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ABSTRACT 4 

Nearly all soils are comprised of mixtures of coarse and fine particles. Behavior under 5 

mechanical and thermal loading of soil is strongly influenced and in some cases, governed by the 6 

ratio of coarse to fine particles. A better understanding of the fundamental behavior of soil mixtures 7 

will provide insight to design decisions for new and emerging geotechnologies. In this work, 8 

behavioral threshold fines fractions were identified by experimental methods, where the threshold 9 

was defined as the point where changes in coarse/fine mixture ratio result in abrupt behavior 10 

changes. Binary mixtures of sand and kaolinite clay ranging from 0 to 100% fines content were 11 

subjected to consistency and undrained shear strength testing with the fall cone apparatus, 12 

compressibility tests using an oedometric cell, thermal conductivity tests with a thermal needle 13 

probe, and stress-strain-strength testing in undrained triaxial shear. Results indicate that behavioral 14 

thresholds exist at a critical fines content where a minimum void ratio occurs and at a percolation 15 

threshold where continuous force chains are present. The behavior changes are explained using 16 

theories of effective properties and percolation. Interpretations of these results lead to a clearer 17 

understanding of soil behavior.  18 
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INTRODUCTION 19 

Nearly all soils are mixtures of coarse and fine particles whose behavior under mechanical, 20 

thermal, and hydraulic loading is strongly influenced by the ratio of fine to coarse particles. 21 

Through understanding the physical cause of behavior changes, soil behavior can be robustly 22 

predicted. Work has been performed in the past investigating the influence of fines content on 23 

various behaviors of coarse-fine mixtures, but few researchers have performed a large suite of tests 24 

on a full range of mixture ratios. 25 

The influence of mixture ratio on the behavior of soils has been shown to have significant 26 

effects on many different behavior types. Thevanayagam (1998), Yamamuro and Lade (1998), and 27 

Thevanayagam et al. (2002) showed that mixture ratio had measurable effects on undrained 28 

strength and static liquefaction susceptibility. Cubrinovski and Rees (2008) were able to show how 29 

mixture ratio affected the position of the critical state line and a mixture’s susceptibility to dynamic 30 

liquefaction. Pandian et al. (1995) were looking for optimal seepage barrier material and showed 31 

that the compressibility and conductivity of mixtures was strongly influenced by mixture ratio. 32 

These results comprise an important contribution to the literature, but the current work seeks to 33 

expand on these studies by considering mixing fractions from 0% to 100% fines using a 34 

comprehensive suite of laboratory tests, notably including thermal conductivity. 35 

REVIEW OF THEORETICAL BACKGROUND 36 

We define a behavioral threshold as a small change in mixture ratio which results in a 37 

significant change in behavior or response trend to some perturbation. Previously, generalized state 38 

parameters, effective properties, and percolation theory have been used to explain the behavior of 39 

particulate mixtures. These theories are generally based on what will be referred to as a four-phase 40 



3 

soil model (Figure 1), which explicitly accounts for the presence of coarse and fine particles in a 41 

binary mixture. 42 

Generalized state parameters attempt to describe how properties of binary mixtures change 43 

with fines fraction by considering the solid and void fractions of both mixture constituents. Several 44 

generalized state parameters have been proposed in the literature; for example, Westman and 45 

Hugill (1930) and Lade et al. (1998) demonstrate how apparent volume (Vapparent=Vtotal/Vsolids) 46 

changes with fines fraction, as shown in Figure 2. Line segment GR in Figure 2 shows how the 47 

apparent volume (or void ratio) of a binary mixture decreases with increasing fines fraction. This 48 

behavior occurs because fine particles are filling the coarse-fraction void space without displacing 49 

coarse particles in a unit volume. Segment RF demonstrates how as the fines fraction increases 50 

beyond some critical fines content at point R, the apparent volume increases as fine particles 51 

displace coarse particles in a unit volume. 52 

Yang et al. (2006) and Choo and Burns (2014) define a critical fines content f* at point R 53 

as a function of constituent void ratio and specific gravity. 54 
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where ec is the void ratio of the coarse fraction, ef is the void ratio of the fine fraction, Gsf is the 56 

specific gravity of the fine particles, and Gsc is the specific gravity of the coarse particles. 57 

