after approximately 0.80 gm of the glass beads were discharged between 
images. Figures 3.3g-3.3j show the successive position of the poppy seeds layers after the 
discharge of approximately 2.2 gm of the glass beads between images. In first 6 discharges, there 
was no wall effect on the flow patterns (Figures 3b-3g). With further discharge, the boundaries of 
the funnnel flow reached the wall (Figures 3.3h-3.3j).  

The results indicate that far of the discharge orifice the flow was approximately plug flow 
with a wall effect layer 3 to 5 particles thick.  Funnel flow is observed in the neighborhood of the 
discharge orifice but the resolution is too low for further mechanism elucidation. 

Experiments in 150 mm flat-bottomed silos using both dry and wet material yielded the 
same qualitative behavior and no distinction could be made of the flow of both types of 
materials. 
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Figure 3.1: NMR image of 2.5 mm mustard seeds mixed with glass beads of the same size. 
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    Figure 3.2: Schematic image of silo used tracer imaging in NMR flow experiments.             
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Figure 3.3: NMR image of the flow patterns of 2.5 mm dry glass beads in a 25 
mm  flat bottomed-silo. 
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Chapter 4: The yield locus of a wet granular material and the theory of shift 
 
Abstract: The yield locus of a wet material was shifted to the left of that of the dry specimen by 
a constant value equal to the compressive isostatic stress due to pendular bridges.  For materials 
with straight yield loci, the shift was computed from the uniaxial tensile strength, either 
measured in a tensile strength tester or calculated from the correlation, and the angle of internal 
friction of the material.  The predicted shift in the yield loci due to different moisture contents 
compare well with the measured shift in the yield loci of glass beads, crushed limestone, super D 
catalyst and Leslie coal.  Measurement of the void fraction during the shear testing was critical to 
obtain the correct tensile strength theoretically or experimentally. 
 
 
Introduction: 
 The previous part of the work emphasize the use of Nuclear Magnetic Resonance (NMR) 
to study the formation of liquid bridges in wet granular materials and to determine flow patterns 
using that technique.  Although successful in imaging the bridges for large particles the patterns 
were lost for the smaller particle and the resolution of the instrument was not high enough 
reproduce the bridges.  Also the small scale (1/2�) of the NMR imager did not allow for the flow 
of wet materials and a larger technique to determine the flow patterns was needed.  In addition, 
the NMR analysis became extremely time consuming and difficult to relate to the flow properties 
of the material.  It was then decided to pursue other methods.  Tests were carried out in 15 cm 
diameter flat bottom hoppers using color beads to mark the original layers.  After allowing a 
fixed volume to discharge the marking bands were fixed in place using a hot agar solution and 
sectioned in half to determine the band displacements.  Surprisingly, no clear differences were 
found between the band deformations observed using wet or dry materials. 
 We returned, then, to the mechanical properties of wet solids.  It was our original 
assumption that the cohesive forces were responsible for the variation in the shear properties that 
control the flow-no flow condition used in the silo design [2].  The results given below, on our 
shift theory, are a summary of our work accepted for publication [5]. 
 

The theory of shift assumes that the intrinsic yield locus [2] of the wet material is the 
same as the intrinsic yield locus of the dry material.  The intrinsic yield locus can be defined as a 
yield locus of the material when all of the stresses are accounted for.  An example of the yield 
loci, for the wet and dry material is shown in figure 4.1.  We have proposed that differences 
between the observed yield loci of dry and wet materials can be eliminated if the Isostatic Tensile 
Strength (ITS) is included in the analysis.  We assume that the net effect is that the observed 
yield curve is shifted to the right by a constant amount equal to the ITS.  The value of the ITS is 
not easily measured but can be estimated by measuring the uniaxial tensile strength of a sample 
of the same void fraction [1].  Tests were performed on five dry granular materials, glass beads1, 
93 µm and 180 µm in diameter, super D catalyst2, µm microns in diameter, crushed limestone3 
with sieve size 88 � 180 µm and coal4 with sieve size 88 � 212 µm in order to determine the yield 
locus of the dry material.   Experiments were also conducted on samples at different moisture 
contents.  The complete yield loci were obtained by combining data from a modified shear 
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apparatus described below and tensile strength measurements obtained using a Parfitt tensile 
tester described in detail elsewhere [1].  The shear tests were performed on the modified shear 
apparatus similar to that described by Hiestand et al. [4] for the shear testing on pharmaceutical 
powders.  The method measure the force needed to drag as special, weighted, sled on a powder 
bed.  An schematic of the sled is shown in Figure 4.2.  Figure 4.1 also shows the relation between 
the isostatic and the uniaxial stress. 
 
