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FULLY SOFTENED SHEAR STRENGTH 45 

MEASUREMENT AND EMPIRICAL CORRELATION 46 
 47 

Timothy D. Stark1 and Rodrigo Fernandez2 48 

 49 

ABSTRACT: Laboratory measured fully softened strength (FSS) is used to represent the 50 

mobilized drained strength in first-time slope failures in overconsolidated, compacted, and 51 

desiccated fine-grained soils.  The FSS is used to represent the mobilized drained strength 52 

remaining after the effects of mechanical overconsolidation, compaction, desiccation, and/or other 53 

strengthening processes have been significantly reduced or removed due to applied shear stresses, 54 

wet-dry cycles, swelling, freeze-thaw cycles, stress relief, and/or weathering.  This paper shows 55 

that drained laboratory ring shear and direct shear tests yield similar values of FSS, which are 56 

lower than FSSs measured using consolidated-drained triaxial compression tests. A conversion 57 

factor is presented to convert ring shear and direct shear derived FSSs to the triaxial compression 58 

mode of shear to simulate the field mode of shear and mobilized FSS in “first time” slope failures.  59 

This paper also compares various FSS empirical correlations and presents recommendations for 60 

using FSS correlations for design of embankments, dams, levees, and natural and cut slopes.  61 
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INTRODUCTION 66 

Skempton (1970; 1977) uses a regressive analysis of various first-time slope failures involving cut 67 

slopes in brown London Clay to show that the mobilized drained strength is less than the drained 68 

peak strength but greater than the drained residual strength for a pore-water pressure ratio (ru) 69 

ranging from 0.15 to 0.35 with an average of 0.3 (see Figure 1).  To develop a design procedure, 70 

Skempton (1977) had to relate this mobilized drained strength to a drained strength that could be 71 

easily and consistently measured in a commercial laboratory.  To achieve this objective, Skempton 72 

(1977) observed that this mobilized drained strength is in reasonable agreement with the drained 73 

peak shear strength measured using a reconstituted and normally consolidated specimen of the 74 

fine-grained soil, i.e., fully softened strength (FSS), involved in the first-time slide.  75 

 76 

Skempton (1970) tries to corroborate the use of the peak strength of a reconstituted and normally 77 

consolidated specimen for design by relating it to the critical state strength described by Schofield 78 

and Wroth (1968), which is the drained strength at unlimited shearing and constant volume. This 79 

analogy is made because Schofield and Wroth (1968) report that the peak strength of a 80 

reconstituted and normally consolidated London Clay specimen occurs before the critical state is 81 

reached, i.e., conservative, and can be measured in the laboratory. They also suggest that the value 82 

of critical state friction angle (φ’
c) for brown London Clay is 22.50. Skempton (1970) states that 83 

the laboratory FSS friction angle (φ’
FSS) of brown London Clay is 200, i.e., the peak strength of a 84 

normally consolidated specimen. Skempton (1970) concludes that φ’
FSS is a practical 85 

approximation of the mobilized drained friction angle (φ’
mob) of 210 and φ’

c. of 22.50. 86 

 87 
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In particular, Figure 1 presents a comparison of the mobilized drained strength values for the 88 

various case histories involving brown London Clay reported by Skempton (1977) and drained 89 

strengths from various laboratory shear tests.  Figure 1 shows the drained peak strength measured 90 

using 38 mm diameter triaxial compression and 60 mm square direct shear specimens is too high 91 

(c’peak = 14 kPa and φ’peak = 200) because the test specimens do not include a representative 92 

assemblage of joints and fissures (Skempton, 1977). The drained peak strength measured using 93 

250 mm diameter triaxial compression specimens is lower (c’peak = 7 kPa and φ’peak = 200) but still 94 

exceeds the mobilized drained strength (c’mob = 0 kPa and φ’mob = 210) from the various brown 95 

London Clay case histories using the best fit line shown in Figure 1.  96 

 97 

 98 

Figure 1:  Mobilized drained shear strength in first-time slope failures in brown London 99 
Clay and comparison with the results of drained laboratory shear tests.  100 

 101 

 102 
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The peak shear strength of a reconstituted and normally consolidated specimen primarily from 103 

consolidated-drained (CD) and consolidated-undrained (CU) triaxial compression (TX) tests with 104 

pore-water pressure measurements (Bishop et al., 1965), corresponds to strength parameters (c’FSS 105 

= 0 kPa and φ’FSS = 200), which is slightly lower than the mobilized strength parameters (c’mob = 106 

0 kPa and φ’mob ~ 210).  Skempton (1977) reasoned that the slightly lower laboratory measured 107 

strength, i.e., φ’FSS, and the highest foreseeable ru provides a suitable/conservative design against 108 

long-term first-time failures in stiff, fissured clays. 109 

 110 

The FSS also has been used to explain failures in desiccated and compacted soil slopes (Stark and 111 

Duncan, 1991; Stark and Eid, 1997; Duncan et al., 2011) subjected to applied shear stresses, 112 

repeated cycles of water intrusion and posterior dilation that can lead to formation of shrinkage 113 

cracks, water infiltration, swelling, and softening (Terzaghi, 1936; Kayyal and Wright, 1991; 114 

Wright, 2005; Wright et al., 2007).  Infiltrating water can cause the soil to swell under zero pressure 115 

along the walls of open shrinkage cracks and lead to the outer portions of the slope becoming 116 

saturated and trapping air in the deeper portions of the slope (Terzaghi, 1936 and Terzaghi et al., 117 

1996).  The trapped air creates soil suction, which can lead to additional water being absorbed and 118 

further soil softening (Terzaghi et al., 1996). This nonuniform swelling weakens the soil, which 119 

allows new cracks, infiltration, progressive softening, and strength loss (Terzaghi, 1936).   120 

 121 

 122 

(a) Critical State Strength 123 

The values of φ’
FSS and φ’

c from Figure 1 are summarized in Table 1 to facilitate describing the 124 

FSS.  In theory, the value of φ’
FSS should be greater than φ’

c because it is measured at a smaller 125 



 

6 

shear displacement than φ’
c, which occurs at unlimited shearing and constant volume. However, 126 

Table 1 shows that φ’
c for brown London Clay is 1.50 higher than φ’

mob. This is probably due to 127 

unlimited shearing and constant volume not occurring in the field during the drained case histories 128 

studied by Skempton (1970). Therefore, the use of φ’
c for brown London Clay could be 129 

unconservative for a given pore-water pressure ratio, which agrees with Skempton (1970) 130 

recommending use of φ’
FSS.   131 

 132 

Table 1.  Comparison of brown London Clay shear strength parameters. 133 

Drained Shear  
Strength  

Effective Stress 
Cohesion (kPa) 

Effective Stress 
Cohesion (degrees) 

Reference 

Peak using 38 mm 
diameter specimen 
(φ’

peak,small) 

14 20 Bishop et al. (1965) 

Peak using 250 mm 
diameter specimen 
(φ’

peak,large) 

7 20 Bishop et al. (1965) 

Critical State (φ’
c) 0 22.5 Schofield and Wroth (1968) 

Mobilized strength (φ’
mob) 0 21 Skempton (1977) 

Laboratory FSS (φ’
FSS) 0 20 Skempton (1970) 

Residual (φ’
r) 0 13 Skempton (1977) 

 134 

 135 

The important comparison in Table 1 is the only one (1) degree difference between φ’mob and 136 

φ’
FSS, which reinforces Skempton’s (1977) recommendation of using φ’

FSS to represent φ’mob 137 

because it is slightly conservative, i.e., lower than φ’mob, and can be readily measured in the 138 

laboratory. The authors also believe that the use of φ’
FSS is more logical because the drained field 139 

case histories do not appear to have undergone unlimited shearing at constant volume, i.e., 140 

achieved a critical state, so φ’
c is not applicable and it is greater than φ’mob. Table 1 also shows 141 

there is a 2.5o difference between φ’
c and φ’

FSS. This is probably due to the difference in strength 142 
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criteria, testing condition, shearing under constant volume, and specimen stress history used to 143 

measure φ’
c. More importantly, this 2.5o difference between φ’c and φ’

FSS is different than the 2.5o 144 

difference discussed below between the FSS measured using triaxial compression and ring shear 145 

modes of shear. 146 

 147 

(b) Other FSS Confirmations 148 

Cooper et al. (1998) use the results of an induced first-time failure of a cut slope in stiff Gault clay 149 

to show that Skempton’s (1977) empirical approach and laboratory measured φ’
FSS yields a 150 

reasonable design method.  Conversely, Crabb and Atkinson (1991) show that the mobilized 151 

drained strength for first time slides with depths less than 2 m is in agreement with φ’
c and not 152 

φ’
FSS.  Subsequently, Take and Bolton (2011) use centrifuge tests to show that seasonal wetting 153 

and drying, and the associated incremental ratcheting creep, dilation, and softening, beneath model 154 

slopes mobilized a drained strength less than the peak value but greater than φ’
c. Some of this 155 

variability in the drained mobilized strength may be due to uncertainties in the pore-water pressure 156 

conditions and/or centrifuge testing conditions, such as, scale effects, sample preparation, and test 157 

differences, that attempt to simulate the field conditions in Skempton’s (1977) inverse analyses.  158 

In fact, Stark and Eid (1997) and Mesri and Shahien (2003) show that the mobilized strength in 159 

first time slides can be lower than the FSS at least along portions of the failure surface due to 160 

progressive failure.  Therefore, Skempton’s (1977) suggestion of using φ’
mob or φ’

FSS for the depth 161 

of soil that is subjected to the environmental and shear conditions that result in a FSS and the 162 

highest foreseeable ru still provides a suitable/conservative design against long-term first-time 163 

failures in stiff, fissured clays. 164 

 165 
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 166 

FSS MODE OF SHEAR 167 

Stark and Eid (1997) conclude that the relevant mode of shear for failure surfaces in first-time 168 

slides in natural cut slopes and compacted embankments is closer to drained triaxial compression 169 

(ASTM D7181) than torsional ring shear (RS) using ASTM D7608 or direct shear (DS) using 170 

ASTM D3080 because there is no well-defined failure surface and the random nature of the particle 171 

structure of a fully softened fine-grained soil.  Using the results of Consolidated-Drained (CD) 172 

triaxial compression tests on five different fine-grained soils (see Table 2) at effective confining 173 

pressures of 70 and 275 kPa, Eid (1996) introduced an increase of 2.5° to convert the ring shear 174 

FSS secant friction angles to CD triaxial compression (CD-TX) FSS secant friction angles. 175 