Generalized state parameters can be used to describe the behavior of a mixture by 58 

considering the state of one mixture component. For example, Thevanayagam (1998) explains 59 

undrained shear strength variation with changing silt content in mixtures of sand and silt by 60 

comparing the interfine void ratio ( fe e fc  where e is the global void ratio of the mixture and fc 61 
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is the fines content) and the intergranular void ratio [    1se e fc fc   ] to the minimum and 62 

maximum global void ratios of the mixtures. 63 

Effective properties offer a mathematically robust way to bound or average behavior 64 

moduli (e.g. elastic modulus, thermal conductivity) of mixtures. The Hashin-Shtrikman variational 65 

approach (Hashin and Shtrikman 1963) can be used to determine upper and lower effective bounds 66 

on mixture moduli for mixtures of n constituents based on each constituent’s volume fraction and 67 

modulus. The self-consistent approach predicts an average response of a binary mixture by 68 

assuming that one constituent (the inclusions) is embedded in the other (the matrix) and that the 69 

matrix has the properties of the mixture. Self-consistency is the preferred method when 70 

interactions of inclusions are non-negligible or the volume fraction of inclusions is large (Guéguen 71 

and Palciauskas 1994). Solutions to the self-consistent set of equations are presented by Hill (1965) 72 

and Tarnawski et al. (2002). 73 

Percolation theory may be used to describe the occurrence of particles with neighboring 74 

(directly adjacent) or nearest-neighboring (diagonally adjacent) particles in a continuum, forming 75 

clusters of connected particles. As the concentration of particles increases, the frequency and size 76 

of the clusters increases until a dominant system-wide cluster emerges. The concentration where 77 

the cluster size is as large as the system is the percolation threshold. Percolation theory can be used 78 

to determine if a system is macroscopically connected, e.g. if microscopic inclusions in a 79 

continuum are connected on the system-scale (Sahimi 1994). In soil mechanics, percolation theory 80 

has been used to describe the behavior of a binary system as the mixture ratio of coarse to fine 81 

particles changes (Peters and Berney 2009). Percolation of real three-dimensional systems of 82 

binary mixtures (such as coarse particles in a fine matrix) is not an exactly solved problem. Peters 83 

and Berney (2009) suggest that changes in observed volume change tendency in mixtures of sand 84 
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and clay subjected to undrained triaxial shear were a result of sand fraction percolation. The 85 

transition observed by Peters and Berney (2009) occurred between 40 and 48% sand fraction, 86 

which roughly corresponds at an effective porosity neff = 0.72 [  eff T SS Tn V V V  ] where VT is 87 

total volume and VSS is the volume of sand solids), which was reported as the percolation threshold 88 

by King et al. (2002) for rounded spheres in a continuum. 89 

Depending on the theoretical framework employed and the mixing ratio, the mineralogy of 90 

the fines fraction may or may not be predicted to affect the behavior of the mixture. For example, 91 

at high fines contents (i.e., when the sand grains can be considered as a dilute suspension within a 92 

clay matrix), self-consistency and effective properties theories both predict that clay mineralogy 93 

will impact system response. Percolation theory, on the other hand, implies that the only thing that 94 

matters is the continuity of the respective phases. With regards to behavioral thresholds, the four-95 

phase model implies that only mixing fraction is important. In the current work, pure kaolinite was 96 

the only fine material considered. If different fines were used (e.g., silt, clay of a different 97 

composition), then clearly material behavior would be different than that observed here. What is 98 

less clear is whether changing the chemistry of the fines would change the location of the 99 

behavioral thresholds and thus, the results and conclusions presented below should be considered 100 

only to apply to mixtures of sand and kaolinite. 101 

MATERIAL AND MIXTURE PROPERTIES 102 

The coarse material used in this study was Ottawa 50/70 sand supplied by US Silica; this 103 

is a poorly-graded, rounded to well-rounded silica sand. The grain size distribution (GSD) of the 104 

sand was measured in accordance with ASTM D 422, using sieve numbers 40, 50, 60, 70, and 80 105 
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and fit with a unimodal probability density function (Fredlund et al. 2000) to determine descriptive 106 

sizes (e.g. d10). These results are presented in Figure 3. 107 

Since the Ottawa 50/70 sand is very uniform, only a few mechanical sieves can be used to 108 

measure the GSD. To supplement the GSD information and confirm the shape of the fitted 109 

