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Abstract 

Hypothesis: Previous use of linear elastic fracture mechanics to estimate toughness of wet 

particulate materials underestimates the toughness because it does not account for plastic 

deformation as a dissipation mechanism.  Plastic deformation is responsible for the majority of 

energy dissipated during the fracture of wet colloidal particulate materials.  Plastic deformation 

around the crack tip increases with saturation of the particulate body.  The toughness of the 

body increases with increasing saturation.  

Experiments: Elastic plastic fracture mechanics using the J-integral approach was used for the 

first time to measure the fracture toughness (JIC) of wet micron sized alumina powder bodies 

as a function of saturation.  The samples were prepared by slip casting. The saturation was 

controlled by treatment in a humidity chamber.  The elastic modulus (E) and the energy 

dissipated by plastic flow (Apl) were measured in uniaxial compression.  The critical stress 

intensity factor (KIC) was measured using a diametral compression sample with a flaw of 

known size. The fracture toughness (JIC) was calculated from these measured quantities and 

the geometry of the specimen. 

Findings: Elastic plastic fracture mechanics was used for the first time to quantitively account 

for plastic deformation of wet particulate materials.  The linear elastic fracture mechanics 

approach previously used accounted for less than 1% of the total energy dissipated in fracture.  

Toughness (JIC) was found to increase with increasing saturation due to plastic deformation 

that increased with saturation level.. The improved understanding of toughness as a function 

of saturation will aid in providing quantitative analysis of cracking in drying colloidal films 

and bodies.  

Keywords: cracking; fracture mechanics; wet particulate materials; plastic deformation; 

toughness 



1. Introduction 

Fracture of particulate materials is important in a range of natural and industrial drying 

phenomena including mud cracking as well as drying of paint, coatings, ceramics and sewage 

sludges. [1-6] Although drying cracking has been studied extensively [6-23] there is little 

information about the fracture toughness of wet particulate materials [23-38] and even less 

about the role of the degree of saturation on the fracture toughness. The previous work has 

assumed linear elastic fracture mechanics although plasticity at the crack tip has been 

considered. [16,23,38]   Table 1 presents a timeline of the advances in understanding the role 

of plasticity and saturation on the fracture of wet particulate materials.  The current paper builds 

on this previous work and advances our previous work [38] where we investigated the critical 

stress intensity factor (KIC, fracture toughness) via a linear elastic fracture mechanics (LEFM) 

approach on dry and nearly saturated particulate bodies.  Although the LEFM approach would 

normally apply to brittle materials only, we applied a modification of the model to account for 

non-linearities by assuming a process zone is present and implementing an iteration procedure 

to determine its size. [39] In the current work, we use an elastic plastic fracture mechanics 

(EPFM) approach, the J-integral, to determine the toughness (JIC) of particulate materials for 

the first time.  This approach accounts for the energy dissipated by plastic deformation around 

the crack tip. Previously, only linear elastic fracture mechanics was used which did not 

accurately account for the plastic deformation of the material. The use of EPFM used in the 

present paper quantitively accounts for the plastic deformation within the sample which as we 

will show, constitutes the majority of energy dissipated in fracture of wet particulate materials. 

In the EPFM approach, JIC is analogous to the critical strain energy release rate (G) in LEFM.  

In the previous work [38] we used an ultrasonic technique to measure the elastic modulus of 

the dry and nearly saturated powder bodies. The modulus values obtained from stress-strain 

measurements are typically about an order of magnitude lower than those obtained from sound 

velocity measurements.  The reason for this difference is still not clear, although the literature 

reports modulus for dry powder compacts via ultrasound on order of 1 GPa, [40] and wet 

powder compacts via compression on order of 100 MPa [41-43] similar to our results. Due to 

this discrepancy, in the current work we measure the elastic modulus and the area under the 

stress-strain curve in uniaxial compression as a function of saturation.  We measure the critical 

stress intensity factor (KIC) using diametral compression samples with flaws of known size 

over a wide range of saturation values.   These measurements enable us to calculate the 

toughness (JIC) of the wet particulate material as a function of saturation.  



