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CHAPTER 9:  SUMMARY AND CONCLUSIONS 

The objective of the study outlined in this dissertation was to investigate, through 

laboratory strength tests and centrifuge model tests, the shearing resistance that can be 

mobilized on slickensided rupture surfaces in clay slopes during earthquakes.  Test results 

show that the cyclic shear resistance that can be mobilized along slickensided surfaces is 

higher than the drained shear resistance that is applicable for static loading conditions.  These 

test results, coupled with a review of existing literature, provide justification for using cyclic 

strengths that are at least 20% larger than the drained residual shear strength for analyses of 

seismic stability of slickensided clay slopes.  This represents a departure from the current 

state of practice, which is to use the drained residual shear strength as a “first-order 

approximation of the residual strength friction angle under undrained and rapid loading 

conditions”   (Blake et al., 2002). 

A summary of the work accomplished in this study, the conclusions drawn from the 

tests that were performed, and recommendations for further research are provided in the 

following sections.    

Summary of Work Accomplished 

The work accomplished in this study is as follows: 

1.) A literature review was performed to summarize the results of previous research on 

the shear behavior of slickensided soils.  Additional literature related to centrifuge 

model testing and seismic slope stability analysis methods was also reviewed, 

because of its relevance to the research program described in this dissertation.   

2.) Three natural clay soils (Rancho Solano Clay #1, Rancho Solano Clay #2, and San 

Francisco Bay Mud) were obtained, classified, mixed and remolded to ensure 

uniformity, and consolidated so they could be used in the testing program described 

in this dissertation. 

3.) Slow strain-controlled ring shear tests were performed on Rancho Solano Clay #1, 

Rancho Solano Clay #2, and San Francisco Bay Mud test specimens to measure the 
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drained residual strength along slickensided discontinuities.  Fast strain-controlled 

ring shear tests were performed on Rancho Solano Clay #1 test specimens to measure 

the fast residual strength.   

4.) Slow strain-controlled direct shear tests were performed on Rancho Solano Clay #1, 

Rancho Solano Clay #2, and San Francisco Bay Mud test specimens to measure the 

drained residual strength along artificially prepared slickensided surfaces.  Fast strain-

controlled direct shear tests were performed on slickensided Rancho Solano Clay #1 

test specimens to measure the fast residual strength.  Cyclic stress-controlled direct 

shear tests were performed on slickensided Rancho Solano Clay #1 test specimens to 

measure the cyclic shear resistance.   

5.) Slow strain-controlled triaxial tests were performed on Rancho Solano Clay #1 test 

specimens to measure the drained residual strength along artificially prepared 

slickensides.   

6.) Centrifuge tests were performed on Rancho Solano Clay #2 sliding block models to 

measure the static and dynamic shear resistance along slickensided surfaces. 

7.) Newmark analyses were performed to back-calculate the dynamic shear resistance for 

shaking events in centrifuge test CLM02.  Comparison of the computed and measured 

displacements provided a means of evaluating the cyclic shear resistance of the 

Rancho Solano #2 clay.   

8.) A comparison of the measured static and cyclic strengths was performed to determine 

the shear strength that should be used in seismic stability analyses of slopes that 

contain slickensided surfaces.     

Conclusions 

Ring Shear Testing Program: 

The conclusions reached as a result of the ring shear tests that were conducted are as 

follows: 
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1.) In the Bromhead ring shear device, significant amounts of friction are developed at 

large shear displacements, due to the extrusion and entrapment of clay particles 

between the top platen and the side walls of the specimen container.  Minimizing the 

effect of wall friction is essential for accurate measurements of the drained residual 

strength.  Wall friction in the standard Bromhead ring shear device can be reduced by 

modifying the ASTM test procedure to reduce top platen settlement into the specimen 

container.  The recommended modifications include:  preparing ring shear specimens 

at the plastic limit instead of the liquid limit, avoiding the use of a rapid preshearing 

stage, and performing only one shear test per specimen (no multistage testing). 

2.) In the Bromhead ring shear device, the magnitude of wall friction that is developed 

can be reduced to an insignificant level by beveling the inside and outside walls of the 

top platen.  This allows the top platen to settle into the specimen container without 

clay particle entrapment, resulting in significantly more accurate measurements of 

drained residual shear strength. 

3.) Provided that the effect of wall friction is addressed, the Bromhead ring shear device 

is an excellent tool for the measurement of drained residual shear strengths.  Very 

little scatter was observed in the measured strength data, and good agreement was 

achieved between the strengths measured in the two different ring shear devices.  The 

resulting drained residual strength envelopes for the three soils that were tested are 

curved, which agrees well with test data collected by other researchers. 

