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THIRD DRAFT 110 

DEVELOPMENT AND USE OF FULLY SOFTENED 111 

SHEAR STRENGTH IN SLOPE STABILITY 112 

ANALYSES 113 
 114 

1. Introduction 115 

Stability analyses for cut, embankment, dam, and levee slopes comprised of fine grained 116 
soils have traditionally been conducted using peak strengths or some percentage of peak 117 
strength determined from standard laboratory shear strength tests on undisturbed or freshly 118 
compacted samples.  Using these peak strengths and slope ratios in the range of 3H:1V (3 119 
horizontal to 1 vertical) to 4H:1V with vertical heights of 15 to 25 feet (4.6 to 7.6 m) 120 
typically results in calculated factors of safety that are above the regulatory required value 121 
of 1.5 and in many cases above 2.0, even with the assumption of a piezometric level or 122 
pore-water pressure ratio in the slope.  However, many of these slopes have subsequently 123 
failed, which implies a factor of safety of approximately unity (one).  This disparity 124 
indicates the peak strength from standard laboratory shear strength tests are not 125 
representative of the long-term soil strength in cut or embankment slopes.   126 
 127 
It has long been recognized that stiff fissured clays may become “fully softened” and 128 
undergo significant strength loss over time (Skempton, 1964 and 1970).  However, the use 129 
of the fully softened strength (FSS) in fine grained slopes has only come into use for 130 
compacted soil slopes in recent years (Stark and Duncan, 1991; Stark and Eid, 1997; 131 
Duncan et al., 2011). In addition, there are situations where there is no recent history of 132 
slope movement where a FSS would be expected to be mobilized but instead a residual 133 
strength was mobilized (Stark and Eid, 1997; Mesri and Shahein, 2003).  This can be 134 
problematic because the FSS is significantly greater than the residual for high plasticity 135 
materials, i.e., liquid limit greater than 50.  As a result, this White Paper explains how to: 136 
identify FSS susceptible slopes, measure FSS, and use FSS in stability analyses. 137 
 138 
 139 
  140 
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 141 

2. Purpose and Use 142 

The purpose of this white paper is to explain: 143 
 144 

• fully softened strength (FSS),  145 
• why geotechnical engineers should understand FSS,  146 
• how FSS develops with time,  147 
• slopes susceptible to developing a FSS condition,  148 
• how to measure FSS, use of FSS in stability analyses, and  149 
• measures that can be implemented to limit FSS development.   150 

 151 
The importance of the FSS is being recognized by academia and practice and is being 152 
adopted by state and federal agencies.  For example, the U.S. Army Corps of Engineers 153 
Engineering Manual EM 1110-2-1902 SLOPE STABILITY (2003) recommends the FSS 154 
be the design shear strength for high plasticity, high clay-size fraction clays, and clay-rich 155 
soft rocks (shales and clay shales) in all long-term stability analyses. 156 
 157 
It is envisioned that this White Paper will be used by practitioners and academicians to 158 
understand and utilize the FSS in their activities.  The White Paper also provides references 159 
for future study of the various topics covered herein.  In particular, this White Paper 160 
provides a summary of and references for the various shear strengths that may be 161 
applicable to a slope stability analysis, consequences of selecting an inappropriate 162 
shear strength for slope design, slope conditions where a fully softened strength (FSS) 163 
is likely to develop, techniques for measuring and incorporating the FSS in stability 164 
analyses, applicable factors of safety, and techniques for limiting development of a FSS 165 
condition for an embankment slope.   166 
 167 
 168 
  169 



 

8 
 

3. FSS Definition (What is it?)  170 

This section discusses the various strengths that may be mobilized in soil deposits 171 
and when they may be applicable to slope stability analyses.  This section starts with 172 
determining whether a soil will be drained or undrained and then discusses drained 173 
peak, fully softened, and residual strengths and their applicability to drained slope 174 
stability analyses.  175 
 176 

(a) Drained v. Undrained Strengths 177 
In drained and partially drained loading excess pore-water pressures can dissipate while 178 
the soil expands or contracts. During undrained loading pore-water pressures change, 179 
which results in a variation of effective stresses, while the total volume remains constant. 180 
Generally the following drainage conditions are considered in geotechnical engineering:  181 
 182 

Drained Strength: Drained loading implies that loads are applied at a sufficiently 183 
slow rate so that no significant pore-water pressures are generated in the soil during 184 
shear and the associated volume change.  A drained condition usually develops if 185 
the Time Factor (T) is greater than 3 (Wright and Duncan, 2005) where T is defined 186 
as: 187 

 188 

2

*T=
( )

v

dr

C t
H

         (1) 189 

 190 

where Cv is the coefficient of consolidation, t is time, and Hdr is the length of 191 
drainage path to dissipate shear-induced pore-water pressures. 192 

 193 

Undrained Strength: Undrained loading refers to a loading condition where pore-194 
water pressures are generated in saturated and contractive soils while pore-water 195 
pressures decrease in saturated, dilatant soils.  Undrained loading is a shear 196 
condition in which no volume change occurs.  An undrained condition usually 197 
develops if T is less than 0.01 (Wright and Duncan, 2005). 198 

 199 

Partially Drained Strength: Partially drained implies a loading situation somewhere 200 
in between the drained and undrained loadings described above. It involves a 201 
condition in which some of the pore-water pressures generated during loading have 202 
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dissipated but are still significant. Additionally, some related volumetric change 203 
has occurred in the form of contraction or dilation. 204 

 205 

The strength of soil sheared under drained conditions is usually illustrated with 206 
effective stress strength parameters, using the linear Mohr-Coulomb failure criterion 207 
as shown below:  208 

 209 

' ' '=c * tanf ffτ σ φ+         (2) 210 

 211 

where τf is the shear stress at failure, i.e., shear strength, c' and φ' are the effective 212 
stress cohesion intercept and friction angle, respectively, of a linear strength 213 
envelope, and σ’ff  is the effective normal stress on the failure plane at failure.  214 
However, it is now accepted the drained FSS and residual strengths are effective 215 
normal stress dependent (Stark and Eid, 1997) and should not be modeled using a 216 
linear strength envelope in stability analyses, which is discussed further below. 217 

 218 

The focus of this White Paper is drained shear strength for stability analyses so 219 
undrained strength parameters and the possible effect of softening on undrained 220 
strengths will be addressed in a subsequent White Paper. 221 

 222 

(b) Drained Strengths:  Peak, FSS, and Residual Strengths 223 
 224 
This section discusses the different drained shear strengths that may be applicable to slope 225 
stability analyses of cut slopes and embankments containing fine grained soils.  In 226 
particular, this section discusses the difference between the drained peak, fully softened, 227 
and residual strengths and their applicability to various field conditions and slope stability 228 
analyses.  229 
 230 

Skempton (1985) defines various strengths along a degrading shear stress or shear stress 231 
ratio (τ/effective normal stress, (σ’n)) versus shear displacement relationship (see Figure 232 
1) using the following terminology: 233 

 234 
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• The peak or maximum shear strength achieved for each specimen after the initial 235 
nearly elastic behavior is referred to as the "peak strength."  Unfortunately there is 236 
a range of peak shear strength depending on the level of weathering and/or fissuring 237 
the deposit has undergone, which has resulted in some confusion.  If little or no 238 
weathering has occurred or the sample was obtained from a depth that precludes 239 
significant weathering, the resulting strength is referred to as Peak Intact Strength.  240 
If significant weathering and/or stress relief has occurred, the soil is usually 241 
weathered, fissured, and/or jointed, and the resulting strength is referred to as Peak 242 
Weathered- or Fissured-Strength.  The Peak Intact Strength Envelope is always 243 
higher than the Peak Weathered Strength Envelope, so the level of weathering 244 
should be carefully considered before assigning a Peak Intact Strength Envelope in 245 
a stability analysis.  246 

 247 

 248 

 249 

Figure 1. Drained shear behavior for: (a) low and (b) high clay fraction (%< 2 µm) soils 250 
(after Skempton, 1985). 251 

 252 
 253 
 254 
 255 
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 256 

• Figure 1 also shows the shear strength or shear stress ratio decreases after the peak 257 
strength is mobilized with additional shear deformation.  This post-peak strength 258 
loss is marked by an inflection in the shear stress-displacement relationship that 259 
eventually reaches the "critical state” (Skempton 1985) as shown in Figure 1.  The 260 
critical state is achieved by an increase in moisture content, i.e., dilation, and to a 261 
lesser extent by particle re-orientation in clayey soil, i.e., high clay-size fraction 262 
(%< 2µm) soil.  This critical state is the FSS as proposed by Skempton (1970 and 263 
1985).  The critical strength was developed to explain the strength mobilized in 264 
slopes that had not experienced prior sliding but undergone years of softening and 265 
other factors. In other words, the FSS corresponds to the average strength mobilized 266 
along the observed failure surface in case histories that Skempton (1970 and 1985) 267 
investigated while developing recommendations for shear strengths that should be 268 
used in stability analyses of slope that had not undergone prior landsliding.  These 269 
slopes are referred to as first-time slides by Skempton (1970 and 1985).  Skempton 270 
(1970) then developed a procedure for estimating the FSS for design of first time 271 
slide slopes by equating the average strength mobilized along the observed failure 272 
surface in a case history to the critical state strength, which could be estimated by 273 
measuring the peak strength of a normally consolidated specimen as discussed 274 
below.   275 

Skempton (1970) equated the critical state to the shear strength mobilized along a 276 
failure surface after the effects of overconsolidation, particle bonding, and/or 277 
interlocking have been removed or lost but the particles are still primarily in an 278 
edge-to-face arrangement instead of being primarily oriented parallel to the 279 
direction of shear as in a residual strength condition.  Therefore, the critical state 280 
corresponds to the peak strength of a normally consolidated specimen, which does 281 
not exhibit a significant decrease in strength or stress ratio with increasing 282 
displacement (see Figure 1(a)).  Similarly, Figure 1(b) shows the critical strength 283 
corresponds to the peak strength of a normally consolidated specimen, which does 284 
exhibit a significant decrease in strength with increasing displacement because the 285 
clay-size fraction (CF) is greater than 40%.  This provides some initial insight to 286 
the importance of clay-size fraction and plasticity on the magnitude of the FSS 287 
discussed below. 288 

 289 

• After a large amount of shear displacement, the shear strength reduces to a nearly 290 
constant value that is called the "residual strength."  The "residual strength" is 291 
reached through re-orientation of some to most of the particles parallel to the 292 
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direction of shear.  The level of reorientation depends on the CF and plasticity of 293 
the soil (Stark and Eid, 1994).  For CFs less than 20% (see Figure 1(a)), the 294 
particles are primarily granular, so rolling shear behavior occurs and there is limited 295 
reorientation of the clay particles parallel to the direction of shear.  Conversely for 296 
CFs greater than 40% (Figure 1(b)), the particles are mainly platy and significant 297 
reorientation parallel to the direction of shear can occur causing a significant 298 
decrease in strength from the critical state, i.e., FSS, to the residual strength.  As 299 
shown below in empirical correlations, higher CF soils exhibit lower FSS and 300 
residual strengths therefore correlations should include CF and thus shear behavior, 301 
e.g., rolling, transitional, and sliding, in their strength estimates.  For example, 302 
Lupini et al. (1981) present the following three shear behavior groupings:  less than 303 
or equal to 25%, between 25 and 50%, and greater than or equal to 50%, for rolling, 304 
transitional, and sliding shear behavior, respectively. 305 

 306 

An example of this shear behavior and the resulting strength envelopes is shown in Figure 307 
2, which shows the range of strengths for Upper Cretaceous Pierre Shale from near Rapid 308 
City, South Dakota (Contreras, 2003). Consolidated-drained triaxial compression tests 309 
were performed to measure the peak strength of intact and weathered Pierre Shale.  310 
Torsional ring shear tests were used to measure the FSS and residual strength of 311 
reconstituted material from the weathered Pierre Shale.  Figure 2 shows the range of 312 
strength envelopes and all of the strength envelopes are effective stress dependent. For 313 
illustration purposes, the four effective normal stress dependent strength envelopes are 314 
summarized below: 315 

• Peak Intact Strength Envelope: secant friction angle of 45 degrees at low effective 316 
normal stress (σ’n) of 28 kPa and about 29 degrees at high σ’n of 287 kPa, 317 