2. Experimental and calculations 

2.1 Sample preparation  

Aqueous suspensions were prepared from high purity alpha-alumina powder (AKP-15, 

Sumitomo Chemical Co. Ltd, Tokyo Japan) with a mean particle diameter of 0.7 μm. [45]   

Suspensions were prepared containing 0.25 volume fraction of solids (f), which were dispersed 

at pH 4.0 (±0.1) using analytical grade HNO3 followed by ultrasonic dispersion (Misonix 

Sonicators S-4000, Newtown CT, USA) to create a well dispersed sample. 

Cylindrical samples for uniaxial compression tests to determine modulus and area under the 

stress strain curve were slip cast into plaster of Paris molds.  The molds were produced by 

preparing plaster in two half molds with half cylindrical depressions. These two halves were 

held together by rubber bands and placed upon a plaster board. Modelling compound was used 

to secure the two halves to the plaster board underneath.  Stainless steel cylinders were placed 

on top of the plaster mold to provide a reservoir for the slip. The set-up is shown in Figure S1a 

in the supplementary material.  The mold produced slip cast samples of 1 cm diameter and 2 

cm length.  The samples were cast for 1 hour. The top of the stainless-steel cylinders was 

covered with cling wrap. After casting, the top surface of the sample was cleaned up to produce 

a flat surface by removing the excess material before demolding the samples. Diametral 

compression samples with flaws for fracture toughness testing were slip cast by pouring the 

suspensions into aluminium disk-shaped molds with a diameter 34.5 mm placed on plaster of 

Paris boards as shown in Figure S1b in the supplementary material. Flaws (length (2ao) = 

10.35 mm) were cast through the thickness of the specimens using elongated diamond shaped 

aluminium inserts. The width of the flaw at its widest point (at the centre of the disk) is 

1.25 mm. The amount of suspension cast was such that a consolidated disk thicknesses of 

approximately 8-10 mm resulted. The casting time was 6 hours. The mold was covered with 

cling wrap to prevent water loss from the top surface of the casting. Further details are provided 

elsewhere. [38] The mechanical tests on the dry samples were conducted after drying in an 

oven for 24 hours at 80oC. Samples to be tested wet were placed in a humidity-controlled 

chamber as described below. 

The samples to be tested wet were stored in a humidity chamber. A rectangular fish-tank was 

used as the chamber.  Air was bubbled through water in a one-armed Erlenmeyer flask then 

into the chamber. The water was maintained at 50 to 70 oC. A humidity probe within the 

chamber was used to control the pump. The pump switched on when the humidity dropped 



below the setpoint and switched off when above the setpoint. The apparatus is shown in Figure 

S2 in the supplementary material.  The set point was generally either 50% or 90%.  Samples 

left in the chamber at 50% humidity reached a saturation level of between about 30 to 60% 

after 1 to 3 days.  Samples left in the chamber for 2 to 5 days at 90% humidity reached 

saturation levels between about 70 and 95%.  The relative density and saturation for the 

samples were measured via the weight difference method, where the volume of water contained 

within the wet bodies was determined by weighting the samples after removal from the 

humidity chamber, then after drying for a minimum of 24 hrs at 80°C. Archimedes’ method 

using wax coating of the powder compacts was used to determine the relative density of the 

dried cast cylinders as described in prior work. [48]  Using the relative density and the weight 

loss during drying, it was possible to determine the fraction of saturation.  

2.2 Fracture toughness determination 

JIC is determined as described in ASTM E1820-17a, Standard Test Method for Measurement 

of Fracture Toughness. [49] Our approach is based on the assumption that one half of the 

diametral compression geometry used in our work is equivalent to one of the compact tension 

specimens in ASTM E1820 section A2, as shown in Figure 1.  The plane stress limit is valid 

for the disk geometry used. 

 

Figure 1. Schematic illustration showing the correspondence between dimensions of a) the 

compact tension specimen in ASTM E1820 [49] and b) the diametral compression specimen 

used in this work where R is equivalent to W. Both the tensile load (F) on the compact tension 

specimen and the compressive load (P) on the diametral compression specimen produce a 

tensile stress (st)  applied to the flaw tip. 