Therefore, the RS fully softened secant friction angles (ϕ’FSS) presented in subsequent FSS 176 

correlations (Stark et al. 2005; Stark and Hussain 2013; Gamez and Stark, 2014) were increased 177 

by 2.5° to reflect a CD-TX mode of shear (see Figure 2). This FSS correlation relates liquid limit 178 

(LL) measured using ASTM D4318 and clay-size fraction (CF) using % < 0.002 mm (ASTM 179 

D7928) to FSS secant friction angle as a function of effective normal stress for sixty (60) soils (see 180 

table in Appendix A, which highlights the thirteen (13) new soils tested since Gamez and Stark 181 

(2014) with a “^” symbol.   182 

 183 

Table 2.  Difference in secant FSS friction angles from RS and CD triaxial compression 184 
(from Eid, 1996). 185 

 
Soil  

Name 

 
Liquid 
Limit 

Clay-Size 
Fraction 

(%<0.002 mm) 

FSS Friction Angle 
Difference (degrees) 

at 70 kPa 

FSS Friction Angle 
Difference (degrees) at 

275 kPa 
Urbana Till 24 18 2.6º 2.8º 

Panoche Shale* 53 50 1.9º 1.6º 
Pepper Shale 94 77 2.1º 3.3º 

Oahe Shale #1 138 78 3.0º 2.7º 
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Oahe Shale #2* 192 65 2.9º 1.7º 
NOTE: *Largest Deviation from the 2.5° conversion proposed by Stark and Eid (1997) 186 
 187 

 188 

Figure 2:  Updated drained fully softened secant friction angle correlation for: (a) CF ≤ 20% 189 
and (b) CF > 20%.  190 

 191 

 192 

(a) Empirical FSS Correlation 193 

The four trend lines in each CF group in Figure 2 can be used to create a FSS strength envelope 194 

for use in stability analyses that represents the CD-TX mode of shear to analyze non-circular or 195 

compound failure surfaces.  The FSS strength envelope is constructed using the estimated FSS 196 

secant friction angle, effective normal stresses of 0, 12, 50, 100, and 400 kPa, and calculating the 197 

corresponding FSS shear stress.  For stability analyses, the entire strength envelope should be used 198 

to estimate the applicable shear strengths along the shallow non-circular failure surfaces as 199 

discussed in detail below.   200 

 201 
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Figure 2 shows three CF groups are used to distinguish the boundaries between rolling shear (≤ 202 

20%), transitional shear (25% ≤ CF ≤ 45%), and sliding shear (≥ 50%) behavior, respectively.  203 

These three CF groupings are similar to those used by Lupini et al. (1981) and Skempton (1985), 204 

which are: CF ≤ 25%, 25% ≤ CF ≤ 50%, CF ≥ 50%, to delineate rolling, transitional, and sliding 205 

shear behavior, respectively.  The available FSS data generated in this ongoing research does not 206 

demonstrate a distinct boundary between rolling and transitional shear and thus there is a gap in 207 

the clay-size groupings between less than or equal to 20% and greater than or equal to 25% as 208 

shown in Figure 2.  A distinct or rigid transition from transitional to sliding shear behavior also 209 

was not observed and thus there is a small gap in the CF groupings between greater than or equal 210 

to 45% and greater than 50%.  Interpolation can be used to estimate the FSS secant friction angle 211 

between the three CF groups in Figure 2 for a particular effective normal stress.  212 

 213 

In this FSS correlation, the liquid limit is used as an indicator of clay mineralogy and thus particle 214 

size.  As the particle size decreases, the particle surface area and LL increase, and the drained FSS 215 

decreases.  However, CF remains an important FSS predictive parameter because it indicates the 216 

quantity of the clay mineralogy and thus the type of shear behavior, i.e., rolling shear, transitional 217 

shear, and sliding shear, that is expected to occur.   218 

 219 

 220 

(b) CD-TX mode of shear conversion factor 221 

The difference between RS and CD-TX secant friction angles ranges from 1.6° to 3.3° (see Table 222 

2), so Stark and Eid (1997) selected an average conversion factor of 2.5°.  This conversion of 2.5° 223 

to a CD-TX mode of shear reflects some of the differences in the TX and RS test conditions 224 
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including: soil anisotropy, different consolidation conditions, laboratory testing boundary 225 

conditions, and failure surfaces that may not exist in the field as discussed in the next section.  226 

 227 

Figure 3 shows values of FSS measured using RS and CD-TX tests as a function of effective 228 

normal stress for the five soils tested by Eid (1996) and twenty-five (25) additional soils. A best-229 

fit line through the data is shown in red, which corresponds to the average difference in FSS friction 230 

angle for each effective normal stress. Each average value has an associated error bar, which 231 

corresponds to two (2) standard errors (standard deviation divided by the square root of the number 232 

of data points) of the mean of the data.   233 

 234 

Figure 3 also includes a dashed line that corresponds to the RS and CD-TX friction angle 235 

difference of 2.5°. This trend line shows the average mode of shear conversion factor varies from 236 

3.0° at effective normal stress of 50 kPa to about 2.0° at 400 kPa, depending on the CF. This 0.5° 237 

difference from the original 2.5° at high effective normal stresses is not significant because the 238 

tangent of 0.5° is small (0.009) and first-time slope failures in compacted soils and some natural 239 

slopes are shallow and do not involve high effective normal stress. 240 

 241 
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 242 

Figure 3:  Comparison of fully softened secant angles obtained from CD triaxial 243 
compression and RS tests.  244 

 245 

 246 

At low effective normal stresses this 0.5° difference from the original 2.5° is also not significant 247 

because the effective normal stresses on shallow failure surfaces are usually below 100 kPa due to 248 

high values of ru generated primarily by precipitation so the tangent of the tangent of 0.5° is 249 

multiplied by a low effective normal stresses acting on the shallow failure surface.  Therefore, the 250 

FSS at low effective normal stresses is more important for first time slides, which prompted 251 

extension of the FSS correlation in Figure 2 to an effective normal stress of 12 kPa by Gamez and 252 

Stark (2014).  Eid and Rabie (2017) also propose a FSS correlation using the 2.5° correction for 253 

the CD-TX mode of shear and a correlation extending to 10 kPa.  254 

 255 
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In summary, a 0.5° difference in the FSS conversion factor at effective normal stresses greater 256 

than and less than 100 kPa does not have a significant impact on calculated values of FS for 257 

observed shallow first-time failure surfaces. Therefore, the average conversion factor of 2.5° 258 

proposed by Eid (1996) is still reasonable for converting the RS and DS mode of shear to the CD-259 

TX mode of shear.  However, practitioners can use the correlation and adjust the estimated values 260 

of FSS secant friction angle for a different conversion factor than the original 2.5° using the 261 

relevant effective normal stress and the data in Figure 3.  262 

 263 

Figure 4 shows the strength envelopes from FSS testing on Panoche Shale from Eid (1996). The 264 

strength envelope from CD-TX tests is approximately 2.0° higher than the DS and RS strength 265 

envelopes, which also confirms the average conversion factor of 2.5°. Figure 4 also shows the 266 

strength envelopes measured using RS and DS are in close agreement, which is expected because 267 

of the similar horizontal shearing as discussed in detail below. 268 

 269 

Figure 4:  FSS strength envelopes for Panoche Shale from CD triaxial, ring shear, and direct 270 
shear FSS tests.  271 
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 272 

Figure 1 shows the difference between the drained mobilized strength from case histories (c’mob 273 

= 0 kPa and φ’mob ~ 210) and the FSS measured using CD and CU triaxial compression (TX) tests 274 

(c’FSS = 0 kPa and φ’FSS = 200) primarily from Bishop et al. (1965) is about one (1) degree.  This 275 

one (1) degree difference reinforces that TX tests yield strengths that are in agreement with the 276 

mobilized drained strength and is the mode of shear primarily involved in first-time slope failures.  277 

Therefore, if a designer does not increase the value of FSS measured using a RS device it would 278 

be conservative by about 3.50 (10 plus 2.50) lower than the mobilized friction angle shown in 279 

Figure 1.  The laboratory measured values of FSS should be lower than the drained mobilized 280 

strength because portions of the failure surface may not be at the laboratory FSS because 281 

weathering and applied shear stresses may not have completely softened the soil to a reconstituted 282 

and normally consolidation condition.  In other words, all of the soil along the failure surface may 283 

not be representative of a reconstituted and normally consolidated material because the weathering 284 

and softening is not uniform and has not been completed.  285 

 286 

 287 

MEASUREMENT OF LABORATORY FSS 288 

The FSS has been measured using the CD TX test (Gibson 1953; Bishop et al. 1965; Skempton 289 

1977).  However, a number of challenges exist with performing CD TX tests (ASTM D7181) on 290 

a normally consolidated specimen, especially at low confining pressures to simulate a shallow 291 

failure surface. These challenges include supporting the weak specimen during test set-up and 292 

before application of the cell pressure, the time to and difficulty in back-pressure saturating the 293 

fine-grained specimen, and applying drained shear because of the low hydraulic conductivity of 294 
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the fine grained soil.  Because of the time required for back-pressure saturation (Skempton, 1954) 295 

and drained shearing in CD TX tests, CU-TX tests are frequently used in practice.  However, 296 

values of FSS measured using CU-TX tests are frequently higher (at least five degrees) than CD-297 

TX tests probably due to a lack of saturation and thus a higher effective stress during shearing (see 298 

Figure 5.44 in Duncan et al., 2014).  As a result, values of FSS from CU-TX tests with pore-water 299 

pressure measurements tend to be unconservative and should be verified or reduced using the 300 

empirical correlation in Figure 2 before use in practice. 301 

 302 

Due to difficulties with CD-TX and CU-TX testing, the RS and DS devices have been used to 303 

measure the FSS even though they fail the specimen along a nearly horizontal surface, which does 304 

not simulate field conditions in first-time slides. Because both tests apply the same mode of shear 305 

to the specimen (horizontal shear), it was anticipated that both devices would yield similar values 306 

of FSS (Eid, 1996).  307 

 308 

However, RS and DS tests should yield different values of FSS than CD-TX because of differences 309 

in consolidation conditions, soil particle structure, mode of shear, soil anisotropy, boundary 310 

conditions, soil extrusion, friction during shear, and degree of saturation prior to shear.  For 311 

example, a CD-TX specimen is isotropically consolidated whereas as RS and DS specimens are 312 

anisotropically consolidated due to being consolidated in a rigid specimen container.  This results 313 

in more edge to face particle arrangement in the horizontal direction in the RS and DS tests than 314 