• Peak Weathered Strength Envelope: secant friction angle of only about 24 degrees, 318 

• FSS: secant friction angle of 22 degrees at σ’n of 50 kPa to about 16 degrees at σ’n 319 
of 400 kPa, and  320 

• Residual: secant friction angle of 11 degrees at σ’n of 50 kPa and about 7.5 degrees 321 
at σ’n of 700 kPa. 322 

 323 

This large range of shear strength will result in a large range in calculated factor of safety 324 
so selecting the strength envelope that models field conditions is vital to correctly 325 
predicting slope behavior and stability. 326 

 327 
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 328 
Figure 2. Drained strength envelopes for Pierre Shale from Contreras (2003).  329 
 330 
 331 
 332 
 333 
 334 
  335 
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 336 

4. Shear Strength Selection Consequences (Why do I care?)  337 

This section uses three case histories to illustrate the adverse consequences that strength 338 
loss from the peak strength to the FSS can have on slope stability and why understanding 339 
this strength loss is so important for slope stability analyses. Duncan (2013) states the three 340 
most important factor in slope stability are: shear strength, shear strength, an shear strength. 341 
 342 
The first case involves a railway excavation in Brown London Clay in which failure 343 
occurred 46 years after the excavation and illustrates the large strength loss that can occur 344 
even in heavily overconsolidated clays due to weathering, softening, and progressive 345 
failure processes discussed below. The second involves the decrease in strength that can 346 
occur in semi-arid climates due to wet-dry cycles that reduce the peak strength of a 347 
compacted soil fill to the FSS. The third case involves the large and rapid decrease in 348 
strength from the peak strength to the FSS that can occur upon sustained wetting or soaking 349 
of unsaturated soil with high suction pressures.  All three cases resulted in slope failure 350 
even though using the peak strength resulted in calculated factors of safety significantly 351 
greater than unity.  352 
 353 
 354 

(a) Undisturbed Soil Peak strength v. FSS Case History  355 
 356 
The first case history involves a classic natural cut slope in Brown London Clay and is the 357 
first site investigated by Skempton (1970) in terms of effective stresses.  The railway 358 
excavation at Sudbury Hill occurred in about 1903 and the slope failure occurred in 1949 359 
(see Figure 3).  Effective stress stability analyses by Skempton (1977) of this first-time 360 
slide showed the value of effective stress cohesion intercept (c’) decreased to a small value 361 
during the intervening 46 years.  This contributed to Skempton (1970) concluding the 362 
softening process results in a decrease in c’ with time and it approaches zero (0) after 363 
several decades (Skempton, 1970). This decrease in c’ with time was attributed to softening 364 
caused by many factors including stress relief, applied shear stresses, weathering, and 365 
swelling. 366 
 367 
 368 
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 369 
Figure 3. Slope failure in excavated overconsolidated clay at Sudbury Hill from 370 

Skempton (1977).  371 
 372 
 373 
 374 

(b) Compacted Peak strength v. FSS Case History  375 
 376 
The second case history involves a compacted fill slope that remained stable for about six 377 
years after compaction at a Modified Proctor Relative Compaction greater than 90% and a 378 
moisture content 1 to 3% above optimum.  During this time, the compacted fill slope was 379 
wetted by limited precipitation in this semi-arid climate but continuous irrigation by an 380 
automatic sprinkler system. Figure 4 shows the failed compacted fill slope with a shallow 381 
failure surface due to a limited depth of softening.  Inverse stability analyses yielded a 382 
strength that is in agreement with the FSS.  This softening from the compacted peak 383 
strength to the FSS is primarily due to dissipation of suction pressures, cycles of wetting 384 
and drying under the applied shear stresses, and development of a piezometric surface in 385 
the compacted fill slope after being initially unsaturated. 386 
 387 

 388 
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 389 
Figure 4. Slide in compacted fill slope after six years.  390 
 391 
 392 
 393 

(c) Desiccated Peak strength v. FSS Case History  394 
 395 
The third case history involves the 1981 upstream slide in San Luis Dam (now known as 396 
B.F. Sisk Dam) in California, which is described in VonThun (1985) and Stark and Duncan 397 
(1991).  Construction of the 305 ft (93 m) high dam was completed in 1967.  It is a major 398 
off-stream, pumped-storage facility in the California aqueduct system so the dam is 399 
frequently subjected to significant fluctuations in reservoir water level (RWL).  The slope 400 
failure shown in Figure 5 occurred during an unprecedented drawdown of the RWL by 401 
about 180 ft (55 m) in 120 days.  The slide was about 1,800 ft (550 m) long along the 402 
centerline of the dam crest (Station 120 to 138). Following the slide, field investigations, 403 
laboratory testing, and stability analyses were performed and concluded the clayey 404 
slopewash material in the foundation below the embankment was responsible for the slide 405 
(Stark and Duncan, 1991). The slopewash is a medium to high plasticity clay (liquid limit 406 
(LL) = 37 to 45 and plasticity index (PI) = 18 to 21) derived from the weathering and 407 
erosion of the sedimentary rocks of the hill incorporated into the dam at this location where 408 
the dam has a height of about 200 ft (60 m) (see Figure 5).   409 

 410 
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 411 
Figure 5. Slide in upstream slope of San Luis Dam in September, 1981 (photo from 412 

California Department of Water Resources).  413 
 414 
 415 
Laboratory direct shear tests were performed and the resulting drained peak, fully softened, 416 
and residual shear strengths of the slopewash (Stark and Duncan, 1991) are shown in Table 417 
1.  The insitu strength of the highly desiccated slopewash prior to reservoir filling was high 418 
because of the large suction pressures created by the semi-arid environment in the Central 419 
Valley of California.  However, when the slopewash was wetted in a laboratory direct shear 420 
device, its strength was reduced immediately to the fully softened value, i.e., same strength 421 
as a normally consolidated reconstituted specimen.  This behavior is different from that of 422 
mechanically overconsolidated clays in which the effects of overconsolidation are not 423 
removed upon wetting and thus require years to develop a FSS condition (Skempton, 424 
1977).    425 
 426 
In contrast the slopewash, which is overconsolidated by desiccation, quickly reverted to a 427 
FSS condition upon soaking by San Luis Reservoir.  This strength loss can be repeated in 428 
other situations where desiccated soil is wetted by precipitation or an irrigation system 429 
causing a significant strength loss and possibly slope instability.  For example, at San Luis 430 
Dam, the factor of safety of the upstream slope decreased from about 4.0 to about 2.0 with 431 
the decrease in strength from the peak to FSS value.  Therefore, consequences of wetting 432 
in semi-arid climates on shear strength and slope stability can be significant and immediate.  433 
The slide in the upstream slope of San Luis Dam was caused by additional strength loss 434 
from the FSS caused by shear stresses induced by the various reservoir cycles (Stark and 435 
Duncan, 1991) and possibly the colluvial nature of the slopewash.  436 
 437 
 438 
 439 
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 440 
Table 1.  Summary of Measured Slopewash Shear Strengths (from Stark and 441 

Duncan, 1991) 442 

 
 

Shear 
Strength 

Measured 

 
Effective 

Stress 
Cohesion 
(kPa/psf) 

Average 
Effective 

Stress 
Friction 

Angle (deg.) 
Peak 278/5,800 

 
39 

FSS 0 
 

25 

Residual 0 
 

15 

 443 
 444 
 445 

(d) FSS v. Residual Strength Case History  446 
 447 
Figure 2 shows the large range of shear strength that results in overconsolidated or 448 
compacted materials, which will result in a large range in calculated factor of safety 449 
so selecting the strength envelope that models field conditions is vital to correctly 450 
predicting slope behavior and stability. This section uses a case history to illustrate the 451 
consequences of selecting a FSS when prior shear displacement has occurred and reduced 452 
the strength to or near the residual value even though there is no recent evidence of slope 453 
movement.   454 
 455 
The site grading operation for this project involves a large 3H:1V slope excavation at an 456 
existing facility.  Even though the site is part of a landslide complex, the area of the 457 
excavation had not experienced slope movement in known history and was designed using 458 
the FSS in accordance with Skempton (1977).  However, the slope consists of sheared and 459 
slickensided shales, claystones, and mudstones and slid shortly before completion of the 460 
excavation as shown in Figure 6(a).  Figure 6(b) shows a close-up of the slickensided 461 
shale/claystone that was obtained at the toe of the slide mass shown in Figure 6(a) where 462 
it crossed an access road.  The slickensided shale is present along the slide surface.  An 463 
inverse analysis of the slide indicates the mobilized shear strength in this slickensided shale 464 
layer was at or near the residual value at the time of sliding (Stark and Eid, 1997).  This is 465 
important because the randomly oriented slickensided surfaces probably connected to 466 
create a continuous surface with a shear strength at or near the residual value and not the 467 
FSS even though this could be termed a “first time slide” according to Skempton (1977).   468 
 469 
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 470 

   471 
(a)                                                                                  (b) 472 

Figure 6. Photographs of: (a) deep slide in shale bedrock in area of no known prior 473 
landsliding and (b) close-up of slickensided shale along failure surface.  474 

 475 
 476 
 477 

(e) Importance of Difference between FSS and Residual Strengths 478 
 479 
Figure 7 presents the numerical difference between the fully softened (φ’FSS) and residual 480 
(φ’r) friction angles for the 64 soils obtained using torsional ring shear tests from Stark and 481 
Hussain (2013).  Figure 7 can be used to evaluate the practical significance of determining 482 
whether or not a continuous pre-existing shear surface is present or can develop in a slope. 483 
In natural soils with a liquid limit between approximately 80 and 140%, it is important to 484 
determine whether the slope has a pre-existing shear surface because of the large difference 485 
(up to 16 degrees) between φ’FSS and φ’r friction angles. If a pre-existing shear surface is 486 
located or significant slickensided material are present, a residual friction angle should be 487 
utilized for these portions of the failure surface. A large difference between φ’FSS and φ’r 488 
also identifies soils that have a greater potential for progressive failure because they exhibit 489 
a greater post-peak strength loss.  As a result, two stability scenarios should be considered 490 
for soils that exhibit a large difference between φ’FSS and φ’r, which are are a factor of 491 
safety (FS) greater than 1.5 using the FSS and a FS greater than unity with a residual 492 
strength as discussed in more detail below and in accordance with Stark et al. (2005).  493 
 494 
Figure 7 also shows the difference in φ’FSS and φ’r is greater for shallow failure surfaces, 495 
i.e., lower effective normal stresses, than for deep failure surfaces.  This is important 496 
because most the slope failure in clayey embankments are shallow, i.e., less than 10 ft (3.1 497 
m), as discussed below. In soils with a liquid limit less than about 50%, there is a smaller 498 
difference (less than 8 and 6 degrees at an effective vertical stress of 1,000 and 8,300 (50 499 
to 400 kPa), respectively) between the fully softened and residual friction angles. However, 500 
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this difference between the fully softened and residual values may still adversely affect the 501 
slope design depending on the magnitude of effective normal stress acting on the failure 502 
surface in this material. In slopes where there is not a large difference between φ’FSS and 503 
φ’r and where some uncertainty exists on whether a pre-existing shear surface is present or 504 
not, it may be prudent to verify the slope design by assigning an appropriate value of φ’r to 505 
the relevant materials and ensuring the resulting factor of safety is greater than unity Stark 506 
et al. (2005).  507 
 508 
 509 

 510 
 511 

Figure 7. Difference between secant fully softened and residual friction angles as 512 
function of liquid limit from Stark et al. (2015).   513 

 514 
 515 
 516 
  517 
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5. Development of FSS (Where does it develop?) 518 

This section discusses where practitioners should consider use of the FSS because these 519 
slope conditions will result in a strength that is close to the peak strength of soil in a 520 
normally consolidated state, i.e., FSS condition.  The FSS strength is used to reflect the 521 
maximum extent of weathering/softening, increase in moisture content/void ratio, stress 522 
relief, and/or progressive failure that can occur under these slope conditions. The two main 523 
slope conditions that have resulted in development of a FSS condition based on inverse 524 
analysis of the slope failure are: (1) cut or excavated slopes in overconsolidated fine grained 525 
soils (see Figure 8) and (2) compacted fill slopes or embankments (see Figure 10) in semi-526 
arid climates, such as highway embankments and levees.  The first section below discusses 527 
development of a FSS condition in a cut slope while the second major subsection describes 528 
development of a FSS condition in a compacted fill slope. 529 
 530 
 531 