Results: 

The hypothesis was verified for a variety of materials, particle sizes and wetting fluids.  
Table 4.1 shows a summary of the experimental results comparing the predicted to the measured 
shifts.  A typical set of yield loci for different moisture contents in Leslie coal is shown in Figure 
4.3.  Using the measured uniaxial tensile strength to shift them to the right, they have been 
reduced to a single locus in figure 4.4. 
Shear tests on glass beads wetted with water and n-hexadecane showed that the curvature of the 
yield loci was small and that a simple geometrical relationship could be used to calculate the 
shift.  For crushed limestone, super D catalyst and Leslie coal wetted with water, the relation 
provided a good estimate of the shift or the measured horizontal separation distances.  All what is 
needed is the knowledge of the angle of internal friction N and the tensile strength of the 
material.  The angle of internal friction of the material is obtained from the yield locus.  In the 
case of a slightly curved failure function, its value at a median normal stress can be calculated.  
Equation (1) also implies that the angle of internal friction does not vary when the moisture 
content of the material is changed.  This appears to be the case for the materials studied, glass 
beads, crushed limestone, super D catalyst and Leslie coal, powders that do not show tensile 
strength when dry but might be different for other materials.  The effect of moisture on naturally 
cohesive materials needs to be studied. 
 
Summary: 
The theory of shift enables one to determine the yield locus of a powder at any moisture content 
by shifting the original failure function in the region of positive normal stresses.  For powders 
with straight yield loci, the shift is a function of the difference in tensile strengths of the material 
at the moisture content considered and the angle of internal friction. 
____________________________________ 
 
1Potter Industries Inc., Cleveland, OH 44113 USA. 
 
1AGWAY Inc., Syracuse, NY 13221 USA. 
 
2W.R. Grace & Co., Davison Chemical Division, Cincinnati, OH 45229 USA. 
 
3AGWAY Inc., Syracuse, NY 13221 USA. 
 
4Leslie mines in Western Pennsylvania provided by New York State Electric and Gas. 
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Table 4.1: Measured and predicted shift between the yield loci of the various powers     
               wetted with water and n-hexadecane. 
 
   

Measured shift 
(g/cm2) 

 
Predicted shift 

(g/cm2) 
Dry - 1.3% water 26.28 21.77 
Dry - 4.0% water 29.63 29.64 
Dry - 1.0% n-hexadecane 14.01 9.67 
1.3% water - 4.0% water 5.52 7.87 
1.0% n-hexadecane - 1.3% 
water 

12.49 12.10 

 
 
Glass beads (93µm) 

1.0% n-hexadecane - 4.0% 
water 

17.13 19.97 

Dry - 1.3% water 11.78 9.11 
Dry - 4.0% water 15.22 12.16 
Dry - 1.0% n-hexadecane 7.00 3.93 
1.3% water - 4.0% water 3.91 3.04 
1.0% n-hexadecane - 1.3% 
water 

5.05 5.18 

 
 
Glass beads (93µm) 

1.0% n-hexadecane - 4.0% 
water 

8.60 8.22 

Dry - 1.3% water 4.00 3.88 
Dry - 4.0% water 9.75 10.68 
Dry - 10.0% water 15.56 14.42 
1.3% water - 4.0% water 5.79 6.79 
1.3% water - 10.0% water 12.55 10.53 

 
 
Crushed limestone 

4.0% water - 10.0% water 6.49 3.74 
Dry - 15.0% water 4.45 5.01 
Dry - 20.0% water 19.28 17.60 
Dry - 25.0% water 22.78 21.20 
15.0% water - 20.0% water 14.92 12.58 
15.0% water - 25.0% water 19.05 15.99 

 
 
Super D catalyst 

20.0% water - 25.0% water 4.64 3.41 
Dry - 4.0% water 7.31 5.31 
Dry - 10.0% water 19.02 17.94 

 
Leslie coal 

4.0% water - 10.0% water 11.32 12.63 
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Figure 4.1: Yield loci of the dry and wet material showing the isostatic and uniaxial tensile 
strengths. The isostatic tensile strength gives the shift from the dry to the wet loci.  