JIC is given by Equations A2.4 to 2.6 in ASTM E1820 for plane stress as  

𝐽!" =	
𝐾!"# (1 −	𝜈	#)

𝐸 +
𝜂%&𝐴%&
𝐵'𝑏(

 (1) 

The first term is the elastic component of JIC and the second term is the plastic component of 

JIC.  Our previous approach [38] only considered the elastic component. The critical stress 

intensity factor (KIC) is determined from the diametral compression test as described below. 

The Poisson’s ratio (n) is assumed to be 0.3. The modulus (E) is determined from the uniaxial 

compression test as described below. The factors BN, bo and hpl, are determined from the 

geometry. BN is thickness of the disk which is usually about 8 to 10 mm.  bo is the uncracked 

ligament (R - ao).  R (the radius of the diametral compression sample) is assumed to be equal 

to W in ASTM E1820 (see Figure 1).   ao is half the flaw length. In this work (bo = R - ao = 

17.25 – 5.175 = 12.075 mm). According to ASTM E1820,  𝜂%& = 2 + ).+##,!
-

  for this geometry.  

The area under the load displacement curve (Apl) is determined from the uniaxial compression 

test as described below. Apl is a measure of the energy dissipated by plastic deformation.  

Uniaxial compression tests were conducted using the Instron® 5848 MicroTester™ with a 2 kN 

loadcell (Instron – Illinois Tool Works Inc., Norwood MA, USA). Compression was between 

flat stainless-steel platens at a rate of 0.1 mm/min for samples with greater than 20% saturation 

and at 0.05 mm/min for samples with less than 20% saturation. The load and displacement 

were converted to stress and strain using the dimensions of the cylindrical sample, 1 cm 

diameter by 2 cm long.  A total of 45 samples with saturation varying between 0% and 86% 

saturation were measured.  The elastic modulus is taken as the steepest slope of the loading 

curve; ignoring the apparent low slope at the start of the curve due to non-parallel sample 

flattening. The area under the load-displacement curve (Apl) was determined by measurement 

of the area under the stress-strain curve using the trapezoidal rule and the cylinder diameter 

and length.  

Diametral compression was carried out on an Instron® 5848 MicroTester™ with a 2 kN 

loadcell (Instron – Illinois Tool Works Inc., Norwood MA, USA). The disk was loaded in 

compression along its diameter parallel to the long axis of the flaw to generate a tensile stress 

within the sample perpendicular to the loading direction. At the centre of the disk, the stress is 

at a maximum; assuming line contact load, the magnitude of the elastic stress derived from 

theory by Hertz are; [50] 



𝜎. =	
2𝑃
𝜋𝐷𝑡 

(2) 

where 𝜎. is the stress in the direction perpendicular to the loading direction, 𝑃 is the 

compressive load, 𝐷 is the diameter and 𝑡 the disk thickness. The fracture stress (sf ) is taken 

as the tensile stress in the direction perpendicular to the loading direction when the crack 

propagates from the flaw tip.  21 samples were tested with a range of saturations from 0 to 98% 

saturation. 

The critical stress intensity factor (KIC) is determined for a pure mode I type loading condition 

as follows; 

𝐾!/ =	𝜎0𝐹!7𝜋𝑎( (3) 

where 𝜎0 is the failure stress, ao is half the flaw length (5.175 mm), and 𝐹! is the non-

dimensional shape coefficient for mode I loading which is 𝐹!  = 1.387 for ao/R = 0.3 as in the 

present geometry. [51-52]  

JIC can then be calculated from equation 1 using the geometry of the diametral compression 

sample and the measured mechanical properties.  The analysis is based on the assumption that 

the material is homogeneous and isotropic and that it is symmetric in compressive and tensile 

stress-strain behaviour. A particulate material comprised of colloidal sized particles produced 

by slip casing from a well dispersed suspension is expected to be homogeneous on a 

macroscopic length scale relevant to the crack extension (many orders of magnitude larger than 

the particle size). Objects cast from well dispersed slurries without additional pressure are 

known to be isotropic. [53]   