(a) Cut or Excavated Slopes (Stark) 532 
 533 
In cut or excavated slopes in heavily overconsolidated fine grained soils a fully softened 534 
condition can develop due to stress relief, infiltration of water into the macro and micro-535 
structure of the deposit, and continuing physical and chemical weathering (Terzaghi, 536 
1936).  Softening is defined as an increase in water content and/or void ratio due to 537 
expansion of soil particles that creates negative pore-water pressures that draw even more 538 
water into the soil as well as the joints and fissures, which provides easy access for water 539 
to enter and soften the overconsolidated clay.  540 
 541 
Figure 8 is a photograph of heavily overconsolidated clay after excavation for a highway 542 
widening project.  This clay is highly jointed and fissured and it breaks along these 543 
discontinuities upon light hand touching as shown in Figure 8(a).  These discontinuities 544 
result in chunks three to five inches (75 to 125 mm) in length being easily removed from 545 
the deposit (see Figure 8(b)).  The presence and opening of these joints and fissures 546 
due to a reduction in the applied stresses, e.g., glacial retreat or slope excavation, 547 
results in a jointed clay mass that is susceptible to greater infiltration, which is 548 
facilitated by the moist climate near Seattle, and softening.  In stiff materials joints 549 
and fissures can also be facilitated by shear dilation as pointed out by Henkel and 550 
Skemption (1954) using the Jackfield Landslide. 551 
 552 
 553 
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   554 
(a)                                                                                  (b) 555 

Figure 8. Photographs of highly jointed and fissured overconsolidated clay: (a) in 556 
shallow excavation and (b) close-up of joints and fissures and blocky 557 
nature of the overconsolidated clay.  558 

 559 
 560 
 561 
Therefore, development of a FSS condition depends on the geologic circumstances present 562 
at a site.  For example, in heavily overconsolidated clays, such as the excavated clay slope 563 
shown in Figure 8, a FSS condition can develop via some or all of the steps in the following 564 
flowchart (see Figure 9), many of which can be occurring at the same time in a slope.  For 565 
example, infiltration, swelling, weathering will be occurring most, if not, all of the time 566 
due to the other factors shown in the flowchart.  567 
 568 
 569 
 570 
 571 
 572 
 573 
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Stress Relief
(Unloading or rebound due to natural processes or excavation and 

presence of high internal stresses)

Applied Shear Stresses
(Shear stresses increase and maintain joints and fissures on slope as 
well as contributing to progressive failure and strain incompatibility)

Presence of Joints & Fissures
(Opening of randomly oriented joints and fissures due to stress relief, 

applied shear stresses, desiccation, etc.)

 Infiltration
(Water infiltrates soil macro and micro-structure due to joints and 

fissures, suction pressures, swelling, softening, etc.)

Swelling or Expansion
(Swelling due to infiltration, reduced applied stresses, and /or shear 

dilation)

Weathering
(Physical and chemical weathering, e.g., leaching, facilitated by freeze-

thaw and repeated wet-dry cycles)

Softening
(Increase in water content and/or void ratio causing softening and 

strength reduction of overconsolidated clays with time to or close to a 
normally consolidated condition)

Repeated Cycles
(Many repeated cycles of these steps under applied shear stresses)

 574 
Figure 9. Flowchart depicting development of FSS condition in a cut slope or 575 

excavation in heavily overconsolidated clay. 576 
 577 
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 578 
In summary, stress relief and applied shear stress creates, maintains, and increases joints 579 
and fissures which allow infiltration into the randomly oriented joints and fissures and 580 
subsequent swelling.  This can lead to the outer portions of the clay becoming saturated 581 
and trapping air in the inner portions (Terzaghi et al. 1996).  The pore-water pressures 582 
caused by the trapped air can create tension in the soil, which can lead to additional water 583 
being absorbed, reduced effective stresses, and softening to a greater depth (Terzaghi et al. 584 
1996).  As a result, FSS is more likely to develop quicker and to deeper depths in sloping 585 
versus level ground sites.  FSS is also more likely to develop in uncovered slopes versus 586 
covered slopes because water can infiltrate easier.  These generalities are used subsequently 587 
to present recommendations for possible mitigation measures for reducing the potential for 588 
a FSS condition to develop in Section 8 below. 589 
 590 
 591 
 592 

- Depth of FSS in Cut Slopes 593 
 594 
The FSS should be used when analyzing the long-term stability of clay embankments or 595 
excavations or cuts in overconsolidated clay because the softening processes discussed 596 
above may have sufficient time to occur.  If the slope or excavation will be temporary, a 597 
strength greater than FSS may be suitable because there is not sufficient time to fully soften 598 
the material using the steps in the flowchart above.  If the slope or excavation will be 599 
permanent or for a long duration, the depth to which full softening can occur becomes 600 
important because it dictates the depth to which the FSS should be applied in stability 601 
analyses instead of the peak shear strength.  In other words, if the overconsolidated clay is 602 
below the depth of softening it can be assigned a shear strength greater than that of the 603 
FSS, which facilitates stability and slope design.  604 
 605 
In general, the FSS is more likely to develop at shallow depths because cracks and joints 606 
can open to shallow depths and allow water to infiltrate and start, continue, and expand the 607 
softening process.  This depth could be estimated from the depth of the active zone (CAGE, 608 
1999).  At deeper depths, the insitu stresses can be high enough to prevent sufficient cracks 609 
and joints from opening, which eventually limits water infiltration and softening. 610 
Recommendations for searching for the critical failure surface using the applicable peak 611 
strength and then assigning the FSS (Mesri and Abdel-Ghaffar, 1993) are discussed below. 612 
 613 
Table 2 presents depths to failure surfaces in “first-time slides”, i.e., slopes that had not 614 
experienced prior landsliding, and should have mobilized a FSS (Skempton, 1977).  These 615 
depths provide an indication of the depth to which all of the mechanisms, not just those 616 
shown in Figure 9, can occur and reduce the shear strength of a heavily overconsolidated 617 
clay from the peak strength to the FSS.  Table 2 shows the depth to the “first time” slip 618 
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surface varies from 4 to about 65 feet (1.2 to 19.8 m) which suggests a FSS could develop 619 
in heavily overconsolidated clays from the ground surface to a depth of about 65 feet (19.8 620 
m).  Based on Table 2, a depth to application of a FSS could be as deep as 60 feet but most 621 
of the case histories indicate a depth of 20 to 25 feet.  Therefore, a minimum depth for 622 
applying a FSS should should be at least 20 to 25 feet in heavily overconsolidated clay.  623 
However, additional research is needed on the depth to which a FSS should be applied in 624 
slope stability analyses.  625 
 626 
 627 

- Time to FSS for Cut Slopes 628 
 629 
The FSS condition corresponds to the maximum water content and degree of jointing and 630 
fissuring that the overconsolidated clay will experience for the stress relief, applied shear 631 
stress, and environmental conditions present and illustrated in Figure 9.  These phenomena 632 
help explain why slope failures in overconsolidated clays can take over 70 years to occur 633 
(see Table 2). Substantial time is required even for surficial water infiltration, softening, 634 
weathering, and strength loss to occur because of the low hydraulic conductivity of the clay 635 
matrix.  For design purposes, it is recommended that a FSS be used to the depth to which 636 
a FSS will develop for permanent structures.  If the project involves a temporary structure 637 
or excavation, the time shown in Table 2 can be used to estimate how long a peak strength 638 
can be relied upon in stability analyses.  In general, if the temporary structure or excavation 639 
will not exceed a duration of three years (shortest duration in Table 2), the insitu peak 640 
strength can be used based on the data in Table 2.  Additional research is also needed on 641 
the time required to develop a FSS for slope stability analyses because the data in Table 2 642 
is limited.  643 
 644 
 645 

Table 2. Summary of “First-Time Sides” in Overconsolidated Clays  646 

 
Site  

Name  
and Location 

Time 
between 

excavation 
and Slide 
(Years) 

Depth  
of  

Slip 
Surface 
(feet) 

 
 
 

Slope 
Inclination 

 
 
 
 

Reference 
Watford By-Pass 7.5 4 1.5H:1V Skempton 

(1948) 
Kensal Green 28 11 1.5:1 Skempton 

(1948) 
Selset 6 12 2:1 Skempton 

and Brown 
(1961) 

Walthamstow 47 14 1.5:1 Skempton 
(1948) 
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West Acton 50 16 3:1 Skempton 
(1977) 

Crews Hill 47 20 3.3:1 Skempton 
(1977) 

Kingsbury 16 20 2.25:1 Skempton 
(1977) 

St. Helier 22 23 2:1 Skempton 
(1977) 

Sudbury Hill 46 23 3:1 Skempton 
(1977) 

Cuffley 35 24 2.75:1 Skempton 
(1977) 

Mill Lane 40 24 1.5:1 Skempton 
(1948) 

Park Village East 18 26 1.5:1 Skempton 
(1948) 

Hadley Wood ~65 34 3.7:1 Skempton 
(1977) 

Grange Hill 48 40 3.25:1 Skempton 
(1977) 

Wembley Hill 13 45 1.5:1 Skempton 
(1948) 

New Cross 3 56 1.5:1 Skempton 
(1977) 

 647 
 648 
 649 

(b) Compacted Fill Slopes (Stark) 650 
 651 
In the 1960s, the Texas Highway Department, now called the Texas Department of 652 
Transportation, was experiencing problems with shallow slope failures in highways 653 
embankments.  A survey of these failures, performed by Abrams and Wright (1972), shows 654 
the height of the slopes that failed range from 20 ft to 40 ft, with slope inclinations ranging 655 
from 2H:1V to 3H:1V. Abrams and Wright (1972) found the majority of the failures were 656 
occurring in compacted embankments of high plasticity clays. The failures tended to be 657 
shallow and semicircular, did not involve the entire slope, and usually developed numerous 658 
years after construction.  659 
 660 
Subsequently, Saleh and Wright (1997) suggest an approximation of the slide depth is 20 661 
percent of the slope height (H) or: 662 
 663 

Slide Depth= 0.2 *H         (2) 664 
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 665 
Rogers and Wright (1986), Kayyal and Wright (1991), and Wright et al. (2007) used 666 
triaxial compression tests to show that cycles of wetting and drying can decrease the 667 
drained peak shear strength of compacted high plasticity clays toward a lower 668 
boundary that is about equal to the FSS.  Similarly, Kovacevic et al. (2001) show that 669 
cycles of wetting and drying can also cause progressive failure to develop in 670 
compacted clay embankments, thereby decreasing the mobilized shear strength.  671 
Wright et al. (2007) found that although cycles of wetting and drying decrease the shear 672 
strength, it is not always decreased to the FSS.   673 
 674 
Based on these studies, it appears that weathering, described below, is the main cause of 675 
the decrease in shear strength in compacted clay embankments although progressive failure 676 
may also play a s role in this process.  Therefore, development of a FSS condition depends 677 
on the environmental circumstances present at a site.  For example, in the compacted levee 678 
system shown in Figure 10 a FSS condition can develop via some or all of the steps in the 679 
following flowchart (see Figure 11), many of which can be occurring at the same time in 680 
a slope.  For example, infiltration, swelling, weathering will be occurring most, if not, all 681 
of the time due to the other factors.  682 
 683 
 684 

   685 
Figure 10. Photograph of shallow slides in levee system embankment 686 
 687 
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Unsaturated Compacted Soil
(Unsaturated fill material contains suction pressures and is compacted)

Presence of Joints & Fissures
(Opening of randomly oriented joints and fissures primarily due to 

desiccation but stress relief and applied shear stresses also may 
contribute)

Applied Shear Stresses
(Shear stresses increase and maintain joints and fissures on slope as 
well as contributing to progressive failure and strain incompatibility)

 Infiltration
(Water infiltrates soil macro and micro-structure due to suction 

pressures, joints and fissures, swelling, softening, etc.)

Swelling or Expansion
(Swelling due to infiltration, reduction in suction pressures, and /or 

shear dilation)

Weathering
(Physical and chemical weathering facilitated by wet-dry and freeze-

thaw cycles)

Softening
(Increase in water content and/or void ratio causing softening and 

strength reduction of compacted fine-grained soil with time to or close 
to a normally consolidated condition, i.e., removal of compaction 

effects.)