Fredlund et al. (2000) curve shown in Figure 3, microscope images of 24 individual sand grains 110 

were used. The sand grains were imaged at 200x magnification. The shape of each grain was 111 

approximated by a planar ellipse. The best-fit ellipse was determined by minimizing the Euclidian 112 

distance between the points defining the particle perimeter and a general quadratic curve 113 

(Fitzgibbon et al. 1999) constrained in such a manner to ensure that the resulting shape was elliptic 114 

rather than say, hyperbolic (cf. Weisstein 2014). From these ellipses, a volume can be determined 115 

by rotating the ellipses about their minor axis, forming an oblate spheroid. Using the measured 116 

specific gravity and the volume of the spheroids, mass fractions can be determined. The equivalent 117 

sieve opening for each ellipsoid is calculated as shown in Figure 4 and Equation 2, where r1 and 118 

r2 are semi-axis lengths. Figure 3 shows that the assumption of oblate spheroids agrees well with 119 

the best fit curve for the mechanically measured data, indicating that the sand grains are indeed 120 

similar in shape to slightly flattened spheres (i.e., oblate spheroids). 121 

 
2 2

1 22( )Sieve size r r    (2) 122 

The fine material used in this study is kaolinite clay manufactured by Unimin Corporation 123 

marketed as “Sno-Brite Industrial Kaolin.” The measured properties of the clay are shown in Table 124 

1. 125 

For mixtures of Ottawa 50/70 sand and kaolinite clay, there exists a critical fines content 126 

specific to these materials where a minimum void ratio occurs because void spaces between the 127 
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sand particles are filled by clay without displacing sand particles from a unit volume (i.e. the 128 

densest possible packing). The void ratio of the mixture may also be theoretically bound by 129 

considering the minimum and maximum void ratios of the constituents; an upper bound is 130 

formulated by considering maximum void ratios of both constituents, and a lower bound is 131 

formulated by considering the minimum void ratios. Figure 5 demonstrates these bounds and 132 

shows the critical fines content occurring at approximately 20% fines. 133 

EXPERIMENTAL INVESTIGATION 134 

Fall Cone Testing 135 

The fall cone operates by allowing a cone of known geometry and weight placed at the 136 

surface of a level soil specimen to free-fall. The penetration depth of the cone and water content 137 

of the sample are measured and plotted with the water content on the ordinate and penetration 138 

depth on the abscissa. Interpolation is used to determine the water content at a specific penetration 139 

depth (depending on cone weight and geometry) corresponding to the liquid limit. Details of the 140 

testing procedure can be found in BS 1377-2 (British Standards Institute 1990) and a detailed 141 

discussion of the mechanics of the fall cone test is presented by Houlsby (1982). 142 

Mixtures of sand and clay ranging from 0% to 100% fines were tested. First, consistency 143 

testing was performed using a fall cone device customized with a linear variable differential 144 

transformer (LVDT). The LVDT method allows for time-displacement data acquisition and the 145 

precise determination of penetration depth after a specific desired time interval. The modification, 146 

as described by Simpson (2014) and Evans and Simpson (2015), alters the falling mass of the cone 147 

resulting in a redefinition of the liquid limit at 24.1 mm of penetration (cf. Wood and Wroth 1978). 148 