3. Results and discussion 

3.1 Influence of saturation on stress-strain behaviour 

Typical stress-strain curves measured in uniaxial compression for three different saturation 

values are shown in Figure 2.  The maximum slope of the loading curve (elastic modulus) 

decreases with increasing saturation.  The point of fracture occurs at the highest stress shown 

on the figure for each sample.  The unloading modulus is taken as the same as the initial loading 

modulus.  In many cases there was no clear yield point; instead, often the rate of increase of 

the stress with increasing strain just decreased.  Such behaviour is consistent with 

micromechanical modelling which suggests colloidal particulate bodies yield at very low 

strains typically on order of 0.1 %. [54-55]  The area under the stress-strain curve increases 



dramatically with increasing saturation. The modulus of the 45 samples tested are plotted as a 

function of saturation in Figure 3.  There is some scattering in the data which appears more 

significant at lower saturations.  The scatter is possibly due to slight variations in the non-

uniformity in saturation throughout the sample.  Although the green density of the samples 

ranges from 2.33 to 2.58 g/cc with average 2.47 g/cc (62% theoretical density (TD)), there 

appears to be no correlation between density and modulus when examined over narrow 

saturation ranges.  (See Figure S3 in the supplementary materials.) The data is best fit to a line 

with equation (E = - 0.844 (% sat) + 233.7) where E is in MPa as shown as the dashed line in 

Figure 3.  The modulus obtained from the compressive stress-strain curves are likely to be 

different from those measured in our previous work that applied the acoustic method, [38] this 

is likely the effect of anisotropy and inherent difficulty in measuring saturated materials with 

the acoustic approach, which warrants further investigation but is beyond the scope of this 

work.   

Figure 4 shows the value of Apl (area under the load-displacement curve as defined in ASTM 

E1820 Figure A1.2 using the Basic Test Method) for the 45 individual uniaxial compression 

tests.  The area under the stress strain curves was determined using the trapezoidal rule, then 

the area under the unloading curve was subtracted, to obtain the “toughness” of the sample in 

MPa.  This area was converted to Apl by multiplying the “toughness” by the sample volume to 

obtain Apl in Pa.m3 (equivalent to N.m).  Again, there is a fair bit of scatter in the data, for these 

measurements the data at higher saturation have more scatter. The scatter is likely due to non-

uniform distribution of moisture in the sample and not due to density variation as shown in 

Figure S4 in the supplementary information.  The data is best fit to a line with equation (Apl = 

7.85 x 10-4 (% sat) + 0.0039) where Apl is in Pa.m3 as shown as the dashed line in Figure 4.   

 



 
Figure 2. Typical stress-strain curves in uniaxial compression for 0% (black solid line), 68% 

(red dashed line) and 82% (blue dotted line) saturation. The elastic modulus decreases as a 

function of saturation and the area under the stress-strain curve increases as a function of 

saturation. 



 
Figure 3. Plot of elastic modulus from compression experiments verses saturation.  The dashed 

line is the best linear fit to the data (E = - 0.844 (% sat) + 233.7) with E in MPa.   The quality 

of the fit is indicated in the inset in the figure. The average green density of the dried samples 

was 2.47 g/cc = 62% TD ranging from 2.33 to 2.58 g/cc. 



 

Figure 4. Plot of Apl verses saturation. The dashed line is the best linear fit to the data (Apl = 

7.85 x 10-4 (% sat) + 0.0039) with Apl in Pa.m3. The quality of the fit is indicated in the inset 

in the figure. The average green density of the dried samples was 2.47 g/cc = 62% TD ranging 

from 2.33 to 2.58 g/cc. 

 

3.2 Influence of saturation on elastic component of toughness (KIC) 

The typical load-displacement behaviour for diametral compression samples containing flaws 

is shown in Figure 5 for a dry and highly saturated sample.  The crack extends from the flaw 

at the highest load shown in the figure.  This fracture stress is calculated from the fracture load 

and sample geometry using equation 2.  Both the fracture load (stress) and displacement (strain) 

generally increase with increasing saturation.  In all cases the load due to the self-weight of the 

sample (0.29 N) was less than 4.2% of the fracture loads which ranged from 6.95 N to over 