 
 

Figure 4.2. Schematic representation of the modified shear tester. 
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Figure 4.3. Dry and wet yield loci of Leslie coal. 
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Figure 4.4: Intrinsic yield locus of Leslie coal 
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Chapter 5: The breakage under traction of a granular material  
 

ABSTRACT: 

 

The strain-stress behavior of a wet granular media was measured using a split cell Parfitt 

tensile tester. In all cases the stress increases linearly with distance until the maximum uniaxial 

tensile stress is reached. The stress then decreases rapidly with distance after this maximum is 

reached. The linear region indicates that wet solids behave elastically for stresses below the tensile 

stresses of the wet material and can store significant elastic energy. The elastic deformation can be 

explained using a simple packing model  and analyzing the behavior of individual capillary bridges 

and accounting for the deformation of the solid particles.  
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Introduction 

 

 Figure 5.1 shows the tensile stress measured in a Parfitt tester against the displacement 

for 89-micron glass beads with 3 weight  % moisture content. As can be seen the force required 

to pull apart the sample increases with distance to reach a maximum at a separation of about 25 

microns or one third of the particle diameter. Unfortunately, while the Parffitt Tester, which 

correctly measures the force applied, it uses a soft spring in its strain gauge and the displacement 

of the inchworm screw cannot be used to measure the strain in the sample.  As will be described 

below, the tester was modified to measure the true force-elongation of a wet granular material. 

The force-elongation of the same sample (89-micron glass beads with 3 weight  % moisture 

content) with the modified Parffitt Tester is shown in Figure 5.2.   In all cases a similar pattern is 

observed, when stretching, with a linear region to the maximum stress followed by an rapid 

decay of the stress. The objective of this part of the research was to explain and analyze the 

force-elongation of a wet granular material on a fundamental basis as it has been done with other 

mechanical properties.  The observed  elastic behavior is unexpected, and difficult to explain 

quantitatively.  

 

Mathematical modeling 

  

 To understand, as a first approximation, the observed behavior we will assume wet solids 

consist of a cubic of spherical particles and some water which connected by means of capillary 

forces. The water content is such that the wet solid is in the pendular state, i.e. not interfering 

bridges(Figure 5. 3). 
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Liquid bridges and capillary force 

 

The basis of the cohesive behavior of wet solids is the attractive forces due to the presence of 

capillary bridges, of a liquid with surface tension α and contact angle ϕ, as the one shown in Figure 

5. 4. In the pendular state, attractive force induced by the bridge is, following the notation of Figure 

5. 4 [Reference 1], given by: 
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where h* and r* are two dimensionless radii of curvature of the liquid bridge when taken as arcs of a 

circle. The exact solution values of the radii of curvature h and r1 can be obtained by solving 

numerically the Laplace Young equation for the surface shape. However, in practice, the error is very 

small [Reference 2]. 

 

The filling angle,θ, is determined by the moisture content xw, defined as the ratio of the mass 

of liquid to the mass of dry particles, is given by: 
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Based on the moisture content it is possible (as discussed in Reference 1) to determine the 

bridge volume and the filling angle. The variation of the filling angle with the dimensionless 

elongation, a/d,  and the moisture content is given in Figure 5. 5. For the constant moisture content, 

the variation of the capillary force with the relative dimensionless distance a/d is given in Figure 5. 6. 

As predicted, the capillary force decreases with the elongation and becomes zero. At this point, the 

liquid bridge will rupture. This is only an approximation, a more detailed calculation of the breakage 

point has been presented by Figure 5.5 also shows the rupturing distance of the liquid bridge as a 

function of moisture content.  

 

 For a zero contact angle, the filling angle is only function of the distance between centers, a, 

for constant moisture content and particle diameter. The total capillary force in the section can be 

found as, 

 

 A)a(nfF cc =           (5.6) 

 DTA =           (5.7) 

 

where A is the area across a plane through the wet solids,  D id the diameter, T is the thickness of the 
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sample and  n is the number of particle-particle contacts per unit A. This value is given by Rumpf 

[Reference 4] analyzing of the tensile strength of the wet solids as, 

 

 2d
)1(1.1n

ε
ε−=          (5.8) 

 

 

Deformation of elastic spherical particles 

 

 It is also possible that the elastic behavior of the solid is responsible for the elastic energy 

accumulated. If the solids were elastic, the first part of the deformation would be the unloading of the 

elastic forces mobilized by the capillary forces.  The net force, Fexp, would be a combination of the 

repulsive elastic forces, Fe, and the attractive capillary forces, Fc, as shown in the schematic in Figure 