CD-TX tests because of the lower lateral pressure, which usually results in lower values of FSS. 315 

The CD-TX specimen is back-pressure saturated prior to shearing whereas the RS and DS 316 

specimen is mixed into a paste and normally consolidated, which can result in a partially saturated 317 
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specimen, especially if the specimen is not prepared at or near the liquid limit and is tested at a 318 

low effective normal stress.  In fact, Duncan et al. (2014) state on page 74 that:  319 

 320 

“It is clear that the triaxial tests produced higher friction angles than the direct shear 321 

test.”. 322 

 323 

However, sometimes the RS and DS devices yield values of FSS that are similar to or higher than 324 

CD-TX values, which is probably due to the RS and DS specimens not being saturated or errors 325 

during testing errors as discussed below.  326 

 327 

 328 

(a) Comparison of RS and DS FSS Testing 329 

Eid (1996) investigated the values of FSS measured using these two horizontal shear surface 330 

devices by performing DS and RS tests on Panoche Shale and Lower Pepper Shale over twenty 331 

years ago.  Figure 5 presents the shear stress ratio (shear stress divided by effective normal stress)-332 

shear displacement relationships for Panoche Shale from Eid (1996), which shows the difference 333 

in measured stress ratio between RS and DS devices is less than 0.5°.   334 

 335 

Additional FSS testing was performed herein in to compare RS and DS test results and reinforces 336 

that RS and DS tests yield similar values that are less than CD-TX.  This testing also confirmed 337 

that RS tests are completed significantly faster and easier than DS tests because the DS specimen 338 

requires a much longer consolidation time and slower shear displacement rate due to the longer 339 

drainage path from the middle of the specimen than in the RS device, where failure occurs just 340 
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below the upper porous disc.  This RS and DS comparison also resulted in observing the following 341 

challenges and possible errors with using a DS device to measure the FSS: 342 

 343 

• Consolidation of a normally consolidated specimen can result in insufficient material 344 

remaining in the upper shear box before shearing is started due to specimen consolidation,  345 

• Tilting of the top platen or upper shear box, which causes friction and additional resistance 346 

as discussed in detail below,  347 

• A gap developing on the leading edge of the DS specimen during shear due to the 348 

deformation required to mobilize the passive resistance of a normally consolidated soil,  349 

• Maintaining a gap between the upper and lower shear boxes because of the normally 350 

consolidated nature of the specimen,  351 

• Progressive failure of the DS specimen due to the normally consolidated specimen 352 

undergoing variable deformations during shear,  353 

• Variable cross-sectional area during shear,  354 

• Soil extrusion through the gap,  355 

• The top shear box not being fixed to the top platen (see Stark, 2017).  356 

 357 

 358 

Tilting of the top shear box during shear can lead to friction developing between the upper and 359 

lower shear boxes, which leads to overestimation of the FSS. The tilting of the top platen and/or 360 

upper shear box is caused by, among other things, opening a gap between the upper and lower 361 

shear boxes and the unconsolidated specimen deforming due the applied normal stress, differential 362 

consolidation, soil extrusion during shear, non-uniform soil swelling before and during shear, and 363 

mis-alignment of the shear boxes before and during shear. The friction between the upper and 364 
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lower shear boxes can be significant and lead to unconservative curvature of the critical portion of 365 

the FSS strength envelope. This frequently occurs at low normal stresses because the weak 366 

specimen cannot maintain the gap and tends to tilt during shear, which is unfortunate because the 367 

FSS at low effective normal stresses is important for compacted embankments.  368 

 369 

Additionally, the large thickness of the DS specimen relative to a RS specimen leads to 370 

dramatically longer times for specimen consolidation and drained shearing.  The time spent 371 

consolidating a reconstituted specimens for a FSS DS test can be excessive because new material 372 

has to be added to the specimen so there is sufficient soil in the top shear box before shearing 373 

commences.  In addition, the shear displacement rate required for full drainage during direct shear 374 

is usually at least an order of magnitude slower than for a RS test. For example, Eagle Ford Shale, 375 

a high plasticity clay, requires a shear displacement rate for full drainage of 0.0008 mm/min and 376 

0.018 mm/min for DS and RS testing, respectively. Therefore, Stark and Eid (1997) did not 377 

recommend the DS for FSS testing and developed a conversion factor for RS measured values to 378 

the CD-TX mode of shear.   379 

 380 



 

19 

 381 

Figure 5  Shear stress ratio versus shear displacement for direct shear and ring shear tests 382 
on Panoche Shale from Eid (1996). 383 

 384 

 385 

 386 

(b) Comparison of RS and DS FSS Test Results 387 

To further investigate the values of FSS measured using RS and DS devices, DS tests were 388 

conducted herein on soils that had already been tested in RS.  In particular, at least two soils from 389 

each of the three CF groups in the FSS correlation in Figure 2 were tested to augment the 390 

comparison of RS and DS values of FSS started by Eid (1996).  All of the measured shear stress-391 

shear displacement relationships for the RS and DS tests on the soils from each CF group are 392 

presented in Appendix B.  The resulting FSS strength envelopes obtained from the RS and DS 393 

devices for the CF groups: CF ≤ 20% (Duck Creek Shale), 25 ≤ CF ≤ 45% (NoVA Clay), and CF 394 

≥ 50% (brown London Clay) are presented in Figure 6, Figure 7, and Figure 8, respectively.  The 395 
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FSS strength envelopes for the other three comparisons for CF groups: 20% ≤ CF (Urbana Till), 396 

25 ≤ CF ≤ 45% (Pierre Shale) and CF ≤ 50% (Eagle Ford Shale) are shown in Appendix C.  As 397 

expected, the DS and RS devices yield similar FSS strength envelopes regardless of the CF group 398 

because the mode of consolidation and shear are similar. This reaffirms the data and conclusion 399 

generated by Eid (1996).   400 

 401 

In particular, Figure 6 presents the various strength envelopes for Duck Creek Shale (CF ≤ 20%).  402 

As expected, the RS and DS derived strength envelopes are similar.  In addition, the RS and DS 403 

strength envelopes plot below the FSS correlation in Figure 2, which is in excellent agreement 404 

with the RS envelope after it was reduced by 2.5° (blue triangles).  This is expected because RS 405 

and DS devices fail the specimens along a nearly horizontal surface so the resulting values of FSS 406 

should fall below the FSS correlation in Figure 2, which corresponds to a CD-TX mode of shear.  407 

Conversely, the DS strength envelope even plots below the FSS correlation after reducing it by 408 

2.5°, probably due to progressive failure in the normally consolidated specimen, soil extrusion, 409 

and/or other problems with DS testing that are mentioned above.  A similar comparison and result 410 

is presented in Appendix C for Urbana Till, which is also in the lowest CF Group (20%). 411 
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 412 

Figure 6:  FSS strength envelopes from RS and DS testing on Duck Creek Shale and FSS 413 
empirical correlation for CF group ≤ 20%. 414 

 415 
 416 
 417 
Figure 7 presents the various strength envelopes for Pierre Shale (25% ≤ CF ≤ 45%).  As expected, 418 

the RS and DS derived strength envelopes are in agreement and plot below the FSS correlation in 419 

Figure 2.  The RS and DS derived strength envelopes are also in agreement with the correlation 420 

after it was reduced by 2.5° (blue triangles).  A similar comparison and result is presented in 421 

Appendix C for a split-sample of the NoVA Clay tested by Castellanos (2014) that was provided 422 

to the first author for comparison testing before Castellanos (2014) completed his testing.  The 423 

results for NoVA Clay (25%≤ CF ≤ 45%) are similar to those shown in Figure 7 for Pierre Shale. 424 

 425 
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 426 

Figure 7:  FSS strength envelopes from RS and DS testing on Pierre Shale and FSS 427 
empirical correlation for CF group 25% ≤ CF ≤ 45%. 428 

 429 

 430 

Figure 8 presents the various strength envelopes for brown London Clay, which falls in the highest 431 

CF Group (CF > 50%).  Skempton (1977) focused on brown London Clay from Chandler and 432 

Skempton (1974) with a LL, plastic limit (PL), and a CF of 82, 30, and 55, respectively. In this 433 

study, brown London Clay from Bradwell, England was tested and has a LL, PL, and CF of 101, 434 

30, and 66, respectively, so the material is more plastic than the brown London Clay considered 435 

by Skempton (1977).  436 

 437 

The RS and DS strength envelopes again plot below the Stark and Eid (1997) FSS correlation.  438 

However, the RS and DS shear strength envelopes are in agreement with the FSS correlation in 439 

Figure 2 after the FSS friction angles are reduced by 2.5°.  A similar comparison and result is 440 

presented in Appendix C for Eagle Ford Shale with a CF > 50%. 441 
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 442 

Figure 8:  FSS strength envelopes from RS and DS testing on brown London Clay and FSS 443 
empirical correlation for CF group > 50%. 444 

 445 

In summary, RS and DS devices yield similar FSS strength envelopes for the three CF groups used 446 

in the FSS correlation in Figure 2 if the testing is performed correctly (see Stark, 2017). Therefore, 447 

the strength envelopes determined from RS and DS testing should plot in between the FSS and 448 

residual strength correlations presented in Stark and Eid (1997).  If a DS derived strength envelope 449 

is in agreement with the FSS correlation in Figure 2, e.g., Castellanos et al. (2016), the data is 450 

incorrect because the DS mode of shear and testing conditions are different than CD TX. In fact, 451 

Osano (2012) shows that the DS device yields lower values than the RS device, which also 452 

contradicts Castellanos et al. (2016).  Given that Castellanos et al. (2016) present values of FSS 453 

derived from RS testing that are lower than the drained residual strength estimated from the 454 

empirical correlation described below (see Stark, 2017), their data and conclusions about RS and 455 

DS testing should be dismissed. Castellanos (2014) and Castellanos et al. (2013) used the original 456 

porous discs provided by the manufacturer of the Bromhead ring shear device to perform their RS 457 
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tests. These porous discs have insufficient serration, which leads to FSS envelopes that 458 

significantly underestimates the FSS because the porous disc slides over the surface of the soil 459 

specimen instead of penetrating the soil to cause shearing within the soil. The serration pattern 460 

proposed by Stark and Eid (1993) allows for sufficient interlocking between the upper porous disc 461 

and the normally consolidated soil to effectively shear the soil and yield an accurate measurement 462 

of the FSS. This observation is emphasized in the Closure (Eid and Rabie, 2018) to Eid and Rabie 463 