160 N.  The critical stress intensity factor (KIC) was calculated using equation 3 for each of the 

21 samples tested. The plot of KIC as a function of saturation is shown in Figure 6. The data is 



fit to the equation (KIC = (0.0039)*(% sat)0.41 + 0.0038) where KIC is in MPa.m0.5 as shown as 

the solid line in Figure 6. The data seems to have less scatter than the uniaxial compression 

results for reasons unknown. The average green density of the samples was 2.64 g/cc = 66.5% 

TD ranging from 2.43 to 2.86 g/cc. These density values are slightly higher than the densities 

of the samples tested in uniaxial compression. The slight difference probably due to the 

difference in the slip casting mold geometry. The KIC values increase dramatically with 

increasing saturation as saturation increases from zero to about 10 or 15%, then increases more 

gradually up to 100% saturation.   

 

Figure 5. Typical load-displacement curves for diametral compression tests for ao/R = 0.3 and 

R = 34.5 mm. The dry sample was 7 mm thick and the wet sample was 10 mm thick. The solid 

black line is for 0% saturation and the red dotted line is for the 88% saturation. Both the fracture 

load and displacement increase with increasing saturation. 



 

Figure 6. Plot of KIC verses saturation. The solid line is drawn to guide the eye.  The solid line 

is the fit of the data to (KIC = (0.0039)*(% sat)0.41 + 0.0038) where KIC is in MPa.m0.5. The 

quality of the fit is indicated in the inset in the figure. The average green density of the dried 

samples was 2.64 g/cc = 66.5% TD ranging from 2.43 to 2.86 g/cc. 

 

Sarkar and Tirumkudulu [56] presented an asymptotic analysis of the deformation field near a 

crack tip under mode-I loading conditions. The analysis also resulted in predictions of both an 

effective modulus and KIC for a saturated colloidal packing, of which a brief summary is 

provided in the supplementary material. The effective modulus (Eeff) was shown to be a 

function of the shear modulus of the solid phase (G), coordination number of particles (M), 

random close packing concentration (ϕrcp) , principle stiffness component (𝑄1121) and the 

characteristic strain (ϵ)) in the packing as shown in the supplementary material. The stress 

intensity factor (KIC) was also determined from an expression presented by the same authors 

using the effective modulus (Eeff) and the surface tension of water (g = 0.072 N/m).  The values 

of shear modulus (G) of 156 GPa, coordination number (M) of 6, random close packing 



concentration (frcp) of 0.64 for dispersed Al2O3 suspensions previously reported in the 

literature [57] were used to calculate the effective modulus and resulting KIC.  

It is important to note that the calculation of the effective modulus is a function of the 

characteristic strain in the sample. In our calculations, we have used the elastic strain limit to 

determine the predicted effective modulus (Eeff) which for the nearly fully saturated samples 

(for example as shown for the 82% saturation sample in Figure 2) is about ϵ) = 0.004.  In the 

calculation of the critical stress intensity factor (KIC) the total strain in the body when fracture 

initiates should be used as the characteristic strain which for the nearly fully saturated samples 

(for example as shown for the 82% saturation sample in Figure 2) is about ϵ) = 0.035. 

Table 2 compares the modulus and stress intensity factor from the predictions based on the 

analysis from Sarkar and Tirumkudulu [56] with those determined from experimental 

techniques used in this work for the nearly fully saturated case. The predicted modulus and 

stress intensity factor are in a similar range with the measured values presented in this work.  

 

Table 2. Comparison of the experimentally measured values of modulus (E) and stress intensity 

factor (KIC) with those calculated form theory [56] 

Model [56]  Measured 

εo Eeff KIC  E KIC  
 

[MPa] [MPa·m½]  [MPa] [MPa·m½]  

0.004 175 N/A  149 

N/A 
 

N/A  

0.035 N/A 0.034  0.030  

 

 

 