Repeated Cycles
(Many repeated cycles of these steps under applied shear stresses)

 688 
Figure 11. Flowchart depicting development of FSS condition in a compacted 689 

embankment. 690 
 691 
 692 



 

29 
 

These steps are in general agreement with Terzaghi (1936) which describes it as water 693 
accumulating in fissures and the clay swelling under zero pressure along the walls of the 694 
open cracks.  This nonuniform swelling weakens the soil fragments and new cracks form 695 
causing a progressive softening and loss of strength (Terzaghi, 1936). 696 
 697 
The U.S. Army Corps of Engineers (USACE, 1983) and Stauffer and Wright (1984) 698 
document 74 case histories of first-time slope failures in compacted clay embankments.  699 
Table 3 presents the 37 first time slope failures from Stauffer and Wright (1984) because 700 
data on the time to failure and the depth of the observed slip surface are available.  These 701 
case histories show that these embankment failures share the following characteristics:  702 
 703 

• Soils consist of mostly high plasticity clays with liquid limit and plasticity index 704 
greater than 40 and 20, respectively,  705 

• Failures were usually less than 5 feet (1.5 m) deep, and 706 
• Failures mostly occurred less than 20 years after construction. 707 

 708 
This suggests that slopes constructed of fine-grained soils with liquid limit and plasticity 709 
index less than 40 and 20, respectively, are not susceptible to as large a strength reduction 710 
due to the softening mechanisms discussed above. 711 
 712 
 713 
 714 
 715 
 716 
  717 
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Table 3.  Summary of “First-Time” Sides in Compacted Fill Slopes from Stauffer 718 
and Wright (1984). 719 

 720 
  721 

 
 
Site Name and Location 

Time between 
excavation and 

Slide (years) 

De   
of Slip  

(fe  
IH 610 at Scott St., NE quadrant, Harris Co. 17 1  
SH 225 at SH 146, SW quadrant, Harris Co. 31 1  
SH 225 at SH 146, NW quadrant, Harris Co. 31 0  
SH 225 at SH 146, NE quadrant, Harris Co. 31 1  
SH 225 at Southern Pacific RR Overpass, SE quadrant, Harris Co. 20 1  
SH 225 at Southern Pacific RR Overpass, SE quadrant, Harris Co. 20 1  
SH 225 at Southern Pacific RR Overpass, SW quadrant, Harris Co. 20 1  
SH 225 at Southern Pacific RR Overpass, NW quadrant, Harris Co. 20 0  

   IH 225 at Scarborough, SE quadrant, Harris Co. 17 1  
IH 610 at SH 225, SE quadrant, Harris Co. 19 0  
IH 610 at Richmond St, SW quadrant, Harris Co. 18 1  
IH 10 at Crosby-Lynchburg, NW quadrant, Harris Co. 25 1  
IH 45 at SH 146, SE quadrant, Harris Co. 14 1  
IH 45 at SH 146, south side, Harris Co. 14 1  
IH 45 at FM 2351, NE quadrant, Harris Co. 12 0  
IH 45 at College St., NE quadrant, Harris Co. 18 0  
U.S. 59 at FM 525, NE quadrant, Harris Co. 24 1  
U.S. 59 at Shepard St., SE quadrant, Harris Co. 22 1  
U.S. 79 at U.S. 95, SE quadrant, Williamson Co. 11 2  
U.S. 77 at SH 21, SW quadrant, Lee Co. 19 1  
U.S. 77 at SH 21, NW quadrant, Lee Co. 19 1  
U.S. 290–5 miles east of IH 35, NW quadrant, Travis Co. – – 
U.S. 77 at SH 21, NW quadrant, Lee Co. 16 2  
U.S. 87 at Loop 175, NW quadrant, Victoria Co. 19 1  
Loop 286 at SH 271 Interchange, NW quadrant, Lamar Co. 
Loop 286 at Missouri Pacific RR Overpass, SW quadrant, Lamar Co. 

14 1  

Loop 286 at SH 271 Interchange, NW quadrant, Lamar Co. 
Loop 286 at Missouri Pacific RR Overpass, SW quadrant, Lamar Co. 
Loop 286 at Missouri Pacific RR Overpass, SW quadrant, Lamar Co. 

18 2  
18 1  

Loop 286 at Missouri Pacific RR Overpass, NW quadrant, Lamar Co. – – 
Loop 286 at Missouri Pacific RR Overpass, SW quadrant, Lamar Co. 18 3  
Loop 286 at FM 79, SW quadrant. Lamar Co. 19 1  

Loop 286 at FM 79, SW quadrant. Lamar Co.   
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(b) Effect of Clay Mineralogy on FSS 722 
 723 
Clay mineralogy has been known to have a significant effect on behavior of soils 724 
(Terzaghi et al., 1996). Despite the substantial influence of clay mineralogy on the 725 
shear strength of soils, little data is available on its influence on the FSS.  Tiwari and 726 
Ajmera (2011) prepared thirty-six laboratory samples from sodium montmorillonite, 727 
kaolinite, and quartz. These samples were used to measure the FSS at four different 728 
normal stresses ranging from 1,000 to 4,200 psf (50 to 200 kPa).  Figure 12 shows 729 
the relationship between clay content (% passing No. 200 sieve) and the average fully 730 
softened friction angle, which separates the soils in terms of mineral composition.  731 
This data shows the type and amount of clay mineral substantially affects the FSS. In 732 
particular, the data indicates that mixtures of montmorillonite with quartz exhibit a 733 
fully softened friction angle that follows two distinct trends: (1) soils with less than 734 
25% clay mineral content and (2) soils with greater than 25% clay mineral content.  735 
 736 
 737 

 738 
Figure 12. Relationship between fully softened friction angle and clay content 739 

from Tiwari and Ajmera (2011).  740 
 741 

 742 
This data was used to develop a relationship between fully softened friction angle and 743 
liquid limit, which is shown in Figure 13.  In these two phase mixtures, the fully 744 
softened friction angle can be estimated from the relationship presented in Figure 13. 745 
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A similar relationship between the plasticity index and the fully softened friction 746 
angle is presented in Figure 14.  For this case, although it was possible to generalize 747 
the relationship in terms of mineralogical composition, different correlations were 748 
noted for soils with plasticity indices less than 80 and for soils with plasticity indices 749 
greater than 80.  750 
 751 

 752 
Figure 13. Relationship between liquid limit and fully softened friction angle 753 

from Tiwari and Ajmera (2011).   754 
 755 

 756 
Figure 14. Relationship between fully softened friction angle and plasticity index 757 

from Tiwari and Ajmera (2011). 758 
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 759 

(c) Effect of Pore-Water Chemistry on FSS 760 
 761 
It is well known that the shear strength of clays is controlled in part by adsorbed cations 762 
(Mitchell 1993). Recent research indicates that clay mineralogy and system chemistry may 763 
have a more significant influence on the strength behavior than once thought. The 764 
weathering process involves cation exchange of adsorbed ions on clays, particularly 765 
smectites.  However, little research has been conducted on the effects of system chemistry 766 
(pore fluid) on the FSS.  Tawari and Ajmera (2014) present data on pore-water chemistry 767 
effects on FSS and determined the FSS for mixtures of montmorillonite, kaolinite, quartz, 768 
powdered and reconstituted intact rock, and slide surface materials using distilled and 769 
saline (NaCl) waters.  The test results show little effect on FSS on the mineral mixture 770 
samples.  However, large effects on FSS were found with the intact rock and sliding surface 771 
materials.  For these tests, the samples with saline water had significantly higher FSS than 772 
those tested with distilled water (see Figure 15).  Tiwari and Ajmera (2015) use these 773 
results to conclude:  774 
 775 

• FSS is reduced with reductions in NaCl pore fluid concentration, especially for 776 
soils with more than 9,5% montmorillonite content.  The reduction in fully 777 
softened friction angle with NaCl leaching increases with the initial concentration 778 
of NaCl in the pore fluid.  As a result, this behavior should be considered in 779 
coastal areas or marine deposits.   780 

• The effect of NaCl concentration in the pore water on the FSS was negligible or 781 
even opposite for the soils containing 9.5% or less montmorillonite content or 782 
kaolinite as the dominant clay mineral.   783 

• There is a good relationship between the ratios of liquid limit or plasticity index 784 
and NaCl concentration and FSS. 785 

 786 
These findings indicate the chemical makeup of the water used in preparing reconstituted 787 
samples can have an effect on the measured FSS and should be a consideration when 788 
developing a FSS testing plan and when selecting the FSS for use in stability analyses.   789 
 790 
 791 
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 792 
Figure 15. Comparison of fully softened friction angle of mineral mixtures 793 

prepared with distilled water (DW) and saline water (SW) for 794 
powdered and reconstituted intact rock specimens before and after 795 
NaCl leaching and powdered and reconstituted sliding surface 796 
materials (from Tiwari and Ajmera, 2014). 797 

 798 
 799 
 800 
  801 
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 802 

6. FSS Measurement and Representation (How do I measure it?)  (Stark) 803 

This section discusses techniques for measuring and representing the FSS for use in slope 804 
stability analyses.  This includes applicable shear device or apparatus, specimen 805 
preparation, shear displacement rate, hydration, and data interpretation.  The objective of 806 
the specimen preparation and shear testing is to measure the peak strength of normally 807 
consolidated randomly oriented particles in accordance with Skempton (1970).  808 
Techniques for measuring the FSS is a topic of ongoing research so this section presents 809 
the current state-of-the-art and state-of-the-practice and references that can be pursued for 810 
future study. 811 
 812 
 813 

(a) Shear Devices 814 
 815 
Three laboratory shear devices, i.e., triaxial compression, direct shear, and torsional ring 816 
shear, have been used to measure the FSS and each are reviewed in this section.  The first 817 
test discussed in triaxial compression. 818 
 819 
The fully softened shear strength has been measured using the triaxial compression test 820 
since Skempton (1970) introduced the FSS concept to slope stability analyses (Gibson 821 
1953; Bishop et al. 1965; Skempton 1977).  Values of FSS measured using the triaxial 822 
compression test are in agreement with the average mobilized strength along the observed 823 
slip surface from inverse analyses of first-time slides (Skempton, 1977).  However, there 824 
are some challenges with performing consolidated-drained (CD) triaxial compression test 825 
(ASTM D7181) on a normally consolidated fine-grained specimen especially at low 826 
confining pressures to simulate shallow slip surfaces, such as: 827 
 828 

• having to support the specimen with a mold during preparation because of the high 829 
moisture content of the reconstituted material,  830 

• difficulty in testing at low confining stresses due to end and piston friction and 831 
supporting the specimen, which are important because the FSS strength envelope 832 
is effective normal stress dependent at low confining stresses, and  833 

• length of time to perform an isotropically CD triaxial compression test because of 834 
the low hydraulic conductivity of fine grained soils and length of drainage path. 835 

 836 
 837 
The fully softened shear strength should not be measured using isotropically consolidated-838 
undrained (CU) triaxial compression tests (ASTM D4767) with pore-water pressure 839 
measurements and using stress-path tangency to define the drained friction angle. The 840 
drained friction angles obtained from such CU triaxial compression tests are not in 841 
agreement with the values obtained from direct shear (Duncan et al., 2015) and CD triaxial 842 
compression tests (Skempton, 1970).  For example, Figure 16 shows drained friction 843 
angles for normally consolidated clays from southeast Louisiana and the CU triaxial 844 



 

36 
 

compression values are significantly greater than the drained direct shear values. The CU 845 
triaxial compression values are significantly greater than drained direct shear probably due 846 
to: difficulties in achieving full saturation of the specimen prior to shear, i.e., achieving a 847 
pore Skempton (1954) pressure coefficient, B, of unity and all of the shear-induced pore 848 
pressures not migrating quickly from the mid-height and middle of the specimen to the top 849 
and bottom platens to be measured and reflected in Skempton’s (1954) pore pressure 850 
coefficient A.  In particular, if the B value is less than unity the specimen contains suction 851 
pressures which contribute to the shear resistance.  If all of the shear-induced pore pressures 852 
are not measured, the resulting effective stress is over-estimated which reduces the 853 
effective stress friction angle or strength envelope by plotting the measured deviator stress 854 
at a higher value.  In addition, back-pressure saturation of a fine grained specimen to 855 
perform a CU triaxial compression test with pore-water pressure measurements is difficult 856 
and time-consuming to achieve full saturation in a commercial laboratory.  857 
 858 
 859 