(2017). 464 

 465 

Eid (1996) also shows that the RS and DS devices yielded similar values of FSS and the DS FSSs 466 

are less than the CD-TX device.  For example, the CD-TX tests on Panoche shale performed by 467 

Eid (1996) are shown in Figure 5 and used to estimate the CD-TX secant FSS friction angles 468 

shown in Table 3, where the DS secant FSS friction angles are less than the CD-TX values.  Table 469 

3 shows the RS and DS devices yield similar secant FSS friction angles, which are less than CD-470 

TX by about 2.5° for a large range of effective normal stress.  This reinforces the recommendation 471 

to increase the RS values of FSS by 2.5°.  This is also confirmed by Duncan et al. (2014) on page 472 

74, which states that triaxial compression tests produced higher friction angles than direct shear 473 

tests. 474 

 475 

Table 3.  Secant FSS friction angles from RS, DS, and CD triaxial compression tests on 476 
Panoche Shale from Eid (1996).  477 

Effective 
Normal  
Stress  
(kPa) 

Ring Shear 
Secant FSS 

Friction Angle 
(degrees) 

Direct Shear 
Secant FSS 

Friction Angle 
(degrees) 

CD Triaxial 
Compression Secant 
FSS Friction Angle 

(degrees) 
100 24.2º 24.7º 26.2º 
400 21.2º 20.0º 22.8º 

 478 
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 479 

FSS EMPIRICAL CORRELATIONS 480 

Six (6) main correlations have been published to estimate the FSS envelope primarily using RS 481 

data and the FSS correlation in Stark and Eid (1997).  The other five (5) correlations are presented 482 

by Mesri and Shahien (2003), Wright (2005), Eid and Rabie (2017), and Castellanos (2014) or 483 

Castellanos et al. (2016).  Wright (2005) only presents a correlation for high plasticity and high 484 

CF fine-grained soils so it is included in only the third CF group comparison because these soils 485 

are most susceptible to strength loss due to wet-dry cycles in compacted highway embankments.  486 

All of these FSS correlations conclude that the FSS envelope is stress dependent, which is now 487 

accepted by many practitioners.  488 

 489 

The main uses of non site-specific empirical correlations, particularly the one shown in Figure 2, 490 

are: (1) verification of laboratory shear test results, (2) evaluation of potential borrow sources, and 491 

(3) planning level design.  Empirical correlations should not be used for final design unless site 492 

specific shear testing confirms the empirical correlation is applicable to the soils present at the 493 

project site. This paper also discusses selecting appropriate correlation parameters and “anchoring” 494 

FSS correlations using site specific shear testing before undertaking final design. 495 

 496 

These six (6) empirical FSS correlations are compared using two soils from each CF group.  In 497 

other words, the index properties for two soils from each CF group in Table A-1 are used to 498 

estimate the FSS strength envelope using each correlation and the resulting FSS envelopes are 499 

compared in a single graph to illustrate the usefulness of these correlations.  Two soils are selected 500 

from each CF group that exhibit a large difference in plasticity and CF to test the range of the FSS 501 
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correlations.  For example, Duck Creek Shale (LL=37, PI=12, and CF=19%) and San Francisco 502 

Bay Mud (LL=76, PI=35, and CF=16%) are used to compare the five (5) available FSS empirical 503 

correlations for the first CF group (CF<20%).  504 

 505 

Figure 9 presents the comparison of FSS correlations for values of CF< 20% and shows there is 506 

good agreement between the five (5) available correlations for Duck Creek Shale at the low 507 

plasticity end of this CF group (see solid lines).  However, the Castellanos (2014) correlation based 508 

on PI in percent yields a significantly lower FSS envelope for San Francisco Bay Mud (see dashed 509 

lines), which is just a little higher than the drained residual strength correlation in Stark and 510 

Hussain (2013) and confirms this correlation is incorrect. As expected, the correlations by Stark 511 

and Eid (1997), Mesri and Shahien (2003), and Eid and Rabie (2017) yield similar FSS envelopes 512 

because they are based on the same database of RS test results. 513 

 514 
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 515 

Figure 9:  FSS strength envelopes from five (5) empirical correlations for Duck Creek Shale 516 
and San Francisco Bay Mud for CF ≤ 20%.  517 

 518 
 519 
 520 
 521 
Figure 10 uses Oso Landslide Lacustrine Clay (LL=38, PI=17, and CF=31) and Bearpaw Shale 522 

(LL=128, PI=101, and CF=43) to compare the empirical correlations for the second CF group 523 

(25% ≤ CF ≤ 45%).  Figure 10 presents the comparison of FSS correlations for values of 25% ≤ 524 

CF ≤ 45% and shows there is again good agreement between the five (5) available correlations for 525 

the low plasticity soil, i.e., Oso Landslide Lacustrine Clay (see solid lines), but not for the high 526 

plasticity soil (Bearpaw Shale) in the middle CF group.  For Bearpaw Shale, the Castellanos et al. 527 

(2016) correlation based on PI*CF in percent yields a significantly lower FSS envelope (see 528 

dashed lines) than the other correlations.  This correlation uses PI*CF, both in percent, to correlate 529 
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with FSS instead of PI in percent as used by Castellanos (2014).  This correlation is similar to the 530 

CALIP parameter proposed by Collota et al. (1989) for drained residual strength, which is defined 531 

as CF2*LL*PI*10-5. In addition, comparing Figure 9 and Figure 10 shows that the two (2) 532 

correlations by Castellanos (2014), i.e., PI and PI*CF, are good for one CF group and bad for 533 

another so neither of the correlations is reliable for a range of soils and neither should be used. 534 

 535 
 536 

 537 

Figure 10:  FSS strength envelopes from five (5) empirical correlations for Oso Lacustrine 538 
Clay and Bearpaw Shale for CF 25% ≤ CF ≤ 45%.  539 

 540 
 541 
 542 
 543 
Finally, Figure 11 uses claystone from Big Bear, California (LL=74, PI=52, and CF=54) and 544 

Pierre Shale (LL=184, PI=129, and CF=84) to compare the empirical FSS correlations for the third 545 

or highest CF group (CF>50%).  The FSS correlation by Wright (2005) is included in  546 
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Figure 11 because it presents a correlation for high plasticity fine-grained soils that was the focus 547 

of his study on compacted highway embankments.   548 

 549 

 550 

Figure 11:  FSS strength envelopes from six (6) empirical correlations for Big Bear Claystone 551 
and Pierre Shale for CF > 50%.  552 

 553 
 554 

Figure 11 presents the comparison of FSS correlations for values of CF >50% and shows there is 555 

considerable scatter and disagreement between the six (6) available FSS correlations even for the 556 

lower plasticity soil, i.e., Big Bear Claystone (see solid lines) in this CF group.  This is unfortunate 557 
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because high plasticity and high CF soils are most susceptible to softening in natural and 558 

compacted slopes and most likely to develop a FSS condition in the field.  For the low plasticity 559 

soil in CF Group #3 (Big Bear Claystone), the Mesri and Shahien (2014) correlation yields a 560 

slightly higher FSS envelope than the FSS correlation in Figure 2 but it is still in good agreement. 561 

 562 

For the high plasticity soil in CF Group #3 (Pierre Shale), both the Castellanos et al. (2016) and 563 

Castellanos (2014) correlations blow-up and yield unreasonably high FSS envelopes (see dashed 564 

lines).  For example, these correlations yield FSS secant fraction angles of 35 and 52 degrees at an 565 

effective normal stress of 400 kPa, respectively, which are too high for a normally consolidated 566 

specimen.  In particular, these two correlations blow-up and yield unreasonable FSS envelopes at 567 

a PI > 70 for a normal effective stress of 400 kPa.  Therefore, the Castellanos et al. (2016) and 568 

Castellanos (2014) correlations should not be used for soils with a PI > 70. This is unfortunate 569 

because high plasticity and high CF soils are most susceptible to developing a FSS condition.  As 570 

expected, the correlations by Stark and Eid (1997) and Wright (2005) yield similar FSS envelopes 571 

for the high CF Group because they are based on the same FSS RS database.  The Mesri and 572 

Shahien (2014) and Eid and Rabie (2017) correlations yielded slightly higher FSS envelopes than 573 

the FSS correlation in Figure 2 but well below the unreasonable FSS envelopes from the 574 

Castellanos et al. (2016) and Castellanos (2014) correlations. 575 

 576 
 577 
 578 
POWER FUNCTION TO CREATE FSS STRENGTH ENVELOPE 579 

The stress-dependent FSS envelope also can be modeled using a power function as suggested by 580 

Mesri and Shahein (2003) and Lade (2010) and shown below: 581 

 582 
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𝑭𝑭𝑭𝑭𝑭𝑭 = 𝑎𝑎 × 𝑃𝑃𝑎𝑎 × �𝜎𝜎′𝑛𝑛
𝑃𝑃𝑎𝑎
�
𝑏𝑏
     (1) 583 

 584 

where “a” and “b” are dimensionless coefficients that control the scale and curvature of the 585 

strength envelope, respectively; σ’n is the effective normal stress; FSS is the fully softened shear 586 

strength; and Pa is the atmospheric pressure in the same units as FSS and σ’n (Lade 2010). 587 

 588 

Figure 12 presents values of a and b that can be used to predict the FSS strength envelopes for the 589 

three CF groups (CF ≤ 20%, 25% ≤ CF ≤ 45%, and CF ≥ 50%) in the FSS correlation shown in 590 

Figure 2. The coefficients a and b can be used with Eq. (1) to plot the stress-dependent FSS 591 

envelope using more than the five effective normal stresses (including zero) used in the FSS 592 

correlation in Figure 2.   593 

 594 

Figure 12 shows the power function coefficient b has little influence on the FSS power function 595 

so the average values for each CF group can be used without significantly compromising the 596 

resulting strength envelope.  For example, average values of b from Figure 12 are: 0.960, 0.905, 597 

and 0.852 for CF groups of: CF ≤ 20%, 25 ≤ CF ≤ 45%, and CF ≥ 50%, respectively. However, 598 

there is variability and influence of the a coefficient on the FSS envelope. Therefore, the current 599 

study developed a mathematical expression for each trend line for the a coefficient, which can be 600 

used with the power function to estimate the FSS strength envelope. A linear expression adequately 601 

represents the variability of the FSS a coefficient as a function of liquid limit (LL) for each one of 602 

the CF groups as shown below:  603 

 604 
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 605 

Figure 12:  Recommended power function coefficients “a” and “b” to estimate drained FSS 606 
envelopes for the three CF groups as a function of LL. 607 