3.3 Influence of saturation on toughness (JIC) 

JIC was then calculated for the 21 diametral compression samples using their individual KIC 

values, their geometry and the measured values of E and Apl according to equation 1. Since E 

and Apl were measured on different samples than the diametral compression samples there is 

no 1 to 1 correspondence between the saturation in the diametral compression and uniaxial 

compression samples. In order to determine the modulus and Apl to use for each JIC calculation, 



the values of E and Apl were determined from the linear equations of best fit to the E and Apl 

data at the saturation corresponding to the actual saturation of the individual diametral 

compression sample. The results of JIC as a function of saturation for these samples is shown 

in Figure 7 as the solid black circles.  The toughness (JIC) increases dramatically with increasing 

saturation.  In all cases the second term in equation 1 (plastic component of JIC) accounts for 

more than 99% of JIC. Surprisingly, this is true for even the dry samples presumably because 

either micro-cracking or some local particle rearrangement [54-55] occurs prior to failure 

dissipating significant energy.  The trend in JIC is linear with respect to saturation. This is 

because Apl is the major contributor to JIC in the calculation and the data fitting for Apl is a line 

with respect to saturation.  The black short-dashed line is the best linear fit to the data (JIC = 

21.06 (% sat) + 81) with JIC in Pa.m (equivalent to J/m2).  The results of Sesso and Franks [38] 

were also recalculated using the improved estimate of the modulus and the value of Apl 

obtained in the current work. In this earlier work [38] the flaw size to specimen diameter was 

varied from 0.1 to 0.5 rather than fixed at 0.3 as in the current work. The results for flaw sizes 

ao/R = 0.1, 0.3 and 0.5 measured previously [38] are also visible on Figure 7 as red open 

diamonds for ao/R = 0.1, blue open circles for ao/R = 0.3. and green open squares for ao/R = 

0.5.  The data from Sesso and Franks [38] for ao/R = 0.3 falls only slightly below the black 

short-dashed line indicating the fit to the ao/R = 0.3 data calculated in the current work. Note, 

the result from ref [38] at ao/R = 0.3 at the highest saturation is not displayed because it is 

anomalously low. The black solid line in Figure 7 shows the result when ao/R is extrapolated 

to zero, which represents the situation when the only flaws present are inherent in the particle 

packing.  This may be assumed to be the pristine fracture toughness of the material as a function 

of saturation represented as the equation (JIC = 12.97 (% sat) + 60) with JIC in Pa.m.  The results 

are consistent with the previous work that suggests that wet particulate materials are stronger 

[27] and tougher [38] than their dry counterpart.  It is now clear that this increased strength and 

toughness comes from the greater degree of plastic deformation observed as saturation 

increases. Understanding the influence of saturation on fracture toughness of wet particulate 

materials may aid in understanding when and where cracks occur during drying of suspensions. 



 

Figure 7. Plot of JIC verses saturation. The black closed circles are the results from the 21 tests 

performed in the current work.  The black short-dashed line is the best linear fit to the data 

from the 21 tests with ao/R = 0.3 (JIC = 21.06 (% sat) + 81) with JIC in Pa.m.  The red long-

dashed line is the fit for the ao/R = 0.1 data from ref [38], the blue dash-dot line is the fit for 

the ao/R = 0.3 data from ref [38] and the green dotted line is the fit for the data for the ao/R = 

0.5 data from ref [38].  The data from ref [38] for ao/R = 0.3 lies only slightly below the line 

for the results presented in the current paper.   The black solid line shows the result when the 

data is extrapolated to ao/R approaching 0, which can be represented by the equation (JIC = 

12.97 (% sat) + 60) with JIC in Pa.m.   

 

4. Conclusions 

The fracture toughness (JIC) of micron sized alumina powder bodies has been measured using 

elastic plastic fracture mechanics using the J-integral approach for the first time.  Table 1 

presents a timeline of the literature which brought the field from simple fracture strength 



measurements of dry particulate materials to quantitative consideration of the role of plasticity 

in the fracture of wet particulate materials presented in the current paper.   Goehring et al., [23] 

significantly advanced the field in 2013 when they discovered that the plastic component of 

the toughness of saturated particulate materials comprised over 90% of the energy dissipated, 

although they did not measure KIC independently. Later, our linear elastic fracture mechanics 

analysis of wet particulate materials [38] quantitively accounted for the plastic deformation 

zone in independent measurement of KIC and G.  