All mixtures were tested using a light and a heavy cone to determine the liquid limit, plastic limit, 149 
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and plastic index (Wroth and Wood 1978). Specifically, Wood and Wroth (1978) provide a method 150 

to determine the plastic limit of a soil by performing fall cone tests using two different weight 151 

cones. Noting that for remolded soils the undrained shear strength at the plastic limit is 100 times 152 

the undrained shear strength at the liquid limit, they showed that: 153 
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   (3) 154 

where Δw is the mean distance between the two flow curves as measured on the water content (w) 155 

axis, and W1 and W2 are the weights of the two cones. Figure 6(a) shows the typical results of a 156 

fall cone test. 157 

Feng (2000, 2001) proposed a different procedure for fall cone data interpretation where 158 

the water content and penetration are both plotted on log-scales. The liquid limit and plastic limit 159 

are then the water contents corresponding to 20 mm and 2 mm of penetration (for a 30° apex 80-g 160 

cone), respectively (Feng 2000, 2001). A typical flow curve used in the Feng (2000, 2001) method 161 

is shown in Figure 6(b). This formulation is also based on the fact that 100PL LL
u us s  (Wood and 162 

Wroth 1978), but requires extrapolation because tests are not performed at water contents that 163 

result in penetration depths as low as 2 mm. Equation 4 shows the Feng (2000, 2001) formulation 164 

of the water content-penetration depth relationship, where w is water content, c is the water content 165 

at penetration d = 1 mm, and m is the slope of the power law line.  166 

  log log logw c m d   (4) 167 

Mixtures were prepared with four different water contents to bracket the assumed liquid 168 

limit, mixed thoroughly using a metal spatula, and allowed to hydrate for at least 16 hours prior to 169 
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testing. Testing procedures generally followed BS 1377-2 (British Standards Institute 1990) and 170 

the LVDT method was used for all mixtures (Evans and Simpson 2015; Simpson 2014). 171 

Oedometric Testing 172 

Consolidation testing was performed on all mixtures using a fixed-ring oedometer cell. 173 

Mixtures with more than 20% fines were mixed at a water content of approximately two times the 174 

liquid limit in a planetary mixer, preconsolidated to 100 kPa, and then trimmed from a large cake 175 

with the specimen ring. Mixtures with 20% fines or less were mixed wet (damp, without free 176 

liquids) using a spatula, spooned into the oedometer ring and preconsolidated to 100 kPa in the 177 

oedometer cell prior to load incrementing. Specimens were tested with a load increment ratio (LIR) 178 

of 0.25 up to a maximum vertical effective stress of 2314 kPa with one unload-reload cycle. 179 

Typical e-log(σ’v) data are shown in Figure 7 for select mixture ratios. 180 

Stress-Strain-Strength Testing 181 

Consolidated undrained triaxial tests were performed on mixtures of 0, 10, 20, 30, 70, 80, 182 

and 100% fines. Specimens with 30% or less fines were dry-tamped in 6 approximately 25 mm 183 

lifts into a specimen mold with a dry drainage system (cf. ASTM D 7181), de-aired water was 184 

allowed to flow through the specimen under vacuum, and then specimen size was determined after 185 

16 hours of curing. For mixtures with more than 30% fines, specimens were mixed and 186 

preconsolidated to 100 kPa as described for oedometric testing and then trimmed using a vertical 187 

specimen lathe. Specimens were saturated with backpressure and then consolidated to 150 kPa and 188 

sheared. The resulting stress paths are shown in Figure 8 with the critical state envelope bound by 189 

upper and lower bound critical state lines, qf = M·pf'. 190 
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Thermal Conductivity Testing 191 

The thermal conductivity of the mixtures was measured using a needle probe (ASTM D 192 

5334). Mixtures were prepared dry in a loose state by thoroughly mixing dry constituents in a 193 

mixing container and then air pluviating with a minimal fall height, similar to dry tubing. Mixtures 194 

were prepared dry in a dense state by tamping instead of pluviating, and in a wet state, prepared 195 

by mixing wet in a planetary mixer and tamping in equal lifts, referred to as “wet at the clay liquid 196 

limit” (wLc) where the water content, described by Equation 5, was such that the clay fraction was 197 

at the liquid limit for all mixtures: 198 
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where Mw is the mass of water, Ms is the mass of solids, wL,kaol is the liquid limit of pure kaolinite 200 

(wL,kaol = 49), Mc is the mass of clay solids, and f is the clay mass fraction. The typical thermal 201 

excitation applied to the specimens to measure conductivity (cf. ASTM D 5334) is shown in Figure 202 