5. 7. An repulsive force Fe between two elastic spheres, as is shown in Figure 5. 8 will displace the 

centers toward each other by a displacement , δ, given by [see Reference 5]: 
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 Where E and ν are theYoung modulus and the Poisson coefficient of the solid spherical 

particle, respectively. At equilibrium, the capillary force is equal to the elastic force resulting in the 

maximum elastic displacement, δ1,max, 
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 As a function of total displacement, δ,  the elastic force can be found to be, 
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 Similar to the total capillary force, the total elastic force is, 

 

 AnfF ee =  

 

 The uniaxial normal stress can be written as, 
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 The effect of the random direction of the forces is included in the value of n. The maximum 

tensile stress is obtained when fe = fc as, 

 

 cmax nf=σ           (5.13) 

 

 The strain for can be described as, 
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 and the elastic modulus of the wet solids follows as, 
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 As is seen in Eq. (2.7), E* increases with the displacement. In the equilibrium with capillary 
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force, the maximum elastic modulus is obtained as, 
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3. Elongation of the wet solids 

 

 To obtain the mechanics characteristic of wet solids, it is necessary to figure out the stress-

strain or the force-elongation curves. The wet solids is elongated by an external force which is equal 

to the net force given by, 

 

 ecn FFF −=           (5.17) 

 

 Thus, the tensile stress, strain and elastic modulus of the wet solids can be found as a 

function of the elongation and the net force by, 
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 In the Parffitt Tester, although, the displacement, δ, can be measured directly, the force 

measured from experiments is the difference of the capillary and elastic ones as, 

 

 ecnexp FFFF −==          (5.22) 
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 At δ = δmax , Fe becomes zero and Fexp,δmax ,which is the maximum experimental value, will be 

equal to the Fc,exp which assumed to be constant in elastic region. The experimental elastic properties 

can be define as, 
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where Lc is the characteristic length which is subjected to elongate. For the circular sample the 

characteristic length, Lc, is assumed to be the half of D. 

 

Results from the literature 

 

 Abdel-Ghani et al. [Reference 5] measured the elastic modulus and failure under load of wet 

powder compacts and found values similar to the ones given above. They used three methods: 

indentation, compression and beam deflection. With glass in the 40-75 micron range the unsilanised 

values of E were 0.46 and 1.4 MPa under compression and beam deflection. They propose that the 

low value may be due to the formation of load chains. This would require, however that only a small 

fraction of the particles actually carries the load. An alternative explanation is advanced below. 

 

Experimental procedure 

 

 The apparatus used in the experiments is a modified Parffit Tester manufactured by 

Scientific Instrument Developers, Inc. (Pittsburgh, Pennsylvania) and described .  The basic design, 

prior to modification is shown in Figure 5. 9. 
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This apparatus was modified to have a larger cell size that is approximately 8.0975 cm in 

diameter and 2.54 cm tall.  This larger cell was used measure lower normal stress.  This increased the 

accuracy of the results as the large forces are measured more accurately. 

 

The Inchworm Translator is controlled by a Burleigh Control Module.  It is driven by a 

stepper motor that turns in steps of 1/60th of a revolution.  Each step corresponds to a displacement 

of 200 nm. It is also observed that there is a linear change between the two steps.  The output of the 

force transducer is measured by a 12 bit DAS08 DAS board manufactered by Computer Boards Inc., 

Mansfield, MA.   

 

Originally, the powder cohesiveness tester did not measure the elongation of the sample 

during a run since it uses a soft spring and a strain gauge to determine the force.  This spring has an 

elastic spring constant that is sufficiently small such that the vast majority of the elongation during 

the experiment is due to this spring and much larger than the elongation of the sample. 

 

To measure the elongation of the sample during a run, a second force transducer, attached to 

a leaf spring is added between the fixed plate and the movable plate, as is shown in Figure 5. 10.  

The force transducer is an Entran model ELFS-B3-5L with a maximum range of 5 lbs.  This force 

transducer is powered and its signal is amplified by an Entran PS-30A-1 power supply/amplifier.  

The amplified signal is then read by the 12 bit DAS08 DAS board.  This force transducer/leaf spring 

combination is calibrated for displacement and force.  The following force diagram shows how the 

force associated with the cell is determined. 

 

Fexp = Cell Force 

FM = Motor Force 

FS = Leaf / Second 
Force Transducer 



 
 49 

Figure 5. 11. Force diagram for the elongation-force system. 

 

Fexp = FS � FM         (5.26) 

        

The displacement of the cell is equal to the displacement of the force transducer/leaf spring 

because it is in parallel to the cell.  