The approach presented here is based on the J-integral elastic plastic fracture mechanics which 

is more appropriate for materials exhibiting significant plastic deformation. [49]  JIC was found 

to increase with increasing saturation over the entire range of saturation measured.  The data 

presented in the current work range from 0% to 98% saturation, filling the gap (between 0 and 

88% saturation) left by the previous work [38] and extending the high saturation range to nearly 

100%. The major component of JIC is the plastic dissipation term in all cases consistent with 

Goehring et al., [23]. The plastic dissipation term is responsible for over 99% of the energy 

dissipated in fracture. The energy dissipated in plastic flow (Apl, related to the area under the 

stress-strain curve) increases dramatically with saturation and is primarily responsible for the 

increase of JIC with increasing saturation. KIC also increases with saturation, but this elastic 

component is only a minor contributor (<1%) to the energy dissipated in fracture of wet 

particulate materials of colloidal sized particles.  

The next logical steps in understanding the fracture behavior of wet particulate materials would 

be to investigate the influence of solids concentration (relative density of the powder compact) 

and investigate the role of changing interparticle potential from repulsive to attractive by 

changing the pH relative to the isoelectric point. Also, comparison of different approaches to 

measure the elastic modulus to develop consensus on the most appropriate approach should be 

conducted.  The new knowledge will aid in understanding and quantitively predicting fracture 

during drying colloidal particulate materials such as in mud cracking, a topic of significant 

interest. [6-23] 
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Figure captions 

Figure 1. Schematic illustration showing the correspondence between dimensions of a) the 

compact tension specimen in ASTM E1820 [49] and b) the diametral compression specimen 

used in this work where R is equivalent to W. Both the tensile load (F) on the compact tension 

specimen and the compressive load (P) on the diametral compression specimen produce a 

tensile stress (st)  applied to the flaw tip. 

Figure 2. Typical stress-strain curves in uniaxial compression for 0% (black solid line), 68% 

(red dashed line) and 82% (blue dotted line) saturation. The elastic modulus decreases as a 

function of saturation and the area under the stress-strain curve increases as a function of 

saturation. 

Figure 3. Plot of elastic modulus from compression experiments verses saturation.  The dashed 

line is the best linear fit to the data (E = - 0.844 (% sat) + 233.7) with E in MPa.   The quality 

of the fit is indicated in the inset in the figure. The average green density of the dried samples 

was 2.47 g/cc = 62% TD ranging from 2.33 to 2.58 g/cc. 

Figure 4. Plot of Apl verses saturation. The dashed line is the best linear fit to the data (Apl = 

7.85 x 10-4 (% sat) + 0.0039) with Apl in Pa.m3. The quality of the fit is indicated in the inset 

in the figure. The average green density of the dried samples was 2.47 g/cc = 62% TD ranging 

from 2.33 to 2.58 g/cc. 

Figure 5. Typical load-displacement curves for diametral compression tests for ao/R = 0.3 and 

R = 34.5 mm. The dry sample was 7 mm thick and the wet sample was 10 mm thick. The solid 

black line is for 0% saturation and the red dotted line is for the 88% saturation. Both the fracture 

load and displacement increase with increasing saturation. 

Figure 6. Plot of KIC verses saturation. The solid line is drawn to guide the eye.  The solid line 

is the fit of the data to (KIC = (0.0039)*(% sat)0.41 + 0.0038) where KIC is in MPa.m0.5. The 

quality of the fit is indicated in the inset in the figure. The average green density of the dried 

samples was 2.64 g/cc = 66.5% TD ranging from 2.43 to 2.86 g/cc. 

Figure 7. Plot of JIC verses saturation. The black closed circles are the results from the 21 tests 

performed in the current work.  The black short-dashed line is the best linear fit to the data 

from the 21 tests with ao/R = 0.3 (JIC = 21.06 (% sat) + 81) with JIC in Pa.m.  The red long-

dashed line is the fit for the ao/R = 0.1 data from ref [38], the blue dash-dot line is the fit for 

the ao/R = 0.3 data from ref [38] and the green dotted line is the fit for the data for the ao/R = 



0.5 data from ref [38].  The data from ref [38] for ao/R = 0.3 lies only slightly below the line 

for the results presented in the current paper.   The black solid line shows the result when the 

data is extrapolated to ao/R approaching 0, which can be represented by the equation (JIC = 

12.97 (% sat) + 60) with JIC in Pa.m.      
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