9. 203 

DISCUSSION OF BEHAVIORAL THRESHOLDS 204 

Experimental Results 205 

Consistency testing results are presented in Figure 10 and indicate a transition to non-206 

plastic behavior at approximately 20% fines. Non-plasticity below about 20% fines is indicated by 207 

the apparent increase in LL, also observed by Monkul and Ozden (2007) for non-plastic mixtures 208 

of sand and clay, and by significant scatter in the penetration-water content data, resulting in 209 

severely non-parallel flow curves or decreasing penetration with increasing water content for 210 

mixtures with less than 20% fines. Likos and Jaafar (2014) performed fall cone testing on dry, 211 
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partially, and fully saturated clean sands and found that the presence of suction stress caused by 212 

partial saturation reduced penetration, resulting in observed atypical flow curve behavior. Note 213 

that this is a particular hazard of using the fall cone to measure consistency limits – because bearing 214 

capacity (which is a function of suction stress) is actually being measured and then correlated to 215 

consistency, it is possible to, e.g., measure a ‘liquid limit’ for a clean sand. However, careful 216 

observation during testing and evaluation of the flow curves reveals an obvious transition from 217 

plastic to non-plastic behavior. 218 

The liquid limit was calculated using the procedures outlined in BS 1377-2, Wood and 219 

Wroth (1978), and Feng (2000) and the maximum calculated difference across the three methods 220 

was 2.2%. Variation in the Wood and Wroth (1978) method for determining plastic limit and 221 

plasticity index is a result of using a cone weight ratio of  R = W1/W2 = 1.9 [see Equation 3, Wood 222 

and Wroth (1978) use R = 3], which increases sensitivity of the calculated plastic index to 223 

inaccurate flow curves. As R decreases, the calculated PI increases for a constant Δw. If the flow 224 

curves are not perfectly parallel, the average Δw may fluctuate irregularly, and the low R magnifies 225 

the fluctuation in calculated PI. 226 

The compression index, Cc, was determined from the virgin compression load increments. 227 

The swell (recompression) index, Cs, was determined from the unload-reload cycle. The 228 

compression index, shown in Figure 11 remains relatively unchanged until the fines content 229 

increases beyond about 20% because stress-strain response is dominated by the relatively rigid 230 

continuous network of coarse particles (cf. Evans and Valdes 2011). When the fines fraction 231 

exceeds the critical fines content (about 20% fines), the relatively compressible fine material 232 

begins displacing coarse particles, increasing the compressibility of the mixture. This continues 233 

until the coarse particles become so dilute in the fine matrix (at about 90% fines) that further 234 
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increase in fine material does not increase compressibility. Recompression behavior exhibits a 235 

similar trend, but lags the compression index in fines content (see inset in Figure 11). We 236 

hypothesize that this is a result of the virgin loading preferentially reorienting the soil mixture 237 

fabric. This loading has squeezed some of the fine particles from between coarse particles, thus 238 

forming a rigid sand skeleton and causing recompression behavior similar to lower fines content 239 

mixtures. When fines content exceeds 30%, enough fine particles are present to prevent 240 

development of a completely rigid sand skeleton, resulting in softer recompression behavior. 241 

Either Taylor’s method (square root time) or Casagrande’s method (log time) is typically 242 

used to determine the coefficient of consolidation, cv, from measured load-deflection data at a 243 

given load increment. However, these methods are not robust because they rely on operator 244 

judgment and they use an ad hoc approach to manually fit only a portion of the measured data. In 245 

the current work, cv for each mixture was calculated at every load increment by fitting Terzaghi’s 246 

depth-averaged solution for the diffusion equation (e.g., Terzaghi et al. 1996) to the entire range 247 

of measured time-deformation data at each loading stage: 248 

  2
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     (6) 249 

where U is average degree of consolidation, M = π(2m + 1)/2, Tv = cvt/H
2, and H is the drainage 250 

path length. While the sum in Equation 6 is infinite, precluding effective curve-fitting, the authors 251 

note that the average difference between the calculated degrees of consolidation obtained by 252 

summing the first 10 terms and those obtained by summing the first 10,000 terms is on the order 253 