 608 
 609 
 610 
 611 
Fully Softened Strength “a” coefficients: 612 

 CF < 20%:  FSSa 0.0014(LL) 0.6656= − +      (2) 613 

 25% < CF < 45%: FSSa 0.0015(LL) 0.6149= − +       (3) 614 

 CF > 50%:  FSSa 0.0016(LL) 0.5546= − +      (4) 615 

 616 

The FSS mathematical expressions developed are in good agreement with the trend lines in the 617 

FSS correlation presented in Figure 2 for the full range of LL values.  The values of LL and CF 618 

used in the equations should be in terms of whole numbers not decimal form.  This can be easily 619 

investigated using an EXCEL spreadsheet developed herein that includes the equations for the FSS 620 

trend lines (see Appendix D) and a power function with the values of a and b coefficient shown 621 
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in Figure 12.  The equations for the drained residual strength trend lines included in this EXCEL 622 

spreadsheet are shown in Appendix E. The EXCEL spreadsheet that incorporates both the FSS 623 

and residual strength correlations is available at www.tstark.net and can be used and distributed 624 

throughout the geotechnical profession. 625 

 626 

 627 

Figure 13:  Recommended power function coefficients “a” and “b” to estimate drained 628 
residual strength envelopes for the three CF groups as a function of LL.  629 

 630 
 631 
 632 

Power function coefficients were also developed for the residual strength correlation presented in 633 

Stark and Hussain (2013).  The mathematical expressions for a and b to represent the trend lines 634 

in the residual strength correlation using a power function were developed using the data in Figure 635 

13.  The quadratic expressions shown below adequately represent the variability of coefficients a 636 

and b as a function of liquid limit (LL) for each one of the CF groups shown in Figure 13:  637 

 638 

http://www.tstark.net/
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Residual Strength “a” coefficients: 639 

 CF < 20%:  5 2
ra 3*10 (LL) 0.0080(LL) 0.8047−= − +    (5) 640 

 25% < CF < 45%: 5 2
ra 3*10 (LL) 0.0076(LL) 0.7448−= − +    (6) 641 

 CF > 50%:  5 2
ra 3*10 (LL) 0.0077(LL) 0.6352−= − +    (7) 642 

 643 

Residual Strength “b” coefficients: 644 

 CF < 20%:  5 2
rb 2*10 (LL) 0.0023(LL) 1.0261−= − +    (8)  645 

 25% < CF < 45%: 5 2
rb 2*10 (LL) 0.0050(LL) 0.997−= − +    (9)  646 

 CF > 50%:  5 2
rb 3*10 (LL) 0.0059(LL) 1.0792−= − +    (10)  647 

 648 

 649 

The residual strength mathematical expressions presented above also can be compared with the 650 

power function and the values of a and b coefficient shown in Figure 13 using the spreadsheet 651 

mentioned above.  There is less agreement between the drained residual strength trend line 652 

equations and the power function coefficients but the difference is small for planning level 653 

investigations if it is desired to use a drained residual strength envelope from the power function 654 

instead of the empirical correlation. 655 

 656 

 657 

APPLICATION OF FSS EMPIRICAL CORRLEATION TO SAN LUIS DAM 658 

Using a DS apparatus, Stark and Duncan (1991) show that the slopewash involved in the 1981 659 

upstream slope failure of San Luis Dam (now known as B.F. Sisk Dam) in 1981 exhibits a fairly 660 
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linear FSS strength envelope at effective normal stresses above the preconsolidation pressure (see 661 

Figure 14).  The drained residual strength envelope for the upstream slopewash is also fairly linear.  662 

This testing was performed between 1986 and 1987 before the stress-dependent nature of the 663 

drained FSS and residual strength envelopes was reported in Stark and Eid (1994).  However, this 664 

case history provides an opportunity to assess the accuracy of the FSS and residual empirical 665 

correlations presented herein.   666 

 667 

Two (2) block samples of the upstream slopewash were provided by the U.S. Bureau of 668 

Reclamation with average LL and CF 66 (60 to 72) and 63% and 40 (37 to 43) and 34%. Testing 669 

was primarily conducted on the second block sample with a CF of 34%, so the slopewash falls into 670 

the transitional shear or middle CF group.  One of the desiccated downstream slopewash block 671 

samples had a similar average LL and CF of 42 (38 to 45) and 35%, respectively. The other 672 

desiccated downstream slopewash block sample exhibited a higher plasticity with the average LL 673 

and CF being 66 (60 to 72) and 63%, respectively, so this downstream slopewash sample falls into 674 

the sliding shear or third CF group.    675 

 676 

There was little difference between the peak shearing resistances of undisturbed and reconstituted 677 

specimens (c' = 0 psf and φ' = 25°) of the upstream slopewash at effective normal stresses greater 678 

than 144 kPa (3,000 psf) because the slopewash had been wetted by the reservoir and the matric 679 

suction pressures in the desiccated soil had been removed resulting in essentially a normally 680 

consolidated material. Only at effective normal stresses below about 144 kPa (3,000 psf) did the 681 

undisturbed DS specimens exhibit slightly higher peak strengths, which is indicative of a slightly 682 
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overconsolidated material. The residual strengths of undisturbed and reconstituted specimens of 683 

the upstream slopewash were also the same (c r' = 0 psf and φr' = 15°).  684 

 685 
 686 

 687 

Figure 14:  Measured and estimated drained FSS and residual strength envelopes for 688 
upstream and downstream slopewash at San Luis Dam. 689 

 690 

 691 

Stark et al. (2014) calculate the FS of the upstream slope at different operational stages using a 692 

failure surface that remains in the slopewash to the slope toe after passing through the Zone 1 693 

(impervious core) material (see Table 4 for FS values). These slope stability analyses were 694 

augmented herein to determine if the FSS and residual correlations presented herein would have 695 

accurately predicted the stability of the upstream slope. 696 

 697 
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 698 
 699 
Table 4. Summary of factor of safety for upstream slope of San Luis Dam. 700 
 701 

Reservoir 
Condition and 

Slopewash  
Shear  

Strength 

Stark and 
Duncan (1991)  

(Linear  
Strength 

Envelopes)  

Present Study 
(Linear FSS and 

Residual Strength 
Envelopes using LL 
= 42 and CF = 34%) 

Present Study (Stress 
Dependent FSS and 
Residual Strength 

Envelopes using LL 
= 42 and CF = 34%) 

Present Study (Stress 
Dependent FSS and 
Residual Strength 

Envelopes using LL = 
66 and CF = 63%) 

End of 
construction 
& Desiccated 
slopewash: (c’ 
= 263 kPa,  
ϕ’ = 390) 
 

 
4.8 

 
4.7 

 
4.7 

 
4.7 

Reservoir Full 
& FSS: (c’ = 
0 kPa,  
ϕ’FSS = 250) 
 

 
2.0 

 
1.9 

 
1.9 

 
1.7 

Reservoir 
Down & FSS: 
(c’ = 0 kPa,  
ϕ’ FSS = 250) 
 

 
1.3 

 
1.5 

 
1.6 

 
1.2 

Reservoir 
Down & 
Residual: (c’ 
= 0 kPa,  
ϕ’r = 150) 
 

 
0.9 

 
1.05 

 
1.13 

 
0.86 

 702 

 703 

The stress-dependent FSS envelope for the upstream slopewash yields a slightly higher FS (1.6) 704 

than the linear FSS envelope (1.5) using a LL of 42 and CF = 34%.  These values of FS are higher 705 

than the FS (1.3) obtained using the linear FSS envelope (φ’FSS = 250) in Stark and Duncan (1991).  706 

This difference in FS is due to the stress-dependent FSS envelope being higher at low effective 707 

normal stresses than the linear strength envelope of φ’FSS = 250 (see Figure 14).  For comparison 708 
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purposes, the FSS secant friction angle for the stress-dependent FSS envelope ranges from 33.5 to 709 

26.0 degrees so the empirical correlation yields a strength envelope that is greater than the linear 710 

FSS strength envelope of 250 from Stark and Duncan (1991) for the full range of effective normal 711 

stresses.  712 

 713 

The largest difference in FS for the upstream slope involves the drained residual strength. The 714 

stress-dependent residual envelope is significantly higher than the linear envelope (φ’r= 150) (see 715 

Figure 14). As a result, the stress-dependent residual envelope yielded a FS (1.13) greater than 716 

unity (1.0), which is not indicative of slope instability for the pore-water pressure used in the 717 

analysis.  For comparison, the secant friction angle for the stress-dependent residual strength 718 

envelope ranges from 26.1 to 18.6 degrees so the empirical correlation yields a strength envelope 719 

that is greater than the linear envelope of 150 for the full range of effective normal stresses.  The 720 

linear residual strength envelope (φ’r = 150) was measured by the first author using many travels 721 

in a reversal direct shear test and a pre-cut specimen.  The laborious and time-consuming procedure 722 

lead the first author to pursue development of a torsional ring shear device and test procedure to 723 

effectively measure the drained residual strength.  However, the drained residual strength of the 724 

high plasticity slopewash (LL=66) provides a FS below unity as discussed below. 725 

 726 

The stress-dependent FSS envelope for the high plasticity (LL=66) downstream slopewash yields 727 

a lower FS (1.7) than the linear envelope (1.9).  This low FS is due to the stress-dependent FSS 728 

envelope being lower than the linear strength envelope of φ’FSS = 250 (see Figure 14) due the 729 

higher plasticity and a CF that exceeds 50% so it falls in the highest CF group.  For comparison 730 

purposes, the secant friction angle for the stress-dependent FSS envelope ranges from 30.8 to 20.1 731 
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degrees so the empirical correlation yields a strength envelope that is lower than the linear 732 

envelope (φ’FSS = 250) at higher effective normal stresses. The stress-dependent residual strength 733 

envelope is also significantly lower than the linear envelope (φ’r= 150) (see Table 4) and ranges 734 

from 16.0 to 9.7 degrees. As a result, the stress-dependent residual envelope yielded a FS (0.86), 735 

which is significantly lower than unity (1.0).  This block sample was obtained from downstream 736 

of the slide and may not be representative of all of the slopewash involved in the upstream slope 737 

failure. 738 

 739 

In summary, the FSS and residual strength correlations updated herein provide a reasonable 740 

inverse analysis of the upstream slope failure in San Luis Dam.  In general, if a FSS was mobilized 741 

at the 1981 drawdown level the slope would have been stable and if a drained residual strength 742 

was mobilized it would have been unstable to marginally stable based on the pore-water pressures 743 

used in the analysis.  This provides some reassurance that the correlations provide reasonable FSS 744 

and residual strength envelopes but should be verified for final design as discussed below. 745 