 860 
Figure 16. Drained frication angles determined from C-U triaxial compression and C-861 

D direct shear tests on southeast Louisiana alluvial clays (from Duncan et 862 
al., 2015). 863 

 864 
 865 
 866 
Because of challenges performing CD triaxial compression tests, the inapplicability of 867 
CU triaxial compression tests, and the availability of direct shear devices (ASTM 868 
D3080), the FSS also has been measured using the direct shear apparatus.  In addition, 869 
a direct shear specimen is initially about one-inch thick prior to consolidation so it is 870 
possible to locate the shear surface within the specimen if care is taken during 871 
consolidation as discussed below.  However, the direct shear device also has 872 
limitations for measuring the FSS, such as: 873 
 874 
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• consolidating a high moisture content material and having sufficient 875 
specimen above the shear surface after consolidation for proper shearing is 876 
difficult because the specimen is near the liquid limit and the top half of the 877 
shear box is usually only about one-half inch thick (see Figure 17),  878 

• progressive failure occurs in the normally consolidated specimen, 879 
• applying enough shear displacement to form a continuous shear surface across the 880 

specimen and mobilize the peak strength of the normally consolidated specimen 881 
within one travel, i.e., about 0.2 to 0.3 inches, of the shear box,  882 

• because of the normally consolidated condition of the specimen, a gap can 883 
develop at the leading edge of the specimen during shear (see Figure 17), 884 

• setting and maintaining the gap between the upper and lower portions of the shear 885 
box,  886 

• soil extrusion from this gap during consolidation and shear,  887 
• friction generated if the upper and lower portions of the shear box are not separated 888 

sufficiently, and  889 
• variable cross-sectional area during shear so the results need to be corrected. 890 

 891 
 892 

 893 
Figure 17. Photograph of direct shear specimen after shearing at an effective normal 894 

stress of only 3,016 psf showing little soil in the top shear box and a gap 895 
between the soil and the shear box wall in the top box (right photograph) 896 
indicating progressive failure and change in specimen area. 897 

 898 
 899 
Some of the limitations can be overcome by modifying the test protocol in ASTM D3080 900 
to allow repacking the upper shear box with reconstituted material during the consolidation 901 
phase to ensure there is sufficient specimen above the shear surface for proper shearing.  If 902 
a compacted specimen is being prepared, the two halves of the direct shear specimen can 903 
be compacted and consolidated in a separate device and the assembled in the shear box so 904 
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most of the consolidation settlement is removed before placement in the shear box.  This 905 
ensures sufficient soil is above the shear surface before shearing.  Regardless of the 906 
procedure, the vertical displacement should be carefully measured during the consolidation 907 
and shear phases to determine how much soil is above the gap between the upper and lower 908 
portions of the shear box and this information should be included in the test report. 909 
 910 
In spite of these limitations, some researchers have shown some agreement between the 911 
FSS measured using CD triaxial compression and drained direct shear even though there 912 
is a difference in the mode of shear and test limitations some of which are described above, 913 
e.g., De Mello (1946), Skempton (1964), Moon (1984), Thomson and Kjartanson (1985), 914 
and Maccarini (1993).  Review of these studies indicate most of the reported agreement is 915 
due to comparison of linear strength envelopes instead of effective normal stress dependent 916 
strength envelopes as highlighted by Stark and Edi (1997).  It is now accepted that the FSS 917 
is effective normal stress-dependent and comparisons should be made between stress-918 
dependent envelopes, which is a focus of ongoing research.  919 
 920 
Because of the limitations of CD direct shear devices and challenges in performing CD 921 
triaxial compression tests, the torsional ring shear device also has been used to measure 922 
both FSS and residual strength (Hvorslev, 1960, 1969; Stark and Eid 1997; Stark et al. 923 
2005, Stark et al., 2015). The ring shear device was designed by Hvorslev (1936) to 924 
investigate the shear stress-displacement behavior of soils because Terzaghi was interested 925 
in shear resistance after failure.  The ring shear device allows large shear displacements to 926 
be applied in one direction to a shear surface, which is sufficient to measure both the FSS 927 
and residual strengths using the same or different specimens Hvorslev (1936, 1937, and 928 
1939).  Therefore, only one device is necessary to measure both fully softened and residual 929 
strengths.  Some of the other advantages include: constant normal stress, engaging or 930 
shearing the entire specimen at one time, an ASTM Test Method (ASTM D7608) is 931 
available, and little supervision is required during testing.  932 
 933 
There are number different types of ring shear devices available (Sembenelli and Ramirez, 934 
1969; LaGatta, 1970; Bishop et al., 1971; Bromhead, 1979; Sassa, 1992; Gibo et al.; 2002) 935 
so understanding the equipment and test procedure is important to obtaining meaningful 936 
data (Anderson and Hammoud, 1988) as with direct shear devices.  As with the CD triaxial 937 
compression and CD direct shear tests, the torsional ring shear device also has limitations 938 
for measuring the FSS, such as: 939 
 940 

• non-uniform shear displacements across the specimen with the inner portion of the 941 
specimen undergoing more displacement than that the outer portion at small shear 942 
displacements.  This is important in over-consolidated or brittle materials or ring 943 
shear devices that have a ratio of the inner radius to the outer radius of the annular 944 
specimen less than 0.5 (Hvorslev, 1936).  ASTM D7608 requires a ratio greater 945 
than 0.6 and a normally consolidated specimen which does not show a large post-946 
peak strength loss. 947 

• limited availability even though the device is available in commercial laboratories 948 
and some state and federal laboratories,  949 

• small specimen size depending on the device used,  950 
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• soil extrusion if the specimen is shear at mid-height,  951 
• side wall friction if the shear surface is not near the top of the specimen container 952 

or the device shears the specimen at mid-height, and  953 
• in some devices the shear surface occurs near the top porous disc so the roughness 954 

of the top porous disc should be sufficient to ensure shearing in the soil not along 955 
the soil/disc interface (see ASTM D7608).  956 

 957 
 958 
 959 

(b) Shear Displacement Rate/Test Procedure 960 
 961 
In CD triaxial compression, direct shear, and ring tests, a shear displacement rate that 962 
corresponds to drained conditions must be used to measure the drained FSS.  In other 963 
words, the shear displacement rate should be slow enough to allow the dissipation of pore-964 
water pressures generated during shear. Guidelines for selecting a drained displacement 965 
rate are presented in the ASTM test methods for the triaxial compression device (ASTM 966 
D7181), direct shear device (ASTM D 3080), and ring shear device (ASTM D7608).  Using 967 
higher shear displacement rates can/will result in partial dissipation of the shear-induced 968 
pore-water pressures, soil extrusion in the direct shear and ring shear devices, and can 969 
decrease the measured FSS depending on the level of soil extrusion. The shearing should 970 
continue to a shear displacement that is sufficient to confirm the maximum shear resistance, 971 
i.e., FSS, has been exceeded and the specimen shear resistance is decreasing. 972 
 973 
 974 

(c) Specimen Disaggregation and Preparation 975 
 976 
Different sample preparation techniques have been used to measure the FSS.  The 977 
main difference in these techniques is the level of disaggregation that is achieved 978 
during the specimen preparation process, which impacts the measured FSS and 979 
associated index properties.  In general, a greater degree of disaggregation results in 980 
a lower FSS and higher index properties (LaGatta 1970; Townsend and Banks 1974; 981 
Stark et al., 2005).  The levels of disaggregation commonly used from least to greatest, 982 
i.e., highest to lowest FSS, are: soaking (ASTM D4318), mortar and pestle (ASTM D 983 
4318), malt or milk shake mixer, kitchen blender or blenderizing, and ball-milling.  The 984 
impact of disaggregation on the measured liquid limit (LL) and FSS is illustrated below: 985 
 986 
 987 

LLSoaking < LLMortar < LLMixer < LLBlender < LLBall Milling   (3) 988 
 989 

FSSSoaking < FSSMortar < FSSMixer < FSSBlender < FSSBall Milling   (4) 990 
 991 
 992 
The difficulty for practicing engineers is determining the level of disaggregation that will 993 
occur during the slope or project service life. The level of disaggregation desired to 994 
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simulate anticipated field conditions should be determined before starting testing so the 995 
specimen preparation procedure can achieve this level of disaggregation.  For example, 996 
overconsolidated clays, mudstones claystones, and shales display high degrees of 997 
induration (Mesri and Cepeda-Diaz 1986). This induration involves diagenetic bonding 998 
between clay mineral particles by carbonates, silica, alumina, iron oxides, and other ionic 999 
complexes. The degree of induration (aggregation) that survives the field softening process 1000 
must be selected and simulated in the laboratory sample preparation procedure so the 1001 
measured values of FSS reflect this remaining level of induration.  For example, if it is 1002 
believed the FSS corresponds to a completely disaggregated material, the overconsolidated 1003 
clay, claystone, mudstone, shale, etc. should be processed so the specimen material passes 1004 
the No. 200 sieve to remove most of the bonding(Stark et al., 2005).  As a result, Stark and 1005 
Eid (1994) started ball milling heavily overconsolidated clays, mudstones. claystones, and 1006 
shales because they possess substantial diagenetic bonding that is usually removed in the 1007 
field, especially at residual strength situations.  This level of disaggregation cannot be 1008 
achieved using a typical mortar and pestle in the laboratory and passing the material 1009 
through the No. 40 sieve as required by ASTM D4318 to measure Atterberg Limits.   1010 
 1011 
Conversely, soil compacted into a levee or highway embankment is usually sufficiently 1012 
disaggregated that it can be processed with a lesser degree of disaggregation than ball-1013 
milling, such as, a mortar and pestle, malt or milk shake mixer, or kitchen blender.  A 1014 
judgment decision needs to made by the practitioner on the level of disaggregation that will 1015 
occur during the field softening process.  At present, the industry trend is using a malt 1016 
mixer or kitchen blender for levee slope design.  Regardless, the practicing engineer and 1017 
testing laboratory should clearly describe the method and level of disaggregation used so 1018 
designers and regulatory personnel understand the magnitude of FSS being used for slope 1019 
design. 1020 
 1021 
Another important consideration in the selection of the level of disaggregation is the 1022 
processing should not breakdown or reduce the quantity of silt and coarse grained particles, 1023 
i.e., change the gradation, in the representative sample.  For example, processing San 1024 
Francisco Bay mud, which classifies as a silty clay, should involve soaking, mortar and 1025 
pestle, or at most a milk shake mixer so the silt size particles are not reduced or broken 1026 
down to a smaller size which could reduce the FSS.  1027 
 1028 
After selecting the level of disaggregation, the specimen preparation process usually 1029 
involves the following steps to obtain a reconstituted sample that can be used to measure 1030 
Atterberg Limits (ASTM D4318), clay-size fraction (ASTM D422), and FSS under a 1031 
normally consolidated condition using soaking or mortar and pestle to disaggregate the 1032 
material:  1033 
 1034 
 1035 
 1036 
 1037 
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Air Drying
(Air dry a representative soil sample for the complete 

sample)

Soaking
(Soaking/slaking representative soil sample in distilled and 

deionized water for 48 hours and passing through #40 
Sieve)

  Mortar & Pestle
(Use mortar and pestle to breakdown soil pieces pass 

through #40 sieve)

Increase Water Content
(Add disti lled & deionized water to soil passing #40 sieve 

so water content is near liquid limit)

Hydration
(Allow minus #40 sieve material to hydrate for at least 24 

hours in a high humidity room)

Testing
(Use hydrated material for Atterberg limit, grain 

size, and shear testing)

Specimen Creation
(Use spatula to place remolded and hydrated 

soil paste into liquid limit cup and shear device)
 1038 

Figure 18. Flowchart depicting reconstituted specimen preparation process by 1039 
soaking or mortar and pestle for FSS testing. 1040 
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If a greater level of disaggregation is desired a malt mixer or blender is used. This sample 1041 
preparation process usually involves the following steps to obtain a reconstituted sample 1042 
that can be used to measured Atterberg Limits (ASTM D4318), clay-size fraction (ASTM 1043 
D422), and sheared under a normally consolidated condition:  1044 
 1045 