4.) The Bromhead ring shear device is not a useful tool for measuring fast residual 

strengths.  During the fast shear tests, a cyclic increase and decrease in measured 

shear resistance was observed, which made it impractical to select a fast residual 

shear resistance for the soil.  This cyclic increase and decrease in shear stress is 

believed to be a machine effect rather than a soil behavior phenomenon, and is likely 

caused by wobbling of the top platen during shear.  The device might be made useful 

for measuring fast residual strengths by modifying the design.  
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Direct Shear Testing Program: 

The conclusions reached as a result of the direct shear tests that were conducted are as 

follows: 

1.) It is much more difficult than expected at the beginning of this research program to 

prepare slickensided surfaces that exhibit drained residual strength behavior.  For 

Rancho Solano Clay #2 and San Francisco Bay Mud, neither wet nor dry polishing 

techniques gave direct shear test results that agreed with the residual strengths 

measured in the Bromhead ring shear device.  This result is unsatisfactory, and 

further research is necessary to identify why the direct shear test results deviated so 

significantly from the ring shear test results.  Until the reason for this deviation is 

more clearly identified, the use of artificially prepared slickensides is not 

recommended for use in geotechnical engineering practice.   

2.) For some soils, it is possible to prepare slickensided surfaces that behave as would be 

expected, based on results of Bromhead ring shear tests.  Drained direct shear tests 

performed on wet polished Rancho Solano Clay #1 test specimens gave residual 

strengths that agreed well with those measured in the Bromhead ring shear device.    

This provides experimental validation for the use of the wet polishing method with 

Rancho Solano Clay #1. 

3.) An increase in monotonic shear rate from 0.0001 in/min to 0.05 in/min does not 

produce significant changes in the shear strength measured along preformed 

slickensided surfaces.  In this range of loading rates, noise in the data obscures any 

actual changes in strength that may occur.    

4.) The cyclic shear resistance that can be mobilized along slickensided surfaces is 

significantly higher than the drained shear resistance that is available under static 

loading conditions.  Stress-controlled cyclic direct shear tests gave cyclic strengths 

that were 110% higher than the measured static shear strengths for Rancho Solano 

Clay #1.    
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Triaxial Testing Program: 

The conclusions reached as a result of the triaxial shear tests that were conducted are 

as follows: 

It is more difficult to use triaxial tests than direct shear tests to measure the shear 

strength along preformed slickensided discontinuities.  Significant obstacles 

encountered during the triaxial testing program include:   

• Difficulties with the effect of end platen restraint on specimens that fail along 

a well-defined failure plane,  

• Uncertainties involving the appropriate area correction and membrane 

correction to use when reducing the triaxial data, and  

• Long test times for consolidated-drained triaxial tests, which has tied up 

equipment and made it difficult to run the desired number of triaxial tests in a 

timely fashion.  

Because of the difficulties encountered, the triaxial test is not recommended for future 

testing of this type.  Due to the uncertainty surrounding the triaxial test results at this 

time, useful conclusions cannot be drawn from the triaxial test data regarding the 

residual strength behavior of pre-formed slickensided surfaces.    

Centrifuge Testing Program: 

The conclusions reached as a result of the centrifuge tests that were conducted are as 

follows: 

1.) The polishing process used to prepare the slickensided surfaces in the centrifuge test 

on Rancho Solano Clay #2 was successful.  When the models were dissected, the 

slickensided surfaces still had the shiny look associated with slickensides.  When 

sheared slowly prior to shaking, the shear stress ratios measured for the slickensided 

surfaces agreed with those measured in the Bromhead ring shear device, providing 

validation for the polishing process that was used to prepare the centrifuge specimens.     
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2.) The shear resistance mobilized during cyclic loading was significantly larger than the 

drained residual strength of the soil.  A fundamental and complete understanding of 

the magnitude of this strength gain cannot be obtained from the centrifuge data alone, 

because it is not possible to isolate the effect of cyclic loading from the effect of the 

rate at which the cyclic loading occurred.  

3.) Both the static and dynamic shear displacements were concentrated along the pre-

formed slickensided plane.  Even during cyclic loading, the pre-formed slickensided 

surface had much lower shearing resistance than the surrounding heavily-

overconsolidated clay soil.    

4.) Cyclic loading caused a positive pore pressure response in the soil surrounding the 

slickensided plane.  From the recorded pore pressure data, it was not clear whether 

this pore pressure increase was caused by shearing along the slickensided plane, by 

stress mobilization in the soil surrounding the slickensided plane, or by some sort of 

boundary effect at the soil/steel plate interface.  