 746 

 747 

 748 

SELECTING INPUT PARAMETERS FOR EMPIRICAL CORRELATIONS 749 

Because the FSS correlation in Figure 2 is used in practice, there has been debate about the 750 

appropriate values of LL and CF to use with the correlations.  The following two scenarios have 751 

been used in practice: 752 

 753 
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1. Using numerical average values of LL and CF because the deposit fill is uniform, i.e., a 754 

weak layer or bedding is unlikely so the material is adequately represented by a limited 755 

number of samples and borings.  756 

 757 
2. Using one standard deviation above the mean values of LL and CF because there is a 758 

likelihood that a weak layer or bedding is present given limited subsurface information. 759 

Average values of LL and CF are usually lower than values for the weakest layer because 760 

there is more data for the materials outside than inside the weak layer.   761 

 762 
 763 
 764 

Instead of using numerical statistics and the two scenarios above, it is recommended herein that 765 

the LL and CF be plotted using histograms.  This approach is recommended because statistics can 766 

be skewed by some low values that probably will not control slope or retaining wall stability.  767 

Table 5 presents values of LL and CF for a heavily over-consolidated clay near Seattle, 768 

Washington, which are plotted in histograms in Figure 15.  Figure 15 presents 192 values of LL 769 

and CF from the entire project area.  CF is an important parameter because it determines which 770 

type of shearing behavior the soil will exhibit. There is an important difference between the 771 

average and average plus one standard deviation values of CF (40 and 62) because it shifts the clay 772 

into the highest CF group instead of the middle CF group.   773 

 774 

Figure 15(a) shows that the average value of LL is skewed downward to 60 (see Table 5) because 775 

the histogram shows a lot of LL values from 60 to 85.  Therefore, a LL value of 70 is reasonable 776 

to estimate the FSS at this site instead of the numerical average LL of 60.  This is a significant 777 

difference in LL because the slope of the trend lines is steep in this range of LL.  Figure 15(b) 778 
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also shows a representative value of CF is 51 or greater than 50% (highest CF group), for 779 

estimating the FSS instead of the average value of 40% (middle CF group).  The value of CF is 780 

not important once it exceeds 50% so many designers simply use 50% and vary the LL for planning 781 

level decisions.  782 

 783 

 784 

Table 5.  Summary of LL and CF for a project site involving a mechanically 785 
overconsolidated clay. 786 

 
 

Material 
Type  

or  
Location 

 
Minimum 

and  
Maximum 

LL  
(%) 

LL 
Average, 
Median, 

and  
Standard 
Deviation 

 
Minimum 

and  
Maximum 

CF  
(%) 

CF 
Average, 
Median, 

and  
Standard 
Deviation 

Planning 
Design  

LL  
based  

on 
Histogram 

Planning 
Design  

CF  
based  

on 
Histogram*  

Across site 22/92 60/64/16 2/81 40/43/22 70 55/>50% 
Particular 

slope 
30/83 55/47/21 4/81 43/55/31 75 55/>50% 

NOTE:   787 
* Use CF >50% for recommended strength values 788 
 789 
 790 
 791 
 792 

 793 

Figure 15:  Histograms of: (a) LL and (b) CF for heavily over-consolidated clay project site. 794 
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 795 
 796 
Figure 16 presents the LL and CF values for one slope of interest within the large Seattle project 797 

described above (see Figure 15).  Figure 16 presents twenty-one (21) values of LL and CF instead 798 

of the 192 values from the entire project shown in Figure 15.  Table 5 also presents values of LL 799 

and CF for this particular slope. The histograms of LL and CF in Figure 16(a) and (b), 800 

respectively, indicate there are two types of soil in this slope.  One soil type has a LL ranging from 801 

30 to 50 while the other has a LL ranging from 70 to 85.  This distinct separation in LL values 802 

indicates the presence of a low plasticity (higher strength) and a high plasticity (lower strength) 803 

soil within the slope.  For slope stability purposes, the soil with a higher LL will control stability 804 

because the critical failure surface will be minimized in the stronger materials.  One soil type has 805 

a CF less than 45% while the other soil ranges from 55 to 85%.  Clearly the soil with a CF greater 806 

than 50% will control the stability of the slope and should be used with the corresponding LL.  807 

Therefore, the FSS envelope for this particular slope should be estimated using a value of LL of 808 

75 with a range of 70 to 85 and a CF greater than 50% and not the average CF of only 43.   809 

 810 

 811 

Figure 16:  Histograms of: (a) LL and (b) CF for a particular slope in the heavily over-812 
consolidated clay in the project site shown in Figure 15. 813 
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 814 

In summary, the highest grouping of slope-specific values of LL and CF in a histogram should be 815 

used to estimate the FSS and residual strength envelopes instead of some form of numerical 816 

average.  The resulting strength envelopes can be used to verify laboratory shear test results, 817 

evaluate potential borrow sources, and planning level design for this slope.   818 

 819 

 820 

ANCHORING FSS CORRELATIONS 821 

Over large areas, it is desirable to estimate the range of shear strength based on index properties, 822 

such as LL and CF, because it is impractical to perform shear tests on all of the relevant materials.  823 

If a wide range of soils is considered as potential borrow material, at least one soil from each CF 824 

group should be tested to ensure reasonable agreement with the strength envelopes estimated from 825 

the empirical trend lines and/or power function coefficients. The FSS empirical correlation and 826 

power function coefficients are based on a finite number of soils (60) that may not include any 827 

soils from the site of interest.  Hence, the correlation should be calibrated to ensure project specific 828 

soils are in agreement before it is used for final design. 829 

 830 

For example, it was desirable to estimate the range of the FSS using index properties, such as LL 831 

and CF, for the Dallas Floodway because it was not practical to perform shear tests on all of the 832 

relevant materials over the 38.4 km of levee being investigated (Gamez and Stark, 2014).  833 

Calibrating the empirical correlation to ensure project specific soils are in agreement with the 834 

correlation was desired before the correlation could considered for final design purposes. Because 835 

most of the observed slope failures along the approximately 38.4 km of levee system are of shallow 836 
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to intermediate depth, most of the direct shear testing (Stephens et al., 2011) and anchoring with 837 

the FSS correlation in Figure 2 occurred at effective normal stresses of 50 and 100 kPa.   838 

 839 

Figure 17 shows the LL and CF histograms of thirty-one (31) samples of the levee materials in 840 

the slope instability areas along the floodway. The thirty-one (31) samples exhibit LL ranging from 841 

35 to 93 and these samples were used to measure the FSS as discussed below.  The numerical 842 

average LL is about 77 for the range of samples tested and the majority of the CF values exceed 843 

50%.  From the histograms, a design value of LL is 80 and a CF greater than 50% is recommended. 844 

Stephens et al. (2011) present direct shear test results on these thirty-one (31) soils and the values 845 

of FSS plot within the upper and lower bounds of the FSS correlation in Figure 2 at an effective 846 

normal stress of 50 kPa.  In addition, the average of the data is in agreement with the average trend 847 

line for an effective normal stress of 50 kPa, which is the relevant value for the shallow failures 848 

observed in the levees. 849 

 850 

 851 

Figure 17:  Histograms of (a) LL and (b) CF for slope instability areas along the Dallas 852 
Floodway. 853 

 854 
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 855 

 856 

CRITICAL FAILURE SURFACE AND APPLICABLE FACTORS OF SAFETY 857 

 858 
For fine-grained soil embankments and cutslopes, the critical semi-circular to planar failure surface 859 

should be located using the drained peak strength of the compacted and/or natural soil because this 860 

is the location of the most detrimental shear stresses in the slope.  This is important because the 861 

compacted embankment or natural slope starts at a peak strength, which can be reduced to a fully 862 

softened condition with time and the appropriate shear and environmental conditions.  However, 863 

a fully softened condition may not occur over the entire length of the failure surface at the time of 864 

failure due to applied shear stresses and variations in the weathering and softening processes.  As 865 

a result, the critical failure surface also should be located using a stress-dependent FSS envelope 866 

and the lowest FS for these two failure surfaces should be used for design. After locating these two 867 

static failure surfaces, various shear strengths should be considered with corresponding minimum 868 

values of FS.  869 

 870 

Figure F-1 in Appendix F of the Supplemental Data shows that a large difference can exist 871 

between drained fully softened and residual strengths for soil with different plasticity. The 872 

difference between FSS and residual strength is significant for liquid limits greater than 50 so the 873 

potential for progressive failure is greater in these soils.  Figure F-1 also shows that the difference 874 

between FSS and residual strengths is greater for shallow failure surfaces than for deeper failure 875 

surfaces.  As a result, the following two FS scenarios are presented for shallow failure surfaces in 876 

overconsolidated cut and compacted fill slopes: 877 

 878 
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1. Use the FSS that represents the level of field disaggregation and loss of structure due to 879 

cycles of wetting and drying, and assume full softening can occur over the service life of 880 

the structure and meet or exceed a two-dimensional FS of 1.5 or 1.4 for levees under U.S. 881 

Army Corps of Engineering (2003) Engineer Manual EM 1110-2-1902 – Slope Stability.  882 

If a three-dimensional stability analysis is used, higher values of FS should be satisfied 883 

especially for concave slopes (Stark and Ruffing, 2017).  884 

 885 

2. Use the drained residual strength for materials that will undergo softening and shear 886 

displacement due to applied shear stresses and meet or exceed a two-dimensional FS of 887 

unity (1.0) if a ring shear residual strength is used.  This is not a conservative 888 

recommendation because the required FS is only unity (1.0), not 1.5, and Mesri and 889 

Shahein (2003) show a portion of the failure surface in first-time slides can mobilize a 890 

residual strength condition.  If a reversal DS large displacement strength is used to measure 891 

the residual strength, the FS should meet or exceed a two-dimensional FS of 1.1.  The 892 

residual friction angle (φ’r) in clay embankments can be estimated from the updated 893 

empirical residual strength correlation in Figure G-1 in Appendix G.   894 

 895 
 896 
 897 
SUMMARY 898 

This paper presents techniques for measuring the FSS and using FSS correlations for slope, 899 

embankment, dam, and levee design.  A summary of the main points of the paper are: 900 