Air Drying
(Air dry representative soil sample from complete sample)

Malt Mixing
(Mix soaked sample for at least 10 minutes but 

duration depends on level of disaggregation 
desired)

  Blenderizing
(Blenderize soaked sample for at least 10 
minutes but duration depends on level of 

disaggregation desired)

Sieve
(Pass disaggregated soil through #40 sieve)

Hydration
(Allow minus #40 sieve material to hydrate for at 

least 24 hours in a high humidity room)

Testing
(Use hydrated material for Atterberg limit, grain 

size, and shear testing)

Specimen Creation
(Use spatula to place remolded and hydrated 

soil paste into liquid limit cup and shear device)

Soaking
(Soaking/slaking representative soil sample in distilled and deionized 

water for 48 hours and passing through #40 Sieve)

Dry
(Allow minus #40 soil to dry to near liquid limit, 
e.g., place in plaster of paris bowls lined filter 

paper to absorb moisture)

 1046 
Figure 19. Flowchart depicting reconstituted specimen preparation process by malt 1047 

mixing or blenderizing for FSS testing. 1048 
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 1049 
The practicing engineer and testing laboratory should clearly describe the sample 1050 
preparation process used so designers and regulatory personnel understand the magnitude 1051 
of FSS being used in the subsequent stability analyses. Finally regardless of the shear 1052 
device, level of disaggregation, shear displacement rate, and specimen preparation 1053 
technique used, the resulting strength envelope should be compared with at least one 1054 
empirical correlation, e.g., Gamez and Stark (2014), Mesri and Shahien (2003), Wright 1055 
(2005), to ensure the measured strengths are reasonable as discussed subsequently. 1056 
For example, if the measured values of FSS envelope plots near a residual strength 1057 
correlation, e.g., Stark and Hussain (2013), or significantly above an FSS correlation 1058 
(Gamez and Stark, 2014), the test procedure should be carefully reviewed to understand 1059 
the cause of the discrepancy.  In addition, the results of limited tests should not be used to 1060 
conclude one correlation or shear device is better than another because of differences and 1061 
challenges in test procedures and interpretation.  1062 
 1063 
 1064 

(d) Specimen Water Content and Hydration 1065 
 1066 
In all of the above disaggregation techniques, the soils are reconstituted using molding 1067 
water contents ranging from below the liquid limit (Stark and Eid 1997; Stark et al. 2005) 1068 
to a liquidity index of 1.5 (Gibson 1953; Bishop et al. 1965; Cancelli 1981; Bhattarai et al. 1069 
2006; Wright et al. 2007). The molding water content does not significantly impact the 1070 
measured FSS because the specimen is normally consolidated prior to shear.  However, the 1071 
molding water content does impact the magnitude of consolidation settlement during the 1072 
consolidation phase and thus whether or not there will be sufficient soil in the upper shear 1073 
box in the direct shear device (see Figure 17).  To facilitate the consolidation process, a 1074 
molding water content below the liquid limit is recommended in ASTM D7608. 1075 
 1076 
After reconstituting the specimen at the desired molding water content, it is recommended 1077 
that it be allowed to hydrate in a high humidity room to ensure the fine-grained particles 1078 
have sufficient time to absorb as much water as desired.  ASTM D7608 requires a hydration 1079 
time of at least 24 hours.  Deionized and distilled water should be used for the hydration 1080 
process unless the effect(s) of a different hydration fluid on the FSS is being studied such 1081 
as a site specific fluid or a fluid with specific chemistry as described by Tiwari and Ajmera 1082 
(2014). 1083 
 1084 
 1085 

(e) FSS at low effective stresses 1086 
 1087 
First-time slope failures (Skempton, 1970) in compacted embankments (Figure 10) and 1088 
excavated slopes in overconsolidated clay (Figure 8) tend to be shallow so the effective 1089 
normal stress acting on the slip surface is low, i.e., less than 2,000 psf.  In addition, Stark 1090 
and Eid (1997) show the fully softened failure envelope is effective normal stress 1091 
dependent or nonlinear, which has important application in slope stability analyses.  For 1092 
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example, slides in levees and other embankment slopes (Figure 10) usually exhibit shallow 1093 
slope surfaces with depths of less than 10 ft (3.1 m), which corresponds to an effective 1094 
normal stress of less than 500 psf.  Therefore, the shear strength at low effective normal 1095 
stresses is needed for slope stability analyses because large differences in factor of safety 1096 
can be calculated using an effective normal stress-dependent or nonlinear strength envelope 1097 
versus a friction angle that corresponds to the average effective stress along the failure 1098 
surface. For example, Figure 20, shows the FSS strength envelope and a friction angle for 1099 
an average effective stress of 1,000 psf (φ’1,000 psf).  The φ’1,000 psf) is lower than the nonlinear 1100 
envelope at effective stresses less than 1,000 psf and greater at effective stresses greater 1101 
than 1,000 psf, which can result in different factors of safety depending on the slip surface 1102 
geometry.   1103 
 1104 
These differences in calculated factor of safety are caused by not accurately modeling the 1105 
significant stress-dependency of the strength envelope at low effective stresses and the 1106 
location of the critical failure surface being influenced by the effective stresses acting on 1107 
the failure surface.  In general, the use of a linear strength envelope, instead of a stress-1108 
dependent strength envelope, overestimates the depth of the critical failure surface and 1109 
factor of safety obtained in slope stability analysis (McCook, 1999; 2007; 2012, and 1110 
Duncan et al., 2011).  This is important because the curvature or nonlinearity is not only 1111 
changing rapidly but is also greatest at effective stresses less than 2,000 psf as shown in 1112 
Figure 20.  This also means the fully softened secant friction angle decreases with 1113 
increasing effective normal stress as shown by Stark and Eid (1997).  This decrease in 1114 
secant friction angle has been attributed to the tendency of the clay particles to a more face-1115 
to-face orientation with increasing effective normal confining pressure (Mesri and Cepeda-1116 
Diaz 1986; Kayyal and Wright 1991).  1117 
 1118 
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Effective Normal Stress (psf)
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 1119 
Figure 20. Diagram to illustrate comparison of nonlinear FSS strength envelope and 1120 

an average friction angle. 1121 
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 1122 
Regardless of how the effective normal stress-dependent FSS envelope is modeled, a 1123 
cohesion intercept should not be included in stability analyses because the drained peak 1124 
strength of a normally consolidated specimen should pass through the origin and not exhibit 1125 
a cohesion.  This is important because the calculated factor of safety is can be greatly 1126 
influenced by a cohesion parameter especially if a combination of effective stress cohesion 1127 
(c’) and friction angle (φ’) are used as detailed by Stark et al. (2005).   1128 
 1129 
 1130 

(f) Representation of effective normal stress-dependent FSS envelope 1131 
 1132 
The effective normal stress-dependent nature of the FSS envelope is now accepted so 1133 
techniques for modeling the nonlinear or stress-dependent strength envelope in limit 1134 
equilibrium and continuum analyses are being developed.  This comports with other 1135 
nonlinear drained strength envelopes, e.g., peak (De Mello, 1977; Charles and Watts, 1136 
1980; Mesri and Abdel-Ghaffar, 1993), and residual (Stark and Eid, 1994), being 1137 
modeled using stress-depdendent strength envelopes instead of linear strength 1138 
envelopes.   1139 
 1140 
For example, Mesri and Abdel‐Ghaffar (1993) present the following expression for the 1141 
peak strength of overconsolidated clays and shales, which is modified below for the 1142 
FSS: 1143 
 1144 
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 1146 
Mesri and Shahien (2003) and Lade (2010) rewrote the expression in Equation (5), which 1147 
is a power function, to model the shear strength in surficial slope failures.  With a power 1148 
function, the slope of the strength envelope is controlled by the parameter “a” while the 1149 
stress-dependency of the strength envelope is controlled by the parameter “b” as suggested 1150 
in Mesri and Shahien (2003).  This power function is frequently cited for modeling the 1151 
stress dependent FSS envelope because large differences in factor of safety can result from 1152 
using a linear strength envelope (see Figure 20). Other functions, e.g., a hyperbolic 1153 
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function (Duncan and Chang, 1970), a secant friction angle in low plasticity soil where the 1154 
curvature is not as pronounced (Stark and Hussain 2013), or a piece-wise linear envelope 1155 
based on measured strengths or correlations, also could be used to model the FSS for 1156 
stability analyses. 1157 
 1158 
Rewriting the expression in Equation (5), the stress-dependent FSS strength envelope 1159 
can be modeled using the following form as suggested by Mesri and Shahein (2003) 1160 
and Lade (2010): 1161 
 1162 

    𝜏𝜏𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑎𝑎 × 𝑃𝑃𝑎𝑎 × �𝜎𝜎′𝑛𝑛
𝑃𝑃𝑎𝑎
�
𝑏𝑏

     (6) 1163 

 1164 
where a and b are dimensionless coefficients that control the slope and curvature of 1165 
the strength envelope; σ’n = effective normal stress; τFSS = fully softened shear 1166 
strength; and Pa = atmospheric pressure in the same units as τFSS and σ’n (Lade 2010). 1167 
With a power function, the overall slope of the strength envelope is controlled by the 1168 
parameter “a” while the stress-dependency of the strength envelope is controlled by the 1169 
parameter “b” as suggested in Mesri and Shahien (2003).   1170 
 1171 
Figure 2 presents values of a and b used to predict the FSS envelope for the three clay-size 1172 
fraction (CF) groups (CF ≤ 20%, 25 ≤ CF ≤ 45%, and CF ≥ 50%) in the FSS correlation 1173 
by Gamez and Stark (2014). The coefficients a and b can be used with Equation (6) to plot 1174 
the stress-dependent FSS envelope using more than the four effective normal stresses used 1175 
in the Gamez and Stark (2014) correlation, i.e., 12, 50, 100, and 400 kPa. While the value 1176 
of a has a large range for the different CF groups, values of b have little influence on the 1177 
power function because b ranges from only 0.839 to 0.969 for all of the CF groups. Thus 1178 
the following average values of the b coefficient can be adopted for each of the CF groups:  1179 
 1180 

• CF≤20%, b=0.96;  1181 
• 20%≤CF≤45%, b=0.905; and  1182 
• CF≥50%, b=0.852.  1183 

 1184 
 1185 
 1186 
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 1187 

Figure 21. Recommended power function coefficients “a” and “b” to estimate FSS 1188 
envelope for the three clay-size fraction (CF) groups in the FSS 1189 
correlation by Gamez and Stark (2014). 1190 

 1191 
 1192 
 1193 

(g) Summary 1194 
 1195 
This section discusses techniques for measuring and representing the FSS in slope stability 1196 
analyses.  The objective of the shear testing and specimen preparation is to measure the 1197 
peak strength of normally consolidated randomly oriented particles to represent the 1198 
combined effects of weathering, stress relief, applied sehar stresses, infiltration, swelling, 1199 
softening, and progressive failure (see Figure 9) in accordance with Skempton (1970 and 1200 
1977).  Techniques for measuring the FSS is a topic of ongoing research so this section 1201 
presents the current state-of-the-art and state-of-the-practice and references that can be 1202 
pursued for future study.   1203 
 1204 
In general, the following three laboratory shear devices are being used to measure the FSS: 1205 
triaxial compression, direct shear, and torsional ring shear, and the advantages and 1206 
limitations of each device are described in this section.  In all of these shear devices, a 1207 
shear displacement rate that corresponds to drained conditions must be used to 1208 
measure the drained FSS.  In addition, the importance of sample disaggregation, e.g., 1209 
soaking, mortar and pestle, malt mixing, blenderizing, and ball milling, is discussed and 1210 
should be selected to reflect the level of disaggregation expected in the field or desired in 1211 
the slope design.  Regardless of the shear device and level of disaggregation, the 1212 
resulting FSS envelope should be compared with at least one empirical correlation, 1213 
e.g., Gamez and Stark (2014), to ensure the measured strengths are reasonable. 1214 
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 1215 
The state-of-the-practice now recognizes the FSS envelope is effective normal stress 1216 
dependent or nonlinear and should should be modeled in slope stability analyses 1217 
instead of using a linear strength envelope.  In either case, a cohesion intercept should 1218 
not be included because the drained peak strength of a normally consolidated 1219 
specimen should pass through the origin and does not exhibit a cohesion.  As a result, 1220 
different expressions are being developed to model the effective normal stress-1221 
dependent FSS envelope, such as a power function as recommended by Mesri and 1222 
Shahien (2003) and Lade (2010) and shown in Equation (6).  1223 
 1224 
 1225 
 1226 
 1227 
 1228 
  1229 
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6. FSS Empirical Correlations (Is there an easier way?)  1230 