of 10-6 when input values representative of the current work are used for calculation (i.e., cv = 1 254 

mm2/s, H = 25 mm, t = [0, 120] min). Indeed, double-precision calculations can only discern the 255 

difference between the two solutions at times less than approximately 35 s. The first 100 terms of 256 
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the summation were used for the measurements described herein. Figure 12 shows typical fits of 257 

measured data with the Terzaghi solution. 258 

The average coefficient of consolidation, 〈cv〉, was calculated for each mixture by 259 

averaging the coefficients of consolidation measured on the virgin compression line of each 260 

mixture and is shown in Figure 13 as a function of fines fraction. Coefficient of consolidation has 261 

three well-defined behavioral regimes as a function of clay content: (i) at fines fractions of 262 

approximately 30% or less, 〈cv〉 is essentially constant around 5 cm2/min; (ii) at fines fractions of 263 

60% and above, 〈cv〉 is essentially constant at about 0.19 cm2/min; and (iii) at fines fractions 264 

between 30% and 60%, 〈cv〉 exhibits a decreasing behavior. 265 

The coefficient of consolidation quantifies complex hydromechanical behavior that is a 266 

function of both the solid skeleton and the void space geometry. Clearly, both the soil skeleton and 267 

the void space topology at a given stress state are strongly dependent upon mixture ratio, so to 268 

better understand the behavior observed in Figure 13, the mechanical and hydraulic response are 269 

decoupled using Terzaghi’s classical definition of the coefficient of consolidation, shown as 270 

Equation 7: 271 

 0(1 )
v

w v

k e
c

a


   (7) 272 

where k is the hydraulic conductivity, e0 is the void ratio at the beginning of a given load increment, 273 

and av is the coefficient of compressibility. 274 

The coefficient of compressibility was determined by first fitting a logarithmic equation 275 

(Equation 8) to the e–log(σ'v) data (omitting the unload-reload cycle):  276 
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where σ'v is applied vertical effective stress and x̄ are the fitting parameters. See Figure 14 for 278 

typical function fits. The slope of the e–log(σ'v) curve may be determined at any point by using the 279 

derivative of Equation 8: 280 
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Typical results for select load increments are shown in Figure 15. By inspection of Figure 15, it 282 

can be seen that the coefficient of compressibility follows the same trend as the compression index: 283 

relatively unchanged until a critical fines content, then a steady increase with increasing fines until 284 

a dilute suspension of coarse particles is reached. 285 

The hydraulic conductivities of the mixtures can be calculated from the measured 286 

coefficients of consolidation and compressibility using Equation 7 and are shown in Figure 16 for 287 

three select load increments. The calculated hydraulic conductivity generally exhibits the same 288 

binary behavior as the coefficient of consolidation, implying that the same physical mechanism is 289 

causing the behavioral transition. 290 

Hydraulic conductivity is inferred from the consolidation data rather than being explicitly 291 

measured. Hydraulic conductivity inferred from consolidation testing is historically unreliable 292 

(Olson 1985), but is still useful for identifying behavioral trends. Additionally, insight may be 293 

gained from considering the measured thermal conductivity of the mixtures. Both conductivity 294 

phenomena are functions of the soil fabric. At low fines content, hydraulic conductivity increases 295 

as pores become more interconnected and create flow paths (Beven and Germann 1982). 296 

Interconnected pores develop at low fines content when mixtures are dominated by the coarse 297 
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fraction. Interconnected pores also result in larger interconnected contact areas. Previous 298 

researchers (Yun and Santamarina 2008; Evans et al 2011) show that greater contact area results 299 

in higher thermal conductivity, which explains the similar behavior between measured thermal and 300 

inferred hydraulic conductivity. Figure 17 shows that the conductivity of the dry loose specimens 301 

exhibits an asymptotic response to changes in fines. We hypothesize that this is a result of the use 302 

of air pluviation for specimen preparation. Building clayey specimens with air pluviation creates 303 

highly flocculated specimens dominated by a highly porous matrix, which is why the conductivity 304 

approaches the conductivity of air (λair ≈ 0.03 W/mK-1) for increasing clay fractions. The 305 

conductivity of the dry dense mixtures is roughly characterized by a binary response, with a wider 306 

transition range from 40-70% fines. Thermal conductivity is influenced by nearest-neighbor and 307 

next-nearest-neighbor percolation (Ewing and Horton 2007), resulting in the behavior transition 308 

occurring over a wider range. The wet specimens exhibit similar behavior, but are influenced by 309 

the presence of water. The abrupt change in conductivity from 10% to 20% fines likely corresponds 310 

to the addition of enough water to form capillary bridges (Ewing and Horton 2007). 311 