5.) A catastrophic sliding failure did not occur, even during a very large shaking event.   

6.) The post-shaking shear resistance was higher than the resistance prior to shaking.   

7.) No displacements of the slopes occurred after shaking stopped. 

Newmark Analyses 

The conclusions reached as a result of the Newmark analyses that were performed are 

as follows: 

1.) Newmark’s method can be used to back calculate cyclic strengths.  To use this 

approach, the earthquake time history and the earthquake-induced slope displacement 

must be known.  In this approach, a range of assumed shear strengths are used to 

calculate a range of yield accelerations and displacements for the slope.  Comparison 

of the calculated displacements with the observed slope displacement provides a 

means for evaluating the cyclic shear resistance. 
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2.) The cyclic shear resistance that can be mobilized along slickensided surfaces is 

significantly higher than the drained shear resistance applicable to static loading 

conditions.  Cyclic strengths back-calculated from the significant shaking events in 

centrifuge test CLM02 were 55% higher than the measured static shear strengths.        

3.) Newmark’s simplified method (Newmark, 1965) can be used to back-calculate cyclic 

strengths.  The strength ratios back-calculated using Newmark’s simplified method 

agree well with the strength ratios that were calculated using the detailed Newmark 

numerical integration approach.    

4.) Hynes-Griffin and Franklin’s method (Hynes-Griffin and Franklin, 1984) is simpler 

than Newmark’s simplified method and does not require knowledge of peak velocity, 

but it results in back-calculated dynamic strengths that are very high.  The cyclic 

strength ratios back-calculated using Hynes-Griffin and Franklin’s simplified method 

are much higher than those calculated using the detailed Newmark numerical 

integration approach or the simplified Newmark approach.  The difference between 

these two approaches is due to the fact that Hynes-Griffin and Franklin’s method does 

not involve the actual peak velocity for a particular acceleration time history, but 

instead implicitly uses high velocities corresponding to the extremes of the 354 cases 

they considered.       

The Dynamic Behavior of Slickensided Surfaces: 

The primary conclusion reached during the studies performed in this dissertation is:  

The cyclic shear resistance that can be mobilized along slickensided surfaces 

is significantly higher than the drained shear resistance that is applicable to 

static loading conditions.   

This conclusion is supported by the work that has been performed by other 

researchers, most notably Yoshimine et al. (1999).  It represents a departure from the current 

state of practice, which is to use the drained residual shear strength as a “first-order 

approximation of the residual strength friction angle under undrained and rapid loading 

conditions”   (Blake et al., 2002).  To reduce the conservatism that is built into the current 
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state of practice, it seems logical that seismic slope stability analyses be performed using 

cyclic strengths at least 20% larger than the drained residual shear strength.   

Recommendations for Further Research 

Based on the findings of this experimental study, the following recommendations are 

made for areas of further research:    

1.) Further research is needed to identify why the drained direct shear test results 

deviated so significantly from the Bromhead ring shear results (for two of the soils 

that were tested).  From the widely varying strengths that were observed, it is clear 

that some sort of fundamental change in the shearing interface occurred when 

different polishing procedures were used to prepare the direct shear specimens.  

Microscopic studies of the shear interface after polishing might provide insight into 

how different polishing procedures affect the nature of the shear interface. 

2.) Further research is needed to develop a cost-effective method for directly measuring 

the dynamic shear resistance along slickensided surfaces, for use in geotechnical 

engineering practice.  Of particular value would be development of laboratory test 

equipment that could be used to measure the cyclic shear resistance along 

slickensided surfaces, for use in seismic slope stability analyses.  Development of a 

simple ring shear device that can apply both static and cyclic loading would be 

extremely useful.                    

3.) Further research is needed to explore the effects of clay fraction and clay mineralogy 

on the cyclic shear strength of slickensided surfaces.  Strong correlations between 

clay fraction and clay mineralogy exist for the drained residual strength of clayey 

soils, so it seems likely that some sort of parallel relationship would exist for the 

cyclic strength.  A review of the currently available cyclic strength data for 

slickensided surfaces shows no discernable trends or correlations with clay fraction or 

clay mineralogy.  If a relationship between clay fraction, clay mineralogy, and cyclic 

shear strength can be established, its discovery would be extremely beneficial to 

practicing engineers.   
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4.) Further research is needed to broaden the existing cyclic strength data set for 

slickensided clayey soils.  As more data is gathered, identification of trends between 

clay fraction, clay mineralogy, and cyclic shear strength may become more clear.   