 1231 
This section discusses the use of FSS empirical correlations in cut slope and embankment 1232 
design and slope stability analyses.  The main uses of FSS empirical correlations, 1233 
particularly the one developed by Stark et al. (2005), are verifying laboratory shear test 1234 
results, planning level or conceptual stage analyses, and initial borrow site selection.  1235 
Empirical correlations should not be used for final design unless site specific shear testing, 1236 
discussed below, confirms the correlation is applicable to the soils present at the project 1237 
site because no correlation has tested the complete range of soil types.  As a result, the 1238 
topics discussed in this section are: relevant empirical correlation parameters, estimating 1239 
the parameters for use in the correlations, verification of laboratory shear test results, and 1240 
calibrating or anchoring the correlation for final design with site specific testing. 1241 
 1242 
 1243 

(a) Relevant correlation parameters  1244 
 1245 
Three main correlations have been published to estimate the FSS envelope based 1246 
primarily on the data from Stark and Eid (1997).  The first FSS correlation is described 1247 
by Stark and Eid (1997), which has been augmented by Stark et al. (2005), Stark and 1248 
Hussain (2013), and Gamez and Stark (2014).  The other two correlations are 1249 
presented by Mesri and Shahien (2003) and Wright (2005) and they use the data 1250 
developed by Stark and Eid (1997).  All three of these correlations were designed to 1251 
estimate the effective normal stress-dependent FSS envelope identified by Stark and 1252 
Eid (1997) using the liquid limit (LL), clay-size fraction (CF), and/or Plasticity Index 1253 
(PI).   1254 
 1255 
 1256 

(b) Existing correlations  1257 
 1258 
The liquid limit is used in the FSS correlations as an indicator of clay mineralogy and thus 1259 
particle size. As the particle size decreases, the particle surface area increases, the LL 1260 
increases, and the drained FSS decreases. However, CF remains an important predictive 1261 
parameter of FSS because it indicates the quantity of clay mineralogy, i.e., soil particles 1262 
smaller than 0.002 mm.  Figure 22 shows the resulting correlation from Stark and Eid 1263 
(1997) augmented by Gamez and Stark (2014).  Gamez and Stark (2014) augment the FSS 1264 
correlations in Stark and Hussain (2013) to include an effective normal stress of 12 kPa 1265 
(250 psf) to approximate the average effective normal stress along typical shallow semi-1266 
circular to planar slip surfaces in various embankments.   The resulting strength envelope 1267 
passing through effective normal stresses of 12, 50, 100, and 400 kPa is drawn passing 1268 
through effective normal stresses of 0, 250, 1,044, 2,088, 8,354 psf and the origin because 1269 
uncemented, normally consolidated fine-grained soil does not exhibit a cohesion intercept 1270 
(Stark et al. 2005).   The resulting FSS envelope can be used directly in a stability analysis 1271 
or a power function can be used to increase the number of points used to describe the FSS 1272 
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envelope.  Equations for the trend lines in Figure 22 have also been developed (see Gamez 1273 
and Stark, 2014) and have been incorporated in an EXCEL spreadsheet that is available at 1274 
www.tstark.net to facilitate estimating an effective normal stress-dependent FSS strength 1275 
envelope for use in stability analyses.  1276 
 1277 
The correlation separates CF into three groups: less than or equal to 20%, greater than or 1278 
equal to 25% and less than or equal to 45%, and greater than or equal to 50%.  These three 1279 
groupings are similar to those presented by Lupini et al. (1981) and Skempton (1985), 1280 
which are less than or equal to 25%. between 25 and 50%, and greater than or equal to 1281 
50%. The three CF groupings were used by Lupini et al. (1981) to distinguish the 1282 
boundaries between rolling shear. transitional shear, and sliding shear behaviors, 1283 
respectively.  The data in the correlation does not demonstrate a distinct change from 1284 
rolling shear to transitional shear so there is a gap in the CF groupings between less than 1285 
or equal to 20% and greater than or equal to 25% (see Figure 22).  A distinct transition 1286 
from transitional to sliding shear behavior also was not observed so there is a gap in the 1287 
CF groupings between greater than or equal to 45% and greater than 50%.  Interpolation 1288 
can be used to estimate the secant fully softened friction angle between the three CF groups 1289 
in Figure 22 for a particular effective normal stress.  1290 
 1291 
Because soils are anisotropic and the field stresses in FSS cases are anisotropic, the 1292 
laboratory shear conditions should be understood and simulate field shear conditions.  The 1293 
four trend lines in each CF group in Figure 22 represent the triaxial compression mode of 1294 
shear not the torsional ring shear device mode of shear.  In the beginning Stark and Eid 1295 
(1997) decided the relevant mode of shear for first slides in cut slopes and embankments 1296 
is triaxial compression.  This is different than residual strength situations where the ring 1297 
shear mode is relevant because the failure surfaces are usually planar (Stark and Eid, 1994).   1298 
 1299 
Using the results of CD triaxial compression tests, not CU triaxial compression with pore-1300 
water pressure measurements, Stark and Eid (1997) introduced an adjustment factor of 2.5 1301 
degrees to convert the ring shear mode of shear to the CD triaxial compression mode of 1302 
shear so the resulting FSS values better correspond to “first time slides” in cut slopes and 1303 
compacted embankments.  In particular, Stark and Eid (1997) used CD D triaxial 1304 
compression tests at effective confining pressures of 2,088 and 4,178 of to create an 1305 
average adjustment factor of 2.5 degrees to convert the ring shear mode of shear to the CD 1306 
triaxial compression mode of shear and the peak strength of normally consolidated 1307 
randomly oriented particles in accordance with Skempton (1970).  Therefore, the fully 1308 
softened friction angles presented in Figure 22 have been increased by 2.5 degrees to 1309 
represent the peak strength of normally consolidated randomly oriented particles in “first 1310 
time slides” in cut slopes and embankments as described by Stark and Eid (1997) and 1311 
subsequent papers. 1312 
 1313 

http://www.tstark.net/
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 1314 
(a) 1315 

 1316 
(b) 1317 

Figure 22. Drained fully softened friction angle correlation for: (a) CF ≤ 20% and (b) 1318 
CF > 20% from Gamez and Stark (2014). 1319 

 1320 
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 1321 

 1322 

(c) Anchoring correlations  1323 
 1324 
This section discusses the “anchoring” or calibration of a FSS empirical correlation with 1325 
site specific shear testing to ensure the trend lines used in the correlation are applicable to 1326 
the soils present at the project site.  Soils are highly variable and can even vary significant 1327 
across a particular site such as a long (12 miles) levee system as shown in Figure 10.  As 1328 
a result, the likelihood that existing FSS empirical correlations are representative of all of 1329 
the soils at a particular site is low because the database of soils used in a correlation is 1330 
limited.  Therefore, FSS empirical correlations should not be used for final design of cut 1331 
slopes or embankments unless the correlation is anchored or calibrated to determine if it 1332 
predicts values of FSS that are in agreement with site specific values.  This means the test 1333 
results plot within the scatter of the data used to create the trends lines in Figure 22.   1334 
 1335 
If the project involves a large or long area, e.g., 12 miles of levee system as shown in 1336 
Figure 10, that crosses different geologic units, the FSS empirical correlation should be 1337 
anchored for each geologic unit, e.g., claystone or shale. Afterwards, the anchored or 1338 
calibrated FSS correlation can be useful because sensitivity studies can be performed using 1339 
a range of index parameters to investigate slope geometry and inclination, various borrow 1340 
soures, and the impact of remedial measures. 1341 
 1342 
Gamez and Stark (2014) recommend a minimum of one soil from each CF group be shear 1343 
tested for the full range of normal stresses to ensure the trend lines produce reasonable 1344 
effective normal stress-dependent FSS envelopes for other soils across the site.  Of course, 1345 
the number of soils tested in each CF should increase with increasing consequences of 1346 
slope failure.  For example, Stark et al. (2015) illustrate anchoring of the Stark et al. (2005) 1347 
for the Dallas Floodway project, which serves as a good example for practitioners.  1348 
 1349 
 1350 
  1351 
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 1352 

7. FSS in Stability Analyses (How do I apply it?)  1353 

This section discusses how the FSS is applied in static slope stability analyses and 1354 
appropriate values of factors of safety.  This includes location of the critical failure surface, 1355 
appropriate values of factors of safety, applicable limit equilibrium methods, pore-water 1356 
pressure modeling, and rapid drawdown scenarios.  Use of the FSS in dynamic stability 1357 
analyses is the topic of a future White Paper. 1358 
 1359 
 1360 

(a) Critical Slip Surface and Applicable Factors of Safety  1361 
 1362 
For clayey embankments, e.g., levees and highway embankments, the critical semi-circular 1363 
to planar failure surface should be located using the drained peak strength because this is 1364 
the location of the most detrimental shear stresses in the slope.  This is important because 1365 
the cut slope/excavation or embankment starts with a peak strength that is reduced to a 1366 
fully softened condition which may not have occurred over the entire length of the slip 1367 
surface at the time of failure.  As mentioned above, applied shear stresses facilitate the 1368 
softening process and mobilization of a FSS condition.  For design purposes, the critical 1369 
failure surface should also be located using a stress-dependent FSS envelope and the lower 1370 
factor of safety for these two shear surfaces should be used for design purposes.  After 1371 
locating these static critical failure surfaces, various shear strengths should be considered 1372 
with corresponding factors of safety as discussed below.   1373 
 1374 
Figure 7 shows a large difference can exist between drained fully softened and residual 1375 
strengths with different soil plasticity.  Where the difference between FSS and residual 1376 
strength is significant, i.e., liquid limit greater than 50, the potential for progressive failure 1377 
increases. Figure 7 also shows shows the difference between FSS and residual strength is 1378 
greater for shallow failure surfaces, i.e., lower effective normal stresses, than for deep 1379 
failure surfaces.  As a result, the following two factor of safety scenarios are presented for 1380 
shallow failure surface in clay embankments: 1381 
 1382 

• Use the FSS that represents the level of field disaggregation and full softening 1383 
because this will likely occur over the service life of the structure, and meet or 1384 
exceed a two-dimensional factor of safety of 1.5 or 1.4 for levees under U.S. Army 1385 
Corps of Engineering Manual EM 1110-2-1902 – Slope Stability (2003).  If the 1386 
FSS is being used and the level of softening will be less than a normally 1387 
consolidated specimen and the consequences of failure are small, lower values of 1388 
factor of safety may be applicable. These factors of safety are based on a 2D 1389 
analysis and should be modified if a three-dimensional (3D) stability analysis is 1390 
used (Akhtar and Stark, 2014).  1391 

 1392 
• Use the residual strength for materials that will undergo softening and possibly 1393 

shear displacement due to applied shear stresses and meet or exceed a 2D factor of 1394 
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safety above unity (1.0) if a true residual strength is measured using a torsional ring 1395 
shear device.  If a reversal direct shear large displacement strength is used, the 1396 
factor of safety should meet or exceed a 2D factor of safety of 1.1.  If a three-1397 
dimensional stability analysis is used, higher factors of safety should be satisfied as 1398 
outlined in Akhtar and Stark (2014).  1399 

 1400 
 1401 

(b) Representative pore-water pressures  1402 
 1403 
Pore-water pressures are always an important input category for effective stress slope 1404 
stability analyses but especially for a FSS analysis because the relevant failure surfaces 1405 
are usually shallow, i.e., at low total stresses.  This is important because at low total 1406 
stresses, small increases in pore-water pressure can cause significant decreases in 1407 
effective stresses and thus FSS.  The following are some recommendations for pore-water 1408 
pressures for use in planning level FSS stability analyses in stiff-fissured and compacted 1409 
soils:  1410 
 1411 