Critical state friction angles determined from consolidated undrained (CU) triaxial tests are 312 

presented in Figure 18. Mixture shear strength exhibits an approximately binary trend, similar to 313 

that observed for thermal and hydraulic conductivities. In this case, we hypothesize that the marked 314 

decrease in shear strength with increasing fines fraction is due to a breakdown of the coarse particle 315 

skeleton as fine materials begin to relieve the normal forces at coarse particle contacts. 316 

On Behavioral Thresholds 317 

The experimental results indicate that three behavior thresholds exist, which are 318 

summarized in Table 2. The observed thresholds depend on the behavior in question, and the 319 
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applicable behaviors to each threshold are also summarized in Table 2. Observed thresholds 320 

demarcate four behavior regimes, summarized in Table 3. 321 

Behavioral thresholds depend on the behavior in question, and can be explained physically 322 

with existing mixture behavior theories. Behavior threshold t*1 is synonymous with the critical 323 

fines content, and demarcates a transition from a state where all coarse particles are touching each 324 

other (coarse percolated) and fine particles are confined to the interstitials of the coarse particles 325 

up until a state where clay begins displacing sand particles (coarse and fine particles). These 326 

behavior regimes are manifested in consistency and compressibility behavior because both 327 

consistency and compressibility depend on the availability for either rigid coarse particles to 328 

interact or active fine particles to interact. Compressibility and consistency have a long history of 329 

interaction in the literature (e.g. Skempton and Jones 1944), so their consistent behavior is not 330 

surprising. 331 

The transition from coarse and fine percolation to only fine percolation behavior occurs at 332 

t*2, corresponding to the percolation threshold of coarse material in the fine matrix. This fines 333 

content is not well known, but the percolation threshold estimation by Peters and Berney (2009) 334 

corresponds to a fines content range of about 40 – 60% depending on the density of the mixtures 335 

for mixture constituents considered here. In this study, t*2 affects critical state strength parameters 336 

and hydraulic and thermal conductivities of the mixtures. This behavior threshold can be explained 337 

by percolation because critical state strength and conductivity phenomena depend on the presence 338 

of system-wide connected coarse particle clusters. Coarse particle clusters create force chains 339 

which affect the critical state strength (Rechenmacher et al. 2010), so higher critical state strength 340 

parameters at lower fines content are a result of coarse particle percolation. Coarse particle clusters 341 
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also create interconnected pores (Beven and Germann 1982) and large interconnected contact 342 

areas, resulting in higher conductivities at lower fines content. 343 

Compressibility behavior depends on the availability of the relatively compressible fine 344 

particles. As fines contents increase beyond t*3 and for strain levels observed in typical one-345 

dimensional compression, decreasing coarse particles has little effect on compressibility. Coarse 346 

particles are suspended in the fine particle matrix and unable to contact one another and provide 347 

rigidity to the overall soil fabric. 348 

SUMMARY AND CONCLUSIONS 349 

Percolation theory and generalized state parameters are used to explain observed 350 

behavioral thresholds in mixtures of sand and clay. Compressibility behavior evaluated by 351 

oedometric loading and consistency behavior measured with the fall cone device show a behavior 352 

threshold at t*1, the critical fines content. This behavior threshold is a result of mixtures 353 

transitioning to a regime where both fine and coarse material are percolated. Hydraulic 354 

conductivity calculated from oedometric loading, thermal conductivity measured with a needle 355 

probe, and critical state strength determined from undrained triaxial loading imply a behavioral 356 

threshold at t*2, the percolation threshold of the coarse fraction. This behavioral threshold occurs 357 

when mixtures transition from a state with system-wide coarse particle clusters to a state without 358 

system-wide clusters of coarse particles. 359 

This research has shown that for a given mixture ratio of coarse and fine particles, behavior 360 

can be considered “sand-like” or “clay-like” depending on the behavior in consideration. 361 