 

 Wet powder samples were prepared in a 1L beaker and mixed with a power drill equipped 

with a stirrer to ensure homogeneity.  Approximately 150 grams of mixture was then weighed and 

compacted into the cell using a cylindrical guide and piston.   This piston was put under a force and 

rotated to ensure a well-compacted cake in the cell. 

 

To carry out the measurement the inchworm translator is stepped forward to place the two 

force transducers under stress.  When they both read approximately 1 kilogram of force, the 

Inchworm translator is stopped.  The sample is carefully placed on the fixed plate and the movable 

plate with great care taken not to cause it to break.  The positioning clamps are then tightened 

carefully to hold the sample in place and in a way that causes no residual stress on the system from 

their torques.  The Inchworm Translator is then set to step back, causing the forces on both 

transducers to decrease.  As the forces on second transducer in the leaf spring decrease, it expands 

stretching the sample.  The sample then exerts a force on the system to resist the stretching.  The data 

acquisition system records the force on the cell as the difference of the forces on the two transducers 

and the displacement from the signal on the leaf spring.  

 

 Using this particular leaf spring and force transducer, a sensitivity of approximately 50 

nanometers is possible with a total range of 12 microns.  By altering the shape, thickness or material 

of the leaf spring, the sensitivity and range can be adjusted to allow for different types of materials 

that have different distances to breakage. 
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 A distinct disadvantage of this apparatus is the inability to accurately measure strain.  The 

distance can be measured accurately, but, because of the circular shape of the sample, it is unclear 

how much of the sample is actually elongating.  The stress distribution corresponds to shallow 

cylinder with traction forces applied on two semicircular bottoms. As a first approximation the 

characteristic length is taken as one-half of the cell diameter. The stress is obtained as σ=F/TD, 

where F is the traction force and T is the thickness of the sample and D is the diameter of the 

samplel.  The effect of having the material attached to the bottom of the split box was determined by 

filling a band parallel to the fractured diameter with hard wax so that only the edge further away 

from the fracture zone was attached to the test cell. No changes in the measurements were observed.

   

 

Experimental and model results 

 

  Experiments were carried out using glass beads with two different particles sizes: 49 µm and 

89 µm. The moisture content was varied  between 1 % and 7 % wt. The value of the force and 

displacement were recorded. 

 

 

 Most of the results that were gathered yielded the general shape shown in Figure 5. 2. There 

is an elastic region for the samples studied where the elongation is reversible.    As the elongation 

increases, plastic deformation occurs.  Figure 5. 12 shows that for 49µm glass beads containing 3% 

water displacements below 400nm ten compression-extension cycles appear reversible. 

 

 The reversibility disappears at larger elongations, as is shown in Figure 5. 13 for 

displacements greater than 1200nm when a compressive stress is needed to return the cell to its 

original position. 

 

 The effect of the water content on the stress-elongation curves for 49 µm glass beads  shown 

in Figure 5. 14. The maximum stress corresponds to the tensile strength of the wet material and is 
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given in Figure 5. 15. As expected the tensile stress levels off at moisture contents exceeding 3% in 

weight (Pierrat, [3]). 

 

The particle size was found to have a significant effect on the tensile strength of the compact. 

 Figure 5. 16 compares of the stress elongation data for 49 micron glass spheres and 89 micron glass 

spheres and agrees with previous data where indicating that the yield strength of a wet granular 

media is inversely proportional to the diameter of the particle. It also indicates reasonable replication 

of the experimental data. 

 

 Computed values of the elastic modulus using the initial slope of the stress-elongation curve 

and the diameter as characteristic length are shown in Figure 5. 17. The values are in the 40-160 

MPa. They are much smaller than the elastic modulus of glass (~6,000 MPa) and can be compared 

with the values measured by Abdelghani et al.[5]. They used several methods including indentation, 

compression and beam deflection and obtained values in the (0.6~18 MPa) range. 

 

The average strain in the elastic range observed (~2.5x10-6) is, however, much smaller than 

the (0.3-2x10-2) reported by [5]. 