• For excavations and slopes in stiff‐fissured clays, a pore pressure ratio, i.e., ru = 1412 
pore-water pressure (u) divided by total stress (unit weight*depth), of 0.25 to 0.35 1413 
is in agreement with inverse analyses of first‐time slides in stiff‐fissured clays 1414 
(James, 1970). James (1970) recommends the lower bound (0.25) for steep slopes 1415 
and the upper bound (0.35) for flatter slopes with an average value being 0.30.  1416 
Vaughan and Walbancke (1973), Chandler (1972 and 1974), and Skempton 1417 
(1977) also use first-time slide case histories to show ru = varies from 0.2 to 0.30 1418 
after 30 years in London Clay slopes.  For long-term conditions, pore water 1419 
pressures corresponding to steady state seepage should be used. 1420 

 1421 
• For compacted fine-grained soil embankments, ru of 0.4 to 0.6 is in agreement 1422 

with inverse analyses of first‐time slides in compacted embankments by Day and 1423 
Axten (1989), Lade (2010), and Kayyal and Wright (1991).  These values are 1424 
significantly greater than the values above for stiff-fissured clays and reflect the 1425 
importance of rainfall on shallow failure surface.  These values of ru correspond to 1426 
steady state seepage parallel to the slope face for typical embankment 1427 
inclinations, i.e., 2H:1V to 5H:1V. 1428 
 1429 
 1430 

Values of ru can be input directly into most slope stability software or can be used to 1431 
estimate a phreatic surface that can be input in stability software to perform FSS stability 1432 
analyses involving in stiff-fissured and compacted soils. 1433 
 1434 
 1435 
 1436 
 1437 



 

55 
 

(c) Limit Equilibrium Stability Methods  1438 
 1439 
This section briefly discusses limit equilibrium stability methods that can be used to 1440 
estimate the factor of safety (FS) that corresponds to the shear strength slope geometry, 1441 
failure surface, and pore-water pressure condition developed for a FSS stability method 1442 
using the recommendations above.  Duncan et al. (2015) present a much more detailed 1443 
treatment of limit equilibrium stability methods that are used to estimate the factor of 1444 
safety, which is defined as the shear strength divided by the shear stress required for 1445 
equilibrium, i.e., required to close the force polygon.   1446 
 1447 
Each stability method contains a number of assumptions required to make the analysis 1448 
statically determinate.  The following assumptions are used in most, if not all, stability 1449 
methods: 1450 
 1451 

• FS is constant along the failure surface,  1452 
• Strength is fully mobilized along the failure surface assigned that strength, and  1453 
• Normal force is located at the base and center of each vertical slice.  1454 

 1455 
 1456 
In general, it is preferred that the selected stability method satisfy all conditions of static 1457 
equilibrium because they are better able to accommodate complex slope and failure surface 1458 
geometries, pseudo-static forces, and pore-water conditions.  Spencer’s (1967) method is 1459 
a simplification of the Morgenstern and Price (1965) method, which has made it popular 1460 
because of its ease and ability to be programmed.  However, most slope stability software 1461 
now accommodates the Morgenstern and Price (1965) method so this is the preferred 1462 
stability method for the reasons below.  This method assumes the shear forces between 1463 
adjacent vertical slices is related to the normal force at the bottom of the slice, which is 1464 
beneficial.  Available software packages allow the user to selected different functions to 1465 
represent the shear forces along the failure surface so the sensitivity of the FS to interslice 1466 
force inclination can be assessed whereas Spencer’s (1967) method assumes the resultant 1467 
interslice forces are parallel, i.e., inclined at a constant angle, along the entire failure 1468 
surface.  This simplifying assumption is not correct but yields reasonable values of FS 1469 
(Duncan et al., 2015).  However, given most slope stability software includes the 1470 
Morgenstern and Price (1965) method, this method is more flexible, and is useful in cases 1471 
where interslice forces might have a significant effect on the FS (Duncan et al., 2015), it is 1472 
recommended for FSS stability analyses. 1473 
 1474 
 1475 

(d) Time rate of softening in reliability slope stability analyses  1476 
 1477 
Following construction, but prior to reaching a fully-softened condition, cut and fill slopes 1478 
comprised of fine-grained soils prone to softening are expected to have drained strengths 1479 
that fall somewhere between the peak strength and the normally-consolidated strength. The 1480 
use of partially-softened strengths in stability analyses may be warranted when it is desired 1481 
to estimate the probability of failure over time. The time rate of softening is influenced by 1482 
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many factors that are difficult to model including: climate, soil-pore water interaction, 1483 
erosion, formation and deepening of cracks from desiccation and freezing, and the 1484 
availability of surface water and groundwater. Furthermore, softening is not likely to occur 1485 
at the same rate everywhere within the slope. To overcome the difficulty in modeling the 1486 
spatial distribution of softening, a practical approach is to estimate the overall impact of 1487 
softening on strengths along the entire length of a potential sliding surface. The softening 1488 
model proposed by McGuire and Sleep (2015), shown in Equation (7), assumes that 1489 
strength along a potential sliding surface decays exponentially. The parameter, pfs, equals 1490 
the overall degree of softening that has occurred along the entire length of a potential slip 1491 
surface and k is a rate coefficient. A slip surface with a pfs equal to zero has experienced 1492 
no softening and has strengths along its length defined by stress-dependent peak strengths. 1493 
A slip surface with a pfs equal to unity has experienced full softening and has strengths 1494 
along its length defined by stress-dependent, fully-softened strengths.  1495 
 1496 
Because the clay is exposed to environmental conditions that cause weathering, and thus 1497 
softening, from the time it is placed or exposed, it seems reasonable to measure time 1498 
relative to the end of construction. If pfs,r and tr equal reference values of softening and 1499 
time, respectively, the rate coefficient can be estimated using Equation (8). Information 1500 
compiled from first-time slope failures, e.g., Skempton, 1970, can be used to make 1501 
reasonable estimates of pfs,r and tr. For example, Henkel (1957) studied strength loss over 1502 
time for London Clay in terms of the decrease in effective cohesion, c’, from peak strength 1503 
(c’=250 psf, pfs = 0) to what we now refer to as the fully-softened condition (c’=0, pfs = 1). 1504 
The solid black line in Figure 23 can be closely represented by Equation (7) using a rate 1505 
coefficient equal to -0.182 years-1 because there is a 72 percent loss of cohesion over 70 1506 
years (i.e. Pfs,r = 0.72, tr = 70 years). It is possible to determine reliable rate coefficients for 1507 
certain regional soils and construction methods by reviewing available data and collecting 1508 
new data when slope failures occur.   1509 
 1510 
   kt

fsp 1 e= −  (7) 1511 
 1512 
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 1514 
The single value of pfs estimated using the proposed softening model for the time of 1515 
interest is applied in Equation (9) to determine the most likely estimate of partially-1516 
softened strength at a particular normal effective stress, τf,ps from the most likely 1517 
estimates of peak strength, τf,p, and fully-softened strength, τf,fs.  1518 
 1519 
 1520 
 ( ) ( )f ,ps fs f ,fs fs f ,pp 1 pτ = τ + − τ    (9) 1521 
 1522 
The coefficient of variation (COV) of the partially-softened strength, COVτ,ps, can be 1523 
estimated from the COV of the peak strength, COVτ,p, and the COV of the fully-softened 1524 
strength, COVτ,fs, using Equation (10). For 0< pfs <1, the value of COVτ,ps is higher than 1525 
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COVτ,p and COVτ,fs due to the difference between τf,p and τf,fs. McGuire and Sleep (2015) 1526 
describe a method for estimating values of COVτ,fs  and COVτ,fs using the results from 1527 
laboratory shear strength tests.  1528 
 1529 
 1530 
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 1532 

 1533 
Figure 23. Degradation of soil strength with time for cut slope failures in London 1534 

Clay from Henkel, (1957). 1535 
 1536 
 1537 
 1538 
 1539 
  1540 
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8. FSS Mitigation Measures (How do I limit FSS development?)  1541 

 1542 
This section briefly presents some of the situations where a FSS condition may not develop 1543 
and remedial measures the can be implemented to delay or prevent development of a FSS 1544 
condition and thus increase the stability of clay embankment slopes.   1545 
 1546 
The FSS may not be applicable is some situations, such as the long-term stability 1547 
excavations or cuts in overconsolidated clay because the softening processes discussed 1548 
above may not have sufficient time to occur.  If the slope or excavation will be temporary, 1549 
a strength greater than FSS may be suitable because there is not sufficient time to fully 1550 
soften the material using the steps in the flowchart in Figure 9.  Another situation where 1551 
the FSS may not develop is in unsaturated material if it will not have access to water, which 1552 
could occur if the slope is covered. 1553 
 1554 
 1555 
Saleh and Wright (1997) nicely tabulate a range possible remedial measures for limiting 1556 
development of a FSS condition and improving embankment stability.  Some of these 1557 
measures are better suited as a preventive measure than a remedial measure.  For brevity, 1558 
the remedial measures are separated into three broad topic areas: decrease applied shear 1559 
stress, limit infiltration, and soil stabilization.  A few possible remedial measures are 1560 
presented under each topic area below and interested readers should review Saleh and 1561 
Wright (1997): 1562 
 1563 

i. Decrease shear stress 1564 
 flatten or reduce slope inclination, 1565 
 install toe buttress,  1566 
 use lightweight fill, and/or 1567 
 reduce stress relief using retaining wall, excavation bracing, 1568 

anchors, drilled shafts, etc. 1569 
 1570 

ii. Limit infiltration 1571 
 cover slope – vegetation, concrete (drains) 1572 
 decrease mowing because it reduces vegetation and can 1573 

create depressions that facilitate infiltration, 1574 
 1575 

iii. Soil Stabilization 1576 
 mixing lime into slope material to decrease plasticity 1577 
 adding cement to increase soil shear strength.  1578 

 1579 
 1580 
  1581 
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 1582 

9. Summary and Recommendations (DRAFT) 1583 

The purpose of this White Paper is to explain: fully softened strength (FSS), why 1584 
geotechnical engineers should understand FSS, how FSS develops with time, slopes 1585 
susceptible to developing a FSS condition, how the FSS can be measured, use of the FSS 1586 
in stability analyses, how the FSS differs from drained peak and residual strengths, and 1587 
measures that can be implemented to limit FSS development.  The following is a summary 1588 
of these topics and the main recommendations presented herein:  1589 
 1590 

• Cuts or excavations in overconsolidated fine-grained soils exhibit semi-circular to 1591 
planar slope failures with a depth from 4 to about 65 feet with a minimum depth 1592 
of 20 to 25 feet (6.1 to 7.6 m) for design purposes. 1593 

• Compacted fine-grained soil embankments usually experience shallow semi-1594 
circular to planar slope failures with a depth less than about 10 ft (3.1 m) or about 1595 
20 percent of the slope height, 1596 

• Fully softened strength is effective normal stress-dependent at low effective 1597 
stresses, i.e., shallow depths, and must be modeled in stability analyses because 1598 
the factor of safety and location of the critical failure surface is influenced by the 1599 
applied effective stresses and shear strength. 1600 

• A cohesion intercept or strength parameter also should not be used to model the 1601 
FSS because it can dramatically increase the factor of safety and does not 1602 
correspond to a normally consolidated specimen. 1603 

• Consolidated-drained triaxial compression, direct shear, and torsional ring shear 1604 
can be used to measure the FSS using normally consolidated specimens.  1605 
However, the sample preparation and disaggregation, test procedure, and results 1606 
must be extensively documented to understand the applicability of the measured 1607 
strength values.  Regardless of the shear device, test procedure, and 1608 
disaggregation used, the resulting strength envelope should be compared with at 1609 
least one empirical correlation, e.g., Stark and Eid (1997), Mesri and Shahien 1610 
(2003), or Wright (2005), to ensure the measured FSS envelope is reasonable. 1611 

• FSS empirical correlations should be used to verify laboratory shear test data and 1612 
can be used for planning level design.  Empirical correlations should not be used 1613 
for final design unless the correlation is “anchored” or calibrated with site specific 1614 
testing as described herein. 1615 

• Because of the potential for progressive failure, two stability scenarios should be 1616 
considered: (1) use the FSS and exceed a two-dimensional factor of safety of for 1617 
cut slopes and embankments 1.5 or 1.4 for levees and (2) use the residual strength 1618 
and exceed a two-dimensional factor of safety of unity.  1619 

 1620 
 1621 
 1622 
  1623 
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