Furthermore, this research has also shown that altering a binary mixture ratio of coarse and fine 362 

particles may produce little to no change in observed behavior. An understanding of these 363 
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behavioral thresholds by practitioners and researchers alike may allow for more robust predictions 364 

of soil behavior in the absence of more comprehensive data, such as during the early stages of 365 

projects when a full laboratory material characterization has not yet been performed. 366 
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TABLES 373 

Table 1 Properties of kaolinite clay. 374 

Specific Gravity, Gs* Liquid Limit† Plastic Limit† Specific Surface Area, Sa 

(m2/g)‡ 

2.60 49 24 10 – 20 

*ASTM D 854 375 
†BS 1377-2 376 
‡After Mitchell and Soga (2005) 377 

Table 2 Observed behavioral thresholds 378 

Threshold t*1 t*2 t*3 

Approximate fines content 0.2 0.4 – 0.6 0.9 

Applicable Behaviors 
Consistency, 

Compressibility 

Critical State 

Strength, 

Conductivity 

Compressibility 

 379 

Table 3 Behavior Regimes 380 

Behavior 

Regime 

Coarse 

Percolated 

Coarse and Fines 

percolated 

Fines 

Percolated 

Dilute 

Suspension 

Applicable fines 

content f 
0 ≤ f ≤ t*1 t*1 < f ≤ t*2 t*2 < f ≤ t*3 t*3 < f ≤ 1 

 381 

  382 
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FIGURE CAPTIONS 468 

Figure 1. The four-phase soil model. 469 

Figure 2. Apparent Volume [after Westman and Hugill (1930) and Lade et al. (1998)] 470 

Figure 3. Grain size distribution of Ottawa 50/70 sand; oblate spheroid data points are 471 

approximated grain sizes based on optical microscopy. *After Hryciw and Thomann (1993) 472 

†ASTM D 854 473 

Figure 4. Conceptualization of obtaining sieve sizes from planar ellipses fit to irregular particle 474 

shape 475 

Figure 5. Void ratio bound and the critical fines content 476 

Figure 6. Flow curves for 50% clay mixtures (a) demonstrates Wood and Wroth (1978) method 477 

with two different weight cones and (b) demonstrates Feng (2000, 2001) method. *Penetration 478 

depths corresponding to LL and PL defined for the LVDT Method (Evans and Simpson, 2015). 479 

Figure 7. Typical oedometric stress-strain response for select mixtures: 100%, 60%, and 30% fines 480 

Figure 8. Triaxial stress paths with inferred steady-state stress ratio envelope shown, where M = 481 

qf/pf', the slope of the critical state line. 482 

Figure 9. Typical thermal excitation. 483 

Figure 10. Measured liquid and plastic limits; non-plastic mixtures are identified as mixtures with 484 

less than approximately 20% fines. 485 

Figure 11. Compression and recompression indices for the soil mixtures. 486 

Figure 12. Typical fits of Terzaghi’s diffusion equation for determination of cv. 487 

Figure 13. Variation of average coefficient of consolidation with fines fraction in the mixture. 488 

Dashed line indicates inferred behavioral trend. 489 
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Figure 14. Typical logarithmic fits for determining coefficient of compressibility for 100%, 70%, 490 

and 40% fines 491 

Figure 15. Coefficient of compressibility for two select load increments 492 

Figure 16. Hydraulic conductivity for three select load increments; dashed line indicates inferred 493 

behavioral trend. Permeability normalized to calculated value at σ'v = 2314 kPa and f = 1.0. 494 

Figure 17. Thermal conductivity measurements of (a) dry and (b) wet sand-clay mixtures. 495 

(Note change of vertical scale between plots.) 496 

Figure 18. Critical state friction angle. Inferred behavioral trend indicated by dashed line. 497 

 498 
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