 901 

1. The fully softened strength (FSS) is applicable for shallow cut slope and compacted 902 

embankment soils because it represents the strength remaining after the effects of 903 
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mechanical overconsolidation, compaction, desiccation, and/or other strengthening 904 

processes have been significantly reduced or removed due to applied shear stresses, 905 

wetting, stress relief, swelling, and/or weathering.   906 

2. The relevant mode of shear for first-time slides in natural cut slopes and compacted 907 

embankments is closer to consolidated-drained (CD) triaxial compression than ring shear 908 

or direct shear tests. 909 

3. Testing presented herein shows ring shear and direct shear devices yield similar FSS 910 

envelopes for the three CF groups in the Stark and Eid (1997) FSS correlation.  This is 911 

expected because ring shear and direct shear devices induce failure along a nearly 912 

horizontal surface and involve similar consolidation and shearing conditions.  913 

4. Data presented herein shows the CD triaxial compression conversion factor of 2.50 for ring 914 

shear and direct shear tests results is reasonable to slightly conservative for shallow failure 915 

surfaces by about 0.50.  As a result, accurate ring shear and direct shear test results should 916 

plot below the FSS correlation in Figure 2 because the FSS correlation reflects the CD 917 

triaxial compression mode of shear, i.e., RS increased by 2.50.  This is also in agreement 918 

with Duncan et al. (2014), which state that triaxial compression tests produce higher 919 

friction angles than the direct shear test. 920 

5. It is recommended that histograms be used to select representative values of LL and CF for 921 

use in the FSS empirical correlation instead of statistics because they can be skewed by 922 

some low values that probably will not control slope or retaining wall stability. Slope or 923 

embankment specific values of LL and CF should be used to estimate the FSS strength 924 

envelope and not overall site index properties.   925 
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6. The Castellanos et al. (2016) and Castellanos (2014) FSS correlations are unreliable and 926 

should not be used even for planning level decisions (see Figure 11). 927 

7. If a range of soils will be considered for a borrow source or project alignment, a minimum 928 

of one soil from each CF group should be shear tested for the full range of effective normal 929 

stresses to “anchor” the FSS correlation and produce reasonable stress-dependent FSS 930 

envelopes for final design.   931 

 932 

 933 
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 1146 

 1147 

Table A-1:  Summary of soils used for fully softened strength (FSS) ring shear testing 1148 
with the soils tested during this study indicated by “^:. 1149 

 1150 
Soil 

Number Soil Name Site Location LL 
(%) 

PL 
(%) 

CF 
(%) 

Activity 
(PI/CF) 

1 *Glacial till Urbana, IL 24 16 18 0.44 
^2 *^Glacial till Urbana, IL  20 15 18 0.33 
3 *Loess Vicksburg, MS 28 18 10 1.00 
^4 *^Glacial Till Spring Valley, IL 29 22 24 0.29 
^5 *^Colluvium Charleston, WV 32 21 45 0.24 
6 *Sandy lean clay  Dallas, TX 35 13 25 0.88 
^7 *^Colluvium Charleston, WV 36 23 45 0.29 
8 #Duck Creek shale Fulton, IL 37 25 19 0.63 
9 *Slide debris San Francisco, CA 37 26 28 0.39 

^10 *^Western Oso River Oso, WA 38 21 31 0.55 
11 *Colluvium Vallejo, CA 39 22 36 0.47 
^12 *^Colluvium Charleston, WV 40 21 46 0.41 

13 *Upstream Slopewash 
material Los Banos, CA 40 24 34 0.47 

14 *Downstream 
Slopewash material Los Banos, CA 42 22 35 0.57 

15 *Crab Orchard shale Peoria, IL 44 24 32 0.63 
16 *Failure plane debris Brillant, OH 44 19 39 0.64 
17 #Colorado shale Montana, MT 46 25 73 0.29 
18 *Panoche mudstone San Francisco, CA 47 27 41 0.49 
19 *Sandy lean clay  Dallas, TX 49 19 17 1.76 
^20 *^Eastern Oso River Oso, WA 52 25 51 0.53 
21 *Panoche shale San Francisco, CA 53 29 50 0.48 
22 *Colluvium Marietta, OH 54 25 48 0.6 
23 *Slide plane material Los Angeles, CA 55 24 27 1.15 

24 *Silty clay Esperanza Dam,  
Ecuador 55 40 29 0.52 

25 *Illinois Valley shale Peru, IL 56 24 45 0.71 

26 *Bel Air (GMX-1 @ 
17 ft. depth) Los Angeles, CA 60 33 45 0.6 

27 #Comanche shale Proctor Dam, TX 62 32 68 0.44 
28 *Breccia material Manta, Ecuador 64 41 25 0.92 

29 *Silty clay La Esperanza 
Dam, Ecuador 64 41 21 1.1 
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 1151 
NOTES: 1152 
*  Samples not ball-milled 1153 

30 *High plasticity clay Dallas, TX 65 17 43 1.12 

^31 *^High plasticity clay 
(NoVA) Northern Virginia 65 39 24 0.96 

32 *Shale Dallas, TX 73 32 60 0.68 
33 *Claystone Big Bear, CA 75 22 54 0.98 

34 *Siltstone/Claystone Orange County, 
CA 75 37 48 0.79 

35 *Bay mud San Francisco, CA 76 41 16 2.19 
36 #Patapsco shale Washington, D.C. 77 25 59 0.88 
^37 *^Buckshot clay Vicksburg, MS 66 28 40 0.95 
^38 *^Buckshot clay - VT Vicksburg, MS 78 26 69 0.75 
39 *Pierre shale Rapid City, SD 80 49 56 0.88 
40 #Pierre shale Limon, CO 82 30 42 1.24 

41 *Shear surface (depth 
19.8 m) Los Angeles, CA 82 31 50 1.02 

42 *Shear surface Los Angeles, CA 83 29 52 1.04 
43 *Madisette Clay Madisette, CA 83 29 52 1.04 
44 *^Eagle Ford Shale Dallas, TX 85 27 70 0.82 
45 *Lower Pepper shale Waco Dam, TX 94 26 77 0.88 

46 *Serpentinite clay Marion County, 
CA 95 27 54 1.26 

^47 *^Sentinel Butter 
Formation S#4 Watford, ND 96 23 55 1.32 

48 #Brown London clay Bradwell, England 101 35 66 1 
49 #Cucaracha shale Panama Canal 111 42 63 1.1 
50 #Denver shale Denver, CO 121 37 67 1.25 

51 #Bearpaw shale Saskatchewan, 
Canada 128 27 43 2.35 

^52 *^Sentinel Butter 
Formation S#1 Watford, ND 135 26 67 1.63 

53 *Pierre shale Newcastle, WY 137 30 54 1.98 
54 *Oahe firm shale Oahe Dam, SD 138 41 78 1.24 

^55 *^Sentinel Butter 
Formation S#2 Watford, ND 139 25 70 1.63 

56 #Taylor shale San Antonio, TX 170 39 72 1.82 
57 #Pierre shale       Reliance, SD 184 55 84 1.54 
58 *Oahe bentonitic shale Oahe Dam, SD 192 47 65 2.23 

59 *Lea Park bentonitic 
shale 

Saskatchewan, 
Canada 253 48 65 3.15 

60 #Bearpaw shale Ft. Peck Dam, MT 288 44 88 2.77 



 

60 

# Index properties from Mesri and Cepeda-Diaz (1986) and sample ball-milled 1154 
^ Samples tested during this study 1155 
 1156 
 1157 
  1158 
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Appendix B 1159 
 1160 
 1161 

Shear Stress-Shear Displacement Relationships from Direct Shear and Ring Shear Testing 1162 
 1163 
 1164 

To further investigate the values of FSS measured using RS and DS devices, DS tests were 1165 

conducted herein on soils that had already been tested in RS.  In particular, at least two soils from 1166 

each of the three CF fractions groups in the Stark and Eid (1997) FSS correlation (see Figure 2) 1167 

were tested to augment the comparison of RS and DS values of FSS started by Eid (1996).  The 1168 

measured shear stress-shear displacement relationships for the RS and DS tests on the soils for 1169 

each CF group are presented in Appendix B.  The plots of the FSS strength envelopes obtained 1170 

from the RS and DS devices for the CF groups: CF ≤ 20% (Duck Creek Shale), 25 ≤ CF ≤ 45% 1171 

(Pierre Shale), and CF ≥ 50% (Brown London Clay) are presented in Figure 6, Figure 7, and 1172 

Figure 8, respectively.  The strength envelopes for the other three comparisons for CF groups: 1173 

20% ≤ CF (Urbana Till), 25 ≤ CF ≤ 45% (NoVA Clay), and CF ≥ 50% (Eagle Ford Shale) are 1174 

shown in Appendix C.  As expected, the DS and RS devices yield similar FSS strength envelopes 1175 

regardless of the CF. This reaffirms the data and conclusion generated by Eid (1996).   1176 

 1177 

 1178 

 1179 

 1180 

  1181 
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 1182 

Figure B-1:  Shear stress-shear displacement relationships from direct shear and ring 1183 
shear testing on Urbana Till for CF group CF ≤ 20%.   1184 
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 1196 

 1197 

Figure B-2:  Shear stress-shear displacement relationships from direct shear and ring 1198 
shear testing on Duck Creek Shale for CF group CF ≤ 20% 1199 
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 1211 

Figure B-3:  Shear stress-shear displacement relationships from direct shear and ring 1212 
shear testing on Northern Virginia Clay for CF group 25 ≤ CF ≤ 45%. 1213 
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 1224 

Figure B-4:  Shear stress-shear displacement relationships from direct shear and ring shear    1225 
testing on Pierre Shale for CF group 25% ≤ CF ≤ 45%.   1226 
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 1234 

Figure B-5:  Shear stress-shear displacement relationships from direct shear and ring 1235 
shear testing on Brown London Clay for CF group CF≥50%.   1236 
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 1251 

Figure B-6:  Shear stress-shear displacement relationships from direct shear and ring 1252 
shear testing of Eagle Ford Shale for CF group CF≥50%.   1253 
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Appendix C 1272 
 1273 
 1274 

Strength Envelopes from Direct Shear and Ring Shear Testing 1275 
 1276 
 1277 
 1278 
 1279 
 1280 
 1281 
 1282 
 1283 
 1284 
 1285 
 1286 
 1287 
 1288 
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 1312 

Figure C-1:  FSS strength envelopes from direct shear and ring shear testing on Urbana 1313 
Till and FSS empirical correlation by Stark and Eid (1997) for CF group CF 1314 
≤ 20%. 1315 
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  1319 
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 1320 

Figure C-2:  FSS strength envelopes from direct shear and ring shear testing on Northern 1321 
Virginia (NoVA) Clay and FSS empirical correlation by Stark and Eid 1322 
(1997) for CF group 25% ≤ CF ≤ 45%. 1323 
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 1345 