 

Analysis of the elastic region 

 

 We may model the granular media as a collection of parallel chains of particles connected by 

liquid bridges.  Again this can be interpreted a chain of elements made up of compressed stiff 

nonlinear springs and the capillary bridges, as is seen in Figure 5. 18, in series.  These springs are 

loaded under the force due to the capillary bridge. Stretching the sample will unload all of the springs 

simultaneously. The traction will be the same in all springs and equal to the difference between the 

spring force and the capillary force. Since the elongation is divided among all of the elements of the 

chain, the stretching in each bridge will be negligible (∼ 1 nm) and the capillary force will remain 

constant (Figure 5. 19).   
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 The stress-elongation curve can be divided in two parts. The first part includes the capillary 

and elastic regions. This corresponds, in Figure 5. 19, to require to the left of the maximum force. As 

discussed above, in this region the capillary force will be constant since there is little relative 

displacement of the particles. The measured force is the difference between the capillary and the 

repulsive elastic force. At equilibrium, the elastic is identical to repulsive.  

 

The capillary force for one bridge can be calculated using Eq. (5.1) trough (5.5) for a given 

moisture content. Using this force, from Eq. (5.10) , the maximum elastic displacement for one 

bridge can be calculated. The total elastic force can be found from Eq. (5.11) and (5.12) as a function 

of the total displacement. Once the elastic forces are relieved, they provide no tensile stress and the 

capillary forces are the only forces acting.  Only one capillary bridge in the chain will stretch and 

break while the others remain unchanged. The variations of the calculated elastic and capillary forces 

are shown in Figure 5. 20. Comparison with the experimental results is also shown in Figure 5. 21.  

 

Conclusions 

 

 In spite of the complex geometry of the test cell considerable amount of information on the 

tensile properties of wet granular materials was obtained. It appears from the experimental data and 

analysis given above that fracture of the wet compact requires relieving all the elastic stresses in the 

direction of the elongation. This elastic stresses are well represented by the Hertz model of 

deformation about the contact point of two spheres.   This elastic behavior is, from the experimental 

results, limited to very small displacements. The experiments show that fracture occurs in one plane 

and that the distance corresponds to the stretching and breakage of a single bridge. 

  

 

 



 
 53 

REFERENCES 

 

[1] P.Pierrat, D.K. Agrawal and H.S. Caram, Tensile strength of wet granular metarials, Powder 

Technology, 99 (1998) 220-227. 

 

[2] Heady, R.B. dn J.W. Cahn, Metall. Trans., 1 (1970) p. 185.    

 

[3] Pietsch, W.B. and Rumpf, H., Chwm. Ing. Tech., 39(1967), p.203 

 

[4] Heady, R.B. and Rumpf, H., Chem. Ing. Tech., 25 (1980) 203-214. 

 

[5] Timoshenko, S. and J.N. Goodier, �Theory of Elasticity�, McGraw Hill, New York, (1951), p. 

372. 

 

[6] Abdelghani, M., J.G. Petrie, J.P.K. Seville and R. Clift, �Mechanical properties of cohesive 

particulate solids� Powder Technology, 65(1991) 113-123. 

 

 

 



 
 54 

Figure 5. 1. Stress-elongation curve measured with the Parffitt Tester.  

 

Figure 5. 2. Stress-elongation curve measured with the modified Parffitt Tester.  
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Figure 5. 3. Cubic packed wet granular media. 

 

 

Figure 5. 4. Liquid bridge between monosized particles. 
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Figure 5. 5. Filling angle as a function of the dimensionless elongation  (contact angle δ =0). 
 

  
Figure 5. 6. Dimensionless force (F/αd) as a function of the dimensionless elongation  
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Figure 5. 7. Attractive- repulsive forces in wet powder. 

 
 

 
Figure 5. 8. Deformation of two elastic spheres with an attractive force. 
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Figure 5. 9. Parfitt tensile strength tester. 

Figure 5. 10. Parfitt tensile strength tester with a second force transducer (displacement 

transducer). 
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Figure 5. 12. Reversibility study for glass spheres (small displacement) 

Figure 5. 13. Reversibility study for glass spheres (large displacement) 
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Figure 5. 14. The effect of moisture content on the stress-elongation for 49 micron glass spheres 

 Figure 5. 15. Maximum stress for 49 micron glass beads at different water contents. 
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Figure 5. 16. Effect of particle diameter on the stress-elongation curves (water content: 3wt%) 

Figure 5. 17. Effect of the water content on the elastic modulus (Lc = D, d=49 µm ) 
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Figure 5. 18. Model of a granular material made up of nonlinear springs and capillary bridges. 
 

Figure 5. 19. Example of the forces in  a granular material ( d=49 µm 3wt % H2O) 
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Figure 5. 20. Model predictions of capillary and elastic forces. 
 

Figure 5. 21. Comparison between predicted and measured forces.  
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