Figure C-3:  FSS strength envelopes from direct shear and ring shear testing on Eagle 1346 
Ford Shale and FSS empirical correlation by Stark and Eid (1997) for CF 1347 
group CF≥50%. 1348 
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 1352 
Appendix D 1353 

 1354 
 1355 

Equations for trend lines in FSS Empirical Correlation 1356 
 1357 
 1358 
 1359 
 1360 
The current study refined the equations used to represent the trend lines in the FSS empirical 1361 

correlation by Stark and Eid (1997) and its updates.  The values of LL and CF used in the equations 1362 

should be in terms of whole numbers not decimal form. These equations are used in the EXCEL 1363 

spreadsheet mentioned above that can be used to estimate the FSS and residual strength envelopes 1364 

for a range of input parameters and assess the sensitivity of the strength envelope to the various 1365 

CF groups.  The spreadsheet is available at www.tstark.net and can be used and distributed to the 1366 

geotechnical profession. 1367 

 1368 

A second degree polynomial adequately represents the FSS trend lines for all CF groups and all 1369 

four effective normal stresses in Gamez and Stark (2014).  The set of equations developed for CF 1370 

Group No. 1 (20% ≤ CF) trend lines, which has measured values of LL ranging from 30% to less 1371 

than 80% (30% ≤ LL ≤ 80%) are: 1372 

 1373 
 1374 

( ) '
n

' 2 5 2
FSS 12kPa

35.33 5.85x10 (LL) 9.71x10 (LL)
σ

φ − −

=
= − +      (D.1) 1375 

( ) '
n

' 4 2
FSS 50kPa

34.85 0.07929(LL) 2.35x10 (LL)
σ

φ −

=
= − +         (D.2) 1376 

( ) '
n

' 4 2
FSS 100kPa

34.39 0.0863(LL) 2.66x10 (LL)
σ

φ −

=
= − +        (D.3) 1377 

( ) '
n

' 4 2
FSS 400kPa

34.76 0.13(LL) 4.71x10 (LL)
σ

φ −

=
= − +      (D.4) 1378 

 1379 
 1380 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1381 
decimal form. 1382 
 1383 

http://www.tstark.net/
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 1384 

Another set of equations was developed for the trend lines in CF Group No. 2 (25% ≤ CF ≤ 45%) 1385 

with measured LL values ranging from 30% to less than 130% (30% ≤ LL ≤ 130%): 1386 

 1387 

( ) '
n

' 1 4 2
FSS 12kPa

38.10 1.19x10 (LL) 2.48x10 (LL)
σ

φ − −

=
= − +      (D.5) 1388 

( ) '
n

' 4 2
FSS 50kPa

36.18 0.1143(LL) 2.354x10 (LL)
σ

φ −

=
= − +      (D.6) 1389 

( ) '
n

' 4 2
FSS 100kPa

33.11 0.107(LL) 2.2x10 (LL)
σ

φ −

=
= − +       (D.7) 1390 

( ) '
n

' 4 2
FSS 400kPa

30.7 0.1263(LL) 3.442x10 (LL)
σ

φ −

=
= − +     (D.8) 1391 

 1392 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1393 
decimal form. 1394 

 1395 
 1396 
 1397 
 1398 

A third set of cubic equations was developed for CF Group No. 3 (CF ≥ 50%) with measured LL 1399 

values ranging from 30% to less than 300% (30% ≤ LL < 300%) as shown below:  1400 

 1401 

( ) '
n

' 2 4 2 7 3
FSS 12kPa

36.45 9.18x10 (LL) 1.09x10 (LL) 1.10x10 (LL)
σ

φ − − −

=
= − + −    (D.9) 1402 

( ) '
n

' 4 2 7 3
FSS 50kPa

33.37 0.11(LL) 2.344x10 (LL) 2.96x10 (LL)
σ

φ − −

=
= − + −    (D.10) 1403 

( ) '
n

' 4 2 7 3
FSS 100kPa

31.17 0.142(LL) 4.678x10 (LL) 6.762x10 (LL)
σ

φ − −

=
= − + −    (D.11) 1404 

( ) '
n

' 4 2 7 3
FSS 400kPa

28.0 0.1533(LL) 5.64x10 (LL) 8.414x10 (LL)
σ

φ − −

=
= − + −   (D.12) 1405 

 1406 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1407 
decimal form. 1408 
 1409 
 1410 
 1411 
These equations are not valid outside of the range of measured LL values.  As a result, the 1412 

spreadsheet mentioned above does not present a FSS strength envelope for values of LL outside 1413 

the measured ranges.   1414 

  1415 
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 1416 
Appendix E 1417 

 1418 
 1419 

Equations for trend lines in Residual Strength Empirical Correlation 1420 
 1421 
 1422 

The mathematical expressions developed by Stark and Hussain (2013) for the residual 1423 

strength correlation did not change but a presented below for completeness.  The values of LL and 1424 

CF used in the equations should be in terms of whole numbers not decimal form.  The empirical 1425 

correlation for 'r of CF Group #1 and for LL values ranging from 30% to less than 80% (30% < 1426 

LL < 80%) are shown as Equations (E.1) to (E.4) below. The upper bound for LL is specified 1427 

because no ring shear data are available outside of this LL range.  1428 

 1429 

( ) '
n

' 4 2
r 50kPa

39.71 0.29(LL) 6.63x10 (LL)
σ

φ −

=
= − +          (E.1) 1430 

( ) '
n

' 4 2
r 100kPa

39.41 0.298(LL) 6.81x10 (LL)
σ

φ −

=
= − +        (E.2) 1431 

( ) '
n

' 3 2
r 400kPa

40.24 0.375(LL) 1.36x10 (LL)
σ

φ −

=
= − +      (E.3) 1432 

( ) '
n

' 3 2
r 700kPa

40.34 0.412(LL) 1.683x10 (LL)
σ

φ −

=
= − +      (E.4) 1433 

 1434 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1435 
decimal form. 1436 
 1437 
 1438 

Another set of equations was developed by Stark and Hussain (2013) for the trend lines in 1439 

CF Group #2 (25%<CF<45%) and LL values ranging from 30% to less than 130% (30% < LL < 1440 

130%) and are given below in Equations (E.5) to (E.8).  1441 

 1442 

( ) '
n

' 3 3 2 5 3
r 50kPa

31.4 6.79x10 (LL) 3.616x10 (LL) 1.864x10 (LL)
σ

φ − − −

=
= − − +    (E.5) 1443 

( ) '
n

' 4 3 2 5 3
r 100kPa

29.8 3.627x10 (LL) 3.584x10 (LL) 1.854x10 (LL)
σ

φ − − −

=
= − − +   (E.6) 1444 

( ) '
n

' 2 3 2 5 3
r 400kPa

28.4 5.622x10 (LL) 2.952x10 (LL) 1.721x10 (LL)
σ

φ − − −

=
= − − +  (E.7) 1445 

( ) '
n

' 4 2 6 3
r 700kPa

28.05 0.2083(LL) 8.183x10 (LL) 9.372x10 (LL)
σ

φ − −

=
= − − +   (E.8) 1446 

 1447 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1448 
decimal form. 1449 
 1450 



 

75 

Two equations are required to capture the complicated shape of the Group #3 trend lines. 1451 

Stark and Hussain (2013) use a third degree polynomial represent the trend lines for CF Group #3 1452 

and for all four effective normal stresses and for 30% < LL < 120% and the trend lines for CF 1453 

Group #3 and 120% < LL < 300% can be represented using a linear relationship (straight line).  1454 

The resulting equations are: 1455 

 1456 

( ) '
n

' 4 2 6 3
r 50kPa

33.5 0.31(LL) 3.9x10 (LL) 4.4x10 (LL)
σ

φ − −

=
= − + +     (E.9) 1457 

( ) '
n

' 4 2 6 3
r 100kPa

30.7 0.2504(LL) 4.2053x10 (LL) 8.0479x10 (LL)
σ

φ − −

=
= − − +    (E.10) 1458 

( ) '
n

' 4 2 6 3
r 400kPa

29.42 0.2621(LL) 4.011x10 (LL) 8.718x10 (LL)
σ

φ − −

=
= − − +   (E.11) 1459 

( ) '
n

' 4 2 6 3
r 700kPa

27.7 0.3233(LL) 2.896x10 (LL) 7.1131x10 (LL)
σ

φ − −

=
= − + +   (E.12) 1460 

( ) '
n

'
r 50kPa

12.03 0.0215(LL)
σ

φ
=

= −         (E.13) 1461 

( ) '
n

'
r 100kPa

10.64 0.0183(LL)
σ

φ
=

= −         (E.14) 1462 

( ) '
n

'
r 400kPa

8.32 0.0114(LL)
σ

φ
=

= −        (E.15) 1463 

( ) '
n

'
r 700kPa

5.84 0.0049(LL)
σ

φ
=

= −        (E.16) 1464 

 1465 
NOTE: The values of LL used in the equations should be in terms of whole numbers not 1466 
decimal form. 1467 
 1468 

 1469 
  1470 
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 1471 
Appendix F 1472 

 1473 
 1474 

Difference between Fully Softened and Residual Strengths as a Function of Liquid Limit 1475 
 1476 
 1477 

Figure F-1 shows that a large difference can exist between drained fully softened and residual 1478 

strengths for soil with different plasticity. The difference between FSS and residual strength is 1479 

significant for liquid limits greater than 50 so the potential for progressive failure is greater. Figure 1480 

F-1 also shows that the difference between FSS and residual strengths is greater for shallow failure 1481 

surfaces, , than for deeper failure surfaces.   1482 

 1483 

 1484 

Figure F-1:  Difference between secant fully softened (φ’FSS) and residual (φ’r) friction angles 1485 
as function of liquid limit from Stark et al. (2005).  1486 

 1487 
  1488 



 

77 

 1489 
Appendix G 1490 

 1491 
 1492 

Residual Strength Empirical Correlation 1493 
 1494 
 1495 
The drained residual friction angle (φ’r) of fine-grained soil in natural and compacted slopes can 1496 

be estimated from the updated empirical correlation from Stark and Hussain (2013) in Figure G-1497 

1. 1498 

 1499 

 1500 

Figure G-1:  Updated empirical correlation for drained residual secant friction angle based on 1501 
liquid limit (LL), clay-size fraction (CF), and effective normal stress (σ'n) after 1502 
Stark and Hussain (2012). 1